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PROJECT  OVERVI EW
By Randall G. Updike
| NTRODUCTI ON

During the past decade, the State of Aaska has been engaged in
identifying and developing indigenous energy sources for [local comunities
throughout the State. Geothermal energy has been particularly sought after
because it typically has long-term reliability and its devel opment vyields
mnimal environnental inpacts. The numerous active volcanoes of the Aeutian
Island Arc have | ong been consi dered tohave the essential geol ogi c paraneters
necessary for productive geothermal reservoirs.

Approximately 800 mles southwest of Anchorage, Mkushin Volcano on
Unal aska Island has been recognized to have geothermal resources since the
early work of Madden (1919) followed by the nore detailed studies of Drewes
and others (1961). Mre recently, Aaska Division of GCeological and
Ceophysical  Surveys (ADGSS) geologists, particularly J. Reeder and R« Mtyka,
mapped specific fumarole fields on the lower flanks of the volcano. One of
these, herein termed the Mikushin geothermal field and the focus of this
report, is situated only 14 mles from the commnities of Unalaska and Dutch

Harbor.  In 1981 the State funded the A aska Power Authority (APA) to conduct
a geothermal exploration project on Unalaska Island. APA contracted Republic
Ceothermal, Inc., to conduct the exploration, which occurred from February

1982 to December 1984. The discovery geothermal well was drilled during the
sumer of 1983. That well site is referred to in the following report as the
"pover site" (Plate A-l).

The power site is located on a broad, gently sloping bench on the east
flank of the volcano, at an elevation of about 1,180 ft overlooking the
headwat er drainages of Mkushin River Valley. Access to the site by other
than helicopter is exceedingly difficult due to the lack of roads and steep
sl opes surrounding the power site bench (fig. 1). Athough a few decades ago
a road was constructed up Mkushin Valley from Broad Bay, over a broad divide,
and down Driftwood Valley to Driftwood Bay (Plates Al and A-2), that road is
now inpassable for considerable distances throughout its extent (fig. 2).
Although land access is a clear challenge, the power site itself is located in
terrain excellent for the design and construction of a power plant facility
(fig. 3). APA recognized early in the project that the power facility would
be located in one of the most geologically-active environnents in North
Anerica, being subjected to the juxtaposition of forces such as earthquakes,
vol canism  landslides, glaciation, and stream erosion, and that technical
feasibility of the project beyond the geothermal resource issue would need to
be addressed.

SCOPE OF WIRK

Fundamental to the economic and engineering design for the construction
of the Mkushin Geothermal Field power plant, transmssion line, and access
road corridors, is an evaluation of the varied aspects of the |ocal geology
which will substantially dictate the siting and construction of that facility.
At the request of and under a Rei mbursabl e Services Agreenent wth APA, ADGGS
has been assigned the task of conducting an engineering geologic technical
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feasibility study of the power site, surrounding upland terrain, Makushin
Valley, and Driftwood Valley. Twelve specific tasks are included in this
feasibility study:

1

10.

11.

Vol canic__hazard constraints. An assessment of the potential for volcanic
eruptions that could influence the project due to flows (lava, base
surge, ashflows) , airfall deposits (ballistic or ash fallout), directed
blasts, or the formation of vents, craters, and fissures.

Gacial hazard constraints. An assessment of the potential for glacially

related hazards that include both the ice (surges, gradual advances,

rapid ablation) and glacio-volcanic neltdown resulting in outburst floods
(Jokul hl'aup) and nudflows (lahar).

Slope stability. A consideration of the stability of rock slopes and
unconsol i dated deposits including rockslide, rockfall, talus, debris
flow, nudflow, subsidence, and cutbank stability.

Geohydr ol ogy. An examnation of the surface waters draining the area
including drainage patterns, flow characteristics, surface supply, stream
water chemstry, and soil/bedrock drainage characteristics.

Aval anche _hazard constraints. An assessnent of slopes having potentia
for snow aval anche, travel paths, runout zones, and estimated kinetic
energy.

Regional seismcity. A state-of-art summary of subduction zone and
vol cano-tectonic sources of earthquakes that could influence the project
due to ground acceleration, ground failure, and tsunam.

Construction materials. resources. An evaluation of locally accessible
resources of sand and gravel , and bedrock which could then be used during
various phases of construction.

Ceot hermal _plant site geotechnical study, A reconnai ssance-| evel
evaluation of the plant site for foundation conditions (e.g., bearing
strength, ease of excavation, depth to bedrock, static and dynamc
stability).

Transm ssi on/road corridor geotechnical study. A reconnaissance-|eve
evaluation of Mkushin Valley from the plant site to Broad Bay relative
to variations in the geotechnical properties of the valley floor to aid
in the selection of center line for the transmssion line and feasibility
of a constructed all-weather road.

Coastal _engineering. A prelimnary evaluation of coastal conditions for

construction of facilities at Broad Bay, Driftwood Bay, and a subnarine
transmssion line to Unalaska

Low ent hal py resources in Makushin Valley. An assessnent of the
potential for shallow, [owtenperature, geothermal resources in the
valley that could be directly used in local greenhouse agriculture.
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12.  Archaeol ogi cal survey. A systematic exam nation of the project area to
locate and identify archaeological sites (prehistoric to 20th century)
which could require salvage excavations prior to project construction.

REPORT  FORMAT

Because of the diversity of topics included in the above list, and also
because of tight time constraints, a large technical team was assenbled to
execute all tasks within a two month period. In the followng report, each
chapter is authored by the team nember(s) responsible for that aspect of the
study. Throughout the field period of one week in mad-July 1986, team menbers
often served as field assistants for other team nenmbers, particularly for
types of investigation requiring two or nore persons (e.g., surveying, seisnic
refraction, power auger drilling), Each task investigator is solely
responsible for what is reported herein for that topic. The separate chapters
are each assigned a letter prefix which'are given in the table of contents.
This is a two-volune report. The first volume is the text and acconpanying
tables, figures, references, and appendices for each task. Volune two
consists of the oversize plates which were prepared by authors where
appropriate to map geotechnical information, geologic constraints, and
resources. Not all chapters nmake use of plates, Athough this is not an
official ADGGS publication, the report has been assigned Public Data File
Number 86-60 for reference. Individually authored chapters may be referenced
by the PDF number followed by the letter prefix, for exanple PDF 86-60B would
be the Engineering Geology (site geotechnical) chapter by Rod Conbellick.
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execution of the work a pleasure for the entire team W wish to express
special thanks to the Unisea Hotel, Dutch Harbor, for providing accomodation
and uniformy good food. Chris Soloy and Sol oy HeliOps provided us wth an
aircraft that perforned flawessly.

Two individuals must be particularly acknow edged because they were
i ndi spensable to the project's success. Ken Barnes, pilot of the Hughes 500-C
helicopter, was supurb in keeping track of 14 scientists all over the
mountain, in Al eutian weather that changes every 15 minutes. He was al ways
first up inthe norning and last to dinner at night. And finally, thank you
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report  single-handedly.

AN | NTRODUCTCRY DI SCUSSI ON

The project team has nmade a serious effort over the past six weeks to
maintain a mltiple-working hypothesis on the alternative designs for the
power facility, Three main variables have yet to be resolved and the team
hope that the following chapters wll benefit the actual design/construction
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decisions.  These variables are: (1) location of the power generation plant,
(2) location of the electrical transmssion line corridor, and (3) location of
off-loading port and road access corridors.

Location of the Power Pl ant

It would at first seem obvious that the power plant should be constructed
at the well site, particularly in light of the physical qualities of the site.
In fact, the teamdid focus on the power site bench, However, we do recognize
two alternatives if the hot fluids can be punped several thousands of feet:

(a) Construction of the power plant on the vol canic flow uplands to the
east toward Sugarloaf (fig. 4). The obvious advantage is ease of
access by road to the power plant. The najor disadvantage is
construction of a rigid pipeline several thousand feet across a
gorge and up a steep cliff face.

(b) The second alternative is to construct the plant on the floor of
Makushin Val l ey near the mouth of its incised canyon. Again, road
access would be far easier but the pipeline would again cross very
steep terrain. Furthermore, there is substantial concern that flash
floods may severely inpact the upper segnment of the river and
facilities could be in severe jeopardy.

Location of the Transmssion Corridor

V¢ have Dbeen considering three options here also: (1) down Driftwood
Valley to the bay thence by underwater cable to Unalaska, (2) down Makushin
Valley to Broad Bay, then by underwater cable to Unalaska, and (3) an overland
route making use of ridges and summts on the south side of the valley.

Al though each has some nerit, cost benefit and ease of construction would
favor option (3).

Location of Access Roads

Selection of road corridors is primarily dictated by (1) location of power
plant and transmssion lines, (2) nethod of power site construction (e.g.,
helicopter sling, tractor-sledge haulage from dock), and (3) geologic
constraints and construction resources. The corridor geotechnical study
(Chapter C) offers several optional routes and staging areas. It should be
noted that the existing road in Driftwood Valley is for the nost part in very
good condition (fig. 5). As noted earlier, the existing road in Mkushin
Valley is in large part unusable at present (fig. 2).
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Figue 1. (lique aerial photograph of the power site (arrow. View south
toward Makushin Volcano. Note steep bluffs surrounding power site.
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Figure 3. Surface topography of power site bench, gently sloping toward the
canera. Personnel are preparing to conduct EDMtheodolite survey of the

bench. Well-head shack visible in background,
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Figure 4. Panorama of volcanic uplands northeast of the power site. Sugarleaf, a subglacial volcanic cone,
rout

is at center. A road access
road near "A" and would proceed around the far side of Sugarloaf to "B".

ute option (see Section C) joins the Makushin Valley-Driftwocd Valley



Figure 5.
r oad

A segment of the existing road in Driftwood Valley. Mst of
requires only culvert and grade repair to be operational.
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APPENDI X
COMPUTER- GENERATED OBLIQUE VIEW OF MARUSHI N VALLEY AREA
By Gl March
SCOPE OF WORK

A 3-D view of Mkushin Valley was generated by conputer as part of a
geotechnical assessment of a geothermal power plant site and transmission line
corridor serving the cities of Unalaska and Dutch Harbor, Aaska (Pate A3).

METHODOLOGY AND  TECHNI QUES

Points were digitized along contour lines in the Mkushin Valley area on
1:24,000 maps of the M. Makushin Area, Unalaska, Al aska (Republic GCeothermal,
1984) and Mkushin Valley and Mcinity, Unalaska, Alaska (ADGGS, 1984) using
AVS, a digitizing software package by Autonmetric, Inc., on a Data General 5250
m ni conput er. Athough the maps display 40 ft contours, 200 ft contours were
used for digitizing in nost cases, as the terrain is very steep. Were the
terrain is unevenly sloping, points were added along internediate contours.
Sumits and valley bottons were also recorded wth the digitizer. About
10,000 points were digitized in all.

Dgitized points were then transferred to MBS (Myp Oerlay and
Statistical Systen), a map anal ysis package by Autonetric, Inc. An
interpolation program produced a continuous raster grid, 117 rows by 252
colums, wth a cell size of 1 acre from the points.

RESULTS OF | NVESTI GATI ON

Several types of maps can be generated from the raster grid. For this
project slope and aspect maps and a 3-D view were produced. The slope and
aspect maps were exanmined in the avalanche mapping portion of this project,
but  were not reproduced. The 3-D view is shown as Plate 1. It has a vertical
exaggeration of 2, a rotation of 60" from north, and a viewng angle of 20
above the surface.

CONCLUSI NS AND  RECOMVENDATI ONS

The 3-D view of Makushin Valley shows graphically the steepness of the
terrain involved in the project. It can be used to plot avalanche areas,
landslide areas, geology, or anything else that would be nore easily seen in
3-D than in map form

REFERENCES CI TED

Alaska Dvision of Geological and Geophysical  Surveys, 1984,  Mkushin Valley
and Vicinity, Unal aska, Al aska: 1:24,000, North Pacific Aerial Surveys,
I nc.

Republic Geothermal, Inc., 1984, The M. Mkushin Aea, Unalaska, A aska:
1:24,000, North Pacific Aerial Surveys, Inc.
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ENGNEERNG GOy OF THE PRCPSED SITE FCR A
GEOTHERMAL POWER PLANT ON UNALASKA | SLAND, ALASKA

by R A Conbellick
SCPE F WK

The proposed site for a geothermal power plant on Unalaska Island is on
the east flank of Mkushin volcano about 12 m west of Dutch Harbor (figs. 1
and 2). The site is on a gently-sloping terrace wunderlain by tephra, ash-flow
tuff, and till. Site elevation is approximtely 1,160ft above sea | evel.
This report describes the results of a reconnaissance engineering-geologic
study of the proposed power-plant site and its immediate wvicinity. The study
addressed site geology, topography and surface drainage, subsurface geology,
engi neering characteristics of near-surface soils, ground water, erosion, and
slope instability. Field work was perforned July 14-18, 1986. Although
limted engineering-property data (grain-size distribution, density, and water
content) were obtained for subsurface naterials at the site, in-situ and
laboratory strength tests were beyond the scope of the project.

Because of the large distances to possible alternative sites and the need
to avoid excessive loss of pressure and tenperature of the geothermal fluids
enroute to the electrical-generating facility, production will nost likely
take place where the resource is proven at stratigraphic-test well ST-I, which
was drilled by Republic Geothermal, Inc. in 1983 (Republic Geothermal, Inc.,
1984). The study for this report was restricted to an area of approximately 7
acres immediately adjacent to SI-I.

METHODOLOGY AND TECHNI QUES USED
Topographic  Mapping

A large-scale (1:480) topographic map was prepared for the 7-acre study
area enconpassing the SI-I  well site (Pate BIl). The purpose of this mapping
was to provide |ocation and el evation control for soil sanpling and seismic-
refraction profiling during the study and to provide topographic information
that can be wused for planning cut and fill, controlling drainage, and |ocating
structures during subsequent planning of the power facility.

Bevation control was obtained from a survey stake near narker H-3 (fig.
1), which was used by North Pacific Aerial Surveys to prepare a 1:24,000-scale
topographic map. The elevation of this survey stake could not be verified in
the field, so map elevations in relation to mean sea level nmay be in error by
as mch as 20ft. An altimeter survey performed by J. W Reeder in 1983 vyielded
elevations that were 20to 40ft higher than those obtained during this survey.
Although elevations above the datum may not be accurate, elevation differences
bet ween contours on the map are accurate to within 2 ft. Accurate |ocation
control  (latitude and longitude) was not  obtained.

Topographic mapping was done primarily wth a plane table and alidaide,

suppl emented in some areas of the map wth a theodolite and electronic dis-
tance-measuring instrument. Approximately 170 points were plotted. Sonme
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contours were drawn in the field, and notes were taken to assist in conpleting
the contouring that could not be done in the field because of linited tine.

Geologic  Investigation

The regional geology of Uhalaska Island and the Mkushin geothermal area
has been described by Arce (1983), Drewes and others (1961), Nye (this
volune), Nye and others (1984), and Reeder and others (in press). This study
al so benefited fromfield discussions on regional and |ocal geol ogy with-C.J.
Ne, J.W Reeder, and J.E Beget.

Subsurface geology at the proposed power-plant site was studied by
inspecting the stratigraphy exposed in river cuts and gqullies along the
margins of the terrace and by auger drilling in an area of several acres
enconpassing well ST-I. Drilling was performed with a gasoline-powered
hand-operated auger wusing a 3-in. -dianeter helix in 3 ft lengths. A total
depth of 18ft was possible with the equipnent available. Six holes were
drilled and sanmples were obtained fromall but one of these holes. Volunetric
sanples of the sandy volcanic ash in the wupper several feet of soil were
obtai ned using 6 3/4-in. long, 2-in. diameter thin-walled steel tubes pushed
or pounded in by hand. These sanples were wused to determne density and
moi sture content of the soil.

A all but one location, the auger could not penetrate into the dense
ash-flow tuff wunderlying the wupper 9 to 13 ft of tephra, and the gravelly sand
conprising the ash-flow tuff could not be sanpled using the push tubes. Bag
sanples of this material were obtained from an exposures in the gully along
the southern margin of the study area and from the auger tip in tw holes.

Seism c-refraction Profiling

Two intersecting seismc-refraction profiles were made at the proposed
power-plant site wusing data from the auger holes for depth control to the

first refracting surface (Plate B-2). Profiles were obtained wusing tw shots
of about 6 Ib Konepak explosive nixture at 3-ft depth, one at each end of each
line. The east-west profile (AA") used a 550-ft, 12-channel geophone |ine

with 50-ft detectors spacings. The north-south profile (BB') used a 220-ft,
12-channel geophone line with 20-ft detector spacings. The shots were
recorded on a Geometrics/Nimbus ES-1210 12-channel sei snograph and the records
were printed from its internal oscillograph.

Arrival  times were corrected for elevation and plotted versus distance,
then best-fit lines were drawn to determine refractor depths and P-wave veloc-
ities for each layer (Appendix A). The results were wused in conjunction wth
the auger-hole data and observed stratigraphy to interpret and plot the pro-
files.

Laboratory  Anal yses

Gain-size analyses were performed at the Aaska Department of Trans-
portation and Public Facilities materials |aboratory in Fairbanks. Al soil
sanples were analyzed wusing the US  standard sieve series. The fines were
washed t hrough the 200- nesh sieve, dried, and wei ghed. Grain-size distri-
butions were not deternmined for the material passing the 200-nesh sieve.
Results of the grain-size analyses are reported in Appendix B
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Vt densities were determined for the push-tube sanples by weighing the
sealed sanples, subtracting the weights of the sanple tubes, and dividing the
weights by the known sanple volumes. Véter contents were determned by weigh-
ing the sanples after drying and dividing the weight differences by the dry
sample weights. Dy densities were calculated from the wet densities and
water contents, then checked by dividing the dry sanple weights by the sanple
vol umes. These results are reported on Pate B2

Air-photo Interpretation

Vertical aerial photographs of the study area were exam ned stereo-
scopically to aid in interpreting the local geology and to assess potential
erosion and slope-instability problems. Two series of photographs, one taken
by the US Geological Survey in 1950 (mssion M67) and the other by North
Pacific Aerial Surveys, Inc. in 1982, were conpared to determine the anount of
change, if any, during that 32 yr period. Both series of photographs are
approxi mately 1:24,000 scale. Measurenents were made using a micrometer-
equipped parallax bar, and land forns and vegetation were exanined closely for
evidence of significant changes between 1950 and 1982

RESULTS OF | NVESTI GATI ON
Regional and Site Geology

The geology of the area surrounding the proposed power-plant site s
domnated by the Tertiary Ualaska formation that forns the nountains to the
east, Tertiary gabbronorite intrusive rocks that conprise the hillside sloping
upward inmediately west of the site, early-Holocene andesitic lava flows that
fill Driftwood wvalley to the north, and md- to Ilate-Holocene glacial and
pyroclastic deposits that underlie the site. Andesitic intrusive and
extrusive rocks of the Unalaska formation are the oldest rocks on the island
and are oprobably Mocene to early Piocene age. The gabbronorite intrudes and
conplexly interfingers wth the Uualaska formation in the wvicinity of the
site. Consequently, rocks of the Unalaska formation near the site have been
met anor phosed to hornfels facies (Drewes and others, 1961; Nye and ot hers,
1984).

Andesitic lava flows of Driftwood valley unconformably overlie the
Unal aska formation and gabbronorite, and probably erupted from a vent on the
east flank of Mkushin volcano in late-Pleistocene or early-Holocene tine
(Nye, this volume). Athough the terrace at the proposed power-plant site was
directly in line wth the upper portion of this flow as the flow noved down
the flank of the volcano, the flow deposits are confined to the area north of
the river in wupper Mkushin valley and do not wunderlie the younger pyroclastic
deposits at the site. The question of why the flow did not enter this basin
in the wupper part of upper Mkushin valley remains unanswered, but the nost
likely explanation is that a glacier occupied the head of the valley and
diverted the flow to the north.

Early- to md-Holocene glaciers scoured the surface of the lava flow and
deposited till in upper MNakushin valley. The till wunconformably overlies
altered gabbronorite bedrock beneath the proposed power-plant site and
conprises the lower one half to tw thirds of the terrace, which stands
roughly 200 ft above the valley bottom at the site. Drilling logs indicate
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that the till is 90 ft thick at well site ST-1 and was initially interpreted
as a lahar (Republic Geothermal, Inc., 1984). QOther investigators who have
recently examned the deposit in outcrops along the terrace margin interpret
the deposit as till (J.W Reeder, C.J. Nye, and J.E. Beget, oral commun.,
1986). Nye (this wvolune) argues that there is little evidence of Holocene
lahars in the area.

Between about 4,300 and 8,000 yr ago, volcaniclastic debris was deposited
in upper Mkushin wvalley during caldera collapse associated wth one or nore
explosive eruptions (Reeder, 1983; Nye, this volume). This deposit overlies
the till and forns the broad, flat surfaces of the terraces in upper Mkushin
valley wupon which a thin (10 ft) layer of stratified air-fall ash was
deposited in |late-Hol ocene time. At the ST-I well site, the volcaniclastic
deposits consist of lightly welded ash-flow tuff.

Late-Holocene air-fall ash (tephra) blankets most of the area, including
the older ash-flow tuff at the site and the gabbronorite on the hillside
adjacent to the site. Instability of this material is responsible for many
shallow slope failures in the area (see Reeder, this volune). Approximately
75 ft south of well ST-1 is the northern margin of a small debris-slide
deposit that originated on the steep slope west of the terrace. This deposit
is conmposed of fine wvolcanic ash, organic material, and occasional cobbles and
boul ders derived from the bedrock in the source area of the Iandslide.

Postglacial streans have incised deeply into the Quaternary volcanic and
glacial deposits, carving the canyon in the lava flow between lower and upper
Makushin valley and dissecting the volcaniclastic terraces in upper Mkushin
val | ey. Steep river cuts form the nargins of these terraces and remain
unvegetated in nmany places, suggesting that the streams continue to undercut
the banks.

Topography and Surface Drainage

The terrace wunderlying the proposed power-plant site slopes gently to the
southeast and has a surface relief of less than about 3 ft, except where
incised by gullies that reach depths of 80 ft or nore along the eastern margin
(figs. 1 and 2, Pate BIl). The proposed site occupies the extreme northwest
corner of the terrace, where the surface slope is 3 to 5 degrees (5 to 9
percent) (fig. 3). The portion of the terrace surface adjacent to well site
ST-1, where the power plant would be located, is about 380 ft wde between the
Ssteep river cut on the north side of the terrace and the north margin of a
gully that dissects the terrace (Plate BIl). The gully is about 30 ft deep
and 50 ft wde near the site. A landslide deposit occupies nost of the
sout hwest quarter of the area of plate 1 and has a | ow, hummocky surface with
some closed depressions.

The base of the hillside at the western nmargin of the terrace is about 40
ft west of ST-I. The lower part of the hillside slopes 25 to 35 degrees (47
to 70 percent) to the east.

Natural surface runoff at the site is to the southeast into the central

gully. During the md-July field work for this project, neltwater from snow
on the hillside adjacent to the site was draining along the northeastern
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margin of the landslide deposit into the small tributary gqully in the south
center of the nmap area (Plate B-2).

Subsurface Ceol ogy

Stratigraphy

The proposed power-plant site is underlain by a thick section of late-
Quaternary till, ash-flowtuff, and tephra (C.J. Nye, oral commun., 1986; J. W
Reeder, unpublished data) (fig. 4). These deposits overlie altered gabbro-
norite bedrock of Tertiary age. The glacially scoured bedrock surface slopes
approximately 15 degrees west at a depth of 136 ft below the ST-I well site,
based on logs from SI-I and the shallow abandoned well 20 ft to the east

(Republic Geothermal, Inc., 1984). The well logs also indicate that the
boul dery till overlying bedrock is 90 ft thick and the ash-flow tuff overlying
the till is 36 ft thick at ST-I. The till and ash flow tuff thin out to the

west at the margin of the terrace, where the bedrock surface rises abruptly
and forms the steep hillside west of the site. A tephra deposit approximtely
10 ft thick overlies the ash-flow tuff on the terrace and blankets the
gabbronorite on the hillside.

The stratigraphy of the wupper 29 ft of deposits near the site is exposed
inagully about 350 ft south of ST-2 (fig. 5). At this location, 7 ft of
loose, stratified tephra overlie conpact ash-flow tuff. The tephra consist of
thinly bedded (1/4- to 6-in. thick) internediate to mafic vol canic ash with

occasional 3- to 6-in. layers of silicic lapilli. This material is easily
excavat ed. A sharp contact separates the surface tephra unit and the
underlying ash-flow tuff, which consists of angular lapilli and ash wth no

visible bedding. The tuff is lightly welded and is very difficut to excavate
by hand.

Six auger holes drilled in the study areaindicate that the shallow
stratigraphy beneath the proposed power-plant site is very simlar to that
exposed in the gully to the south (Plate B-2). In all auger holes, 9 to 13 ft
of sandy tephra overlie grawllyash-flow tuff, which was inpenetrable by
power auger in all but one location. The relatively consistent thickness of
tephra in the auger holes and in seismc-refraction profiles indicates that
the surface of the wunderlying ash-flow tuff has a sinmlar degree and aspect of
slope as the terrace surface (3 to 5 degrees to the southeast).

Engi neeri ng Characteristics

The tephra deposit conprising approxi mately the upper 10 ft of naterial
atthe site is predomnantly silty fine sand (SM Unified Soil Cl assifica-
tion). QGain-size distributions of the auger-hole sanples in this upper |ayer
are remarkably consistent and range from 51 to 69 percent fine to medium sand
(ashy and 31 to 49 percent nonplastic fines (silt or volcanic dust) (Pate
B-2). The exposure in the gqully south of the site indicates that there are
probably sone lapilli (gravelly) layers in the soils at the site that were not
sanmpled inthe auger holes. Based on grain-size characteristics, the silty
fine sand conprising nost of the shallow subsurface soils at the site is
inferred to have relatively low perneability and, therefore, poor to fair
vertical drainage (Lambe and \Witman, 1969, table 19.3 and fig. 19.6).
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V¢t densities of the tephra sanples from the auger holes range from 95.1
to 107.7 1b/ft3. Witer contents of these sanples range from 39.4 to 73.7
percent, yielding dry densities of 54.8 to 77.31b/ft® (Plate 2). These
densities are surprisingly low considering the effort required at several
locations to drive the push-tube sanpler. The dry densities are mch |ower
than the theoretical mninmum densities for typical silty sand in its |oosest
state (Lambe and \Witman, 1969, table 3.2). Examnation of the soil particles
under a binocular mcroscope reveals that they are nostly very angular,
irregul arly shaped grains of pumce, volcanic glass, andesite(?), and lightly
cemented aggregate particles. Mst grains can be broken easily wth a knife.
Apparently the irregular shape and vesicular nature of many of the particles
are responsible for the anomalously low densities. Considering the grain
characteristics and noderate effort required to drive the push-tube sanpler,
the soil could be close to its nmaximum dry density. Conpaction tests were not
performed to determine optimum noisture content and nmaxinum dry density.

Soils in the upper 9 ft of auger hole AHb, in the landslide deposit, were
very soft. The water table at this location was 2.5 ft below the ground
surface.  The wupper 4 ft of soil are organic-rich, and a layer of peat was
encountered from 3.5 to 4 ft. The peat layer probably represents buried soil
at the base of the landslide deposit. A 9 ft, the soils becone noticeably
firmer. No wusable soil sanples were recovered from this auger hole because of
the looseness of the soil and the large quantity of water, which washed the
soil from the sanpler.

The ash-flow tuff underlying the tephra is predomnantly silty gravelly
sand (SM Unified Soil Cassification). Gain-size conpositions of sanples in
the gqully exposure (fig. 5 and in the auger-hole samples (Plate B2 are 9 to
34 percent gravel (lapilli), -59 to 70 percent sand (ash), and 7 to 21 percent
nonplastic silt (volcanic dust). The coarse grains are predomnantly pebble
size, subrounded to very angular, and supported by a highly conpacted and
lightly welded fine-grained matrix. The deposit was very difficult to
excavate by hand in the gully exposure south of the SI-1 well site and could
not be penetrated with a power auger except at |ocation AHS5. No
controll ed-volune sanples of the ash-flow tuff were collected for density
determ nations.

Geologic Cross  Sections

Data from the auger holes and seisnmic-refraction lines were wused to plot
two intersecting geologic cross sections of the site (Pate B2). These
cross— sections show that the tephra layer has a relatively uniform thickness
of 6 to 10 ft, thinning to the south and east. A the south end of line BB,
a discrepancy is evident between the thickness of the tephra layer indicated
on the seismc-refraction profile (6.8 ft) and the depth to the top of the
gravelly layer in auger-hole A (13.0 ft). This discrepancy nmay be due to
uncertainty about the depth to the gravel in the auger hole, where the soils
were very wet and soft during sanpling. Alternatively, the 6.8 ft depth may
correspond to the transition from soft, organic-rich soils of the Ilandslide
deposit to the firnmer, undisturbed tephra below

The ash-flow tuff is 29 ft thick at the west end of line AA and reaches

a maximm thickness of 61 ft near the east end of the same line. Thicknesses
of this layer calculated fromthe seismc-refraction profiles conpare favor-
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ably to its thickness of 36ft in well ST-1. The top of the wunderlying till
layer undulates somewhat along line AA , wth an overall slope to the east.
Depth  to bedrock, as calculated from the seismc-refraction data, ranges from
114ft at the west end of line AA" to 224 ft at the east end. This also
appears consistent with the 136 ft depth reported in well ST-I.

An  apparent transition in seismc velocity of the tephra and ash-flow
units from north to south conplicates interpretation of line BB (Plate B-2).
This transition from lower velocities on the north end to higher velocities on
the south end nmay be related to the higher saturation of the soils toward the
south. Returns at three geophones on line BB also indicate the presence of a
hi gher-velocity layer in the ash-flow tuff at a depth of about 27 ft. This
my be a zone of cobbles or boulders in the ash-flow tuff, which would be
consistent wth observations in the river-cut and gully exposures.

Slope Instability

Nunerous slope failures have occurred in Mkushin valley and elsewhere in
the northern part of halaska Island, particularly where thin tephra deposits
overlie bedrock on steep slopes (Reeder, this volume). Cne such failure
occurred on the slope above the proposed power-plant site (fig. 3). The
resulting debris-slide deposit covers nost of the southwest quarter of the
study area (Plate B-2). Its northern mnargin is approximately 75 ft south of
well ST-1. This slide occurred before September 1950, because it appeared on
the U S. Ceol ogical Survey aerial photography taken at that time.

The headwall of the debris slide at the site extends about 100 ft above
the base of the slope, The failure plane is probably less than 10 ft below
the surface, at the base of or wthin the tephra. The transition from very
loose to firm soils in auger-hole AHR is probably the failure surface below
the debris-slide deposit and suggests that the deposit is 9 ft thick at this
location (Plate B-2).

Additional slides are possible, if not likely, on this slope and nay
occur north of the previous slide on the slope above the ST-1 well site.
However, the source area above the well site is much snmaller because the slope
extends only about 50 ft above terrace level. Consequently, the volume of a
slide originating above the well would be small (probably less than 2,000 yd3,
assumng the failure plane is at 10 ft depth).

Strong earthquakes may trigger many of the tephra slides on steep slopes
in the region, although saturation during heavy precipitation or snow nmelt is
probably sufficient. Earthquake-induced Iiquefaction of tephra on the
terraces is conceivable if a maor earthquake occurs when the tephra is
saturated, but no evidence of past failures of this type were observed.
Because of the high angularity of ash particles, cyclic stresses from an
earthquake probably would have to be stronger to cause rearrangement of
particles in the tephra than in alluvial silty sand of simlar grain-size
characteristics and degree of conpaction.

Wth the exception of talus resulting fromsurface rock falls (fig. 4),
there is no evidence of slope instability below the proposed power-plant site
along the northern terrace mnargin. The till and ash-flow tuff conprising nost
of thegeol ogi c section under the site are very conpact, include a wide range
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of grain sizes and shapes that form an interlocking fabric, and are resistant
to water infiltration. Mjor slope failures along the terrace nargins that
would threaten the site seem unlikely.

Gound Water

Véter was encountered in auger holes AHL and AH2 near the base of the
slope and in AH5 in the landslide deposit (Plate B-2). Water content of the
soil was relatively high in sanples collected from all auger holes. In the
gully and river-cut exposures, the lower part of the tephra layer is wet, in
contrast with the dry wunderlying ash-flow tuff unit. A sone locations in the
gullies, water enmanates from springs at the base of the tephra deposit. The
water is apparently perched above the ash-flow tuff and saturates the tephra
near the water source. During the time of observations and auger drilling,
the source of this water appeared to be nelting snow on the slope above the
site.

The water-table levels and degree of saturation of the soil probably
fluctuate substantially throughout the year with variations in precipitation
and snow nelt. Considering the high annual precipitation at Dutch Harbor (58
in., including 8L in. of snow , which may be considerably higher at the site,
ground water is probably present in the tephra unit year round.

Er osi on
Wnd Erosion

Because of the sparseness of vegetation an the terrace and the snall
grain size and low density of the ash on the surface, the tephra deposit is
highly susceptible to wind erosion. Surface features on the terrace provide
some evidence that there has been reworking of the tephra by wnd The
higher, nore irregular topography along the north nargin of the terrace near
ST-1 may be wnd-redeposited ash derived from the adjacent river-cut exposure
(J.W  Reeder, oral cammun., 1986). During field observations, noderate w nds
(estimated 10 to 20 nph) blew ash from gully exposures several tens of feet
into the air.

River-bank and Gully Erosion

The dissected nmorphology and fresh river-cut exposures on the terrace at
the proposed power-plant site suggest that river-bank and gully erosion mght
threaten the site. Considering that the volcaniclastic deposits conprising
the terraces in upper Mkushin valley probably were contiguous and covered a
mich larger area when initially deposited, a substantial, but unknown, anmount
of erosion has occurred during the last 4,300 to 8000 yr. Many of the
exposures around the nargins of the terrace are devoid of vegetation,
indicating sone degree of erosion of the soils on the slopes. e of these
exposures is the high river cut on the north terrace nargin adjacent to the
site. The top of this exposure is wthin about 90 ft of the ST-1 well site.

To deternmine rates of river erosion and gqully devel opment, observations
and measurenents were nade of features on 1:24,000-scale vertical aeri al
photographs taken in 1950 (US.  Ceological Survey) and 1982 (North Pacific
Aerial Surveys). No discernible changes in norphology of the gullies or
terrace nmargins were observed between the two series of photographs, and no
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headward progression of active cutbanks was evident within the accuracy of
measur ement s. Additionally, positions of the major unvegetated river cuts
along the terrace nargins were the sanme in 1982 as in 1950, indicating that
the probable areas of erosion had not changed during that period. The
conclusion that can be drawn from these observations is that rates of erosion
and gully development are too low to be detected on aerial photographs for the
32-yr  period between these aerial  surveys.

CONCLUSI ONS  AND  RECOMMENDATI ONS

Results of this reconnaissance engineering-geologic study indicate that
the terrace surface adjacent to resource-confirmation well ST-1 is a favorable
site for the proposed geothermal power facility. The terrace surface at this
location is approximately 1,160 ft above sea level, 200 ft above the adjacent
valley bottom to the north, and slopes 3 to 5 degrees to the southeast.

Because of the height of the terrace above the valley floor and the steepness
of the terrace nargins, difficult access is probably the nost serious drawback
of this site.

Selection of the exact site for the facility should take into
consideration surface drainage, ground-water conditions, and slope instability
on the hillside west of SI-I (including snowavalanche potential; see Mrch,
this volune). Wth the exception of possible engineering effects of spatial
variations in ground-water conditions, the foundation suitability of the
tephra and wunderlying ash-flow tuff appears good and does not vary
substantially wth Jlocation. Soils in the landslide deposit south of ST-I,
however, are organic-rich and very soft and are much less suitable as a
bearing material.

By locating the structure(s) directly east of the ST-1 well site,
potential problems with [andslides or snow aval anches can be avoi ded. A
deflecting wall designed to divert snow avalanches and small landslides could
be installed upslope fromthe well to protect well-head structures. If
structures are placed on or near the landslide deposit to the south, drainage
from the hillside should be intercepted and diverted into the gully at the
base of the slope in the southwest corner of the mp area (Pate B-2).
Structures south of the well site would be nore vulnerable to snow aval anches
and further landslides because of the larger source area.

Subsurface soils at this site, in the vicinity of auger holes AH3 and AH4
(Pate B2), consist of 10 ft of air-fall wvolcanic ash (tephra) overlying
about 40 ft of lightly welded ash-flow tuff. Below the ash-flow tuff is about
100 ft of bouldery till overlying altered gabbronorite bedrock. The tephra is
conposed of stratified loose to firm silty fine sand and is easily excavated
by hand. The underlying ash-flow tuff 1is conposed of very conpact silty
gravelly sand that is difficult to excavate by hand and inpenetrable by snall
power auger. Coarse grains in the ash-flow tuff are nostly pebble size and
very angul ar.

The low density of the tephra is not necessarily an indication that the
deposit is poorly conpacted, which would cause it to be prone to settlenent
under load. Irregular shapes and vesicular nature of the soil particles are
probably responsible for the low density. |f the natural soil is near its
maxi mum density, it should be suitable for conventional footing or slab
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foundati ons. Conpaction and conpression tests should be operformed on sanples
of the tephra to determine its naximum density and bearing capacity.

Depending on the types of structures contenplated and the results of
further laboratory tests, the underlying ash-flow tuff nmay prove preferable as
a bearing nmaterial. Judging from the grain-size conposition and conpactness
of the ash-flow tuff, its bearing capacity is probably very high. 1t, too,
should be tested in the [laboratory to confirm its |load-bearing properties.

The silt and fine sand conprising the tephra is susceptible to wnd erosion,
because of the |low density of the particles. Erosion by wind and surface

water can be mnimzed by planting grass or covering soil wth a suitable
coarse material in exposed areas. Conparative observations of aerial
photographs taken in 1950 and 1982 indicate that erosion of the terrace
margins should not threaten the site for the near future (30 years or nore),
but the position of the steep river cut adjacent to the site on the north side
of the terrace should be nonitored.
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Figure 1. Location of study area and resource-confirmation well ST-I.
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Figure 2. Miew southwest of volcaniclastic terrace in upper Mkushin valley,
showing (A) proposed power-plant site, (B) location of photograph in
figure 4, and location of resource-confirmation well  ST-L.

Figure 3. View west of proposed power-plant site, showing well-head shelter
at ST-I, (A slide scar, and (B) landslide deposit south of the well
site.
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Dark brown, reddish brown, and very

dark gray, stratified volcanic ash con-

sisting of sty fine sand, fine sand with
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pebble gravel.
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Figure 5. Geologic section exposed in gully, about 350 ft south of resource-confirmation
well ST-1 (see fig. 1 for location). Grain-size composition of samples from the upper
volcanic-ash unit (excluding occasional gravel layers) averages 51% sand and 49% silt.
The underlying ash-flow tuff averages 24% gravel, 65% sand, and 11% silt at this loca-
tion (see appendix B for results of the grain-size analyses).



APPENDX A of SECTICN B

| NTERPRETATI ON  OF SEI SM C- REFRACTION PROFILES AT THE
PROPCSED SITE FOR A CGEOTHERVAL POMRR PLANT N
UNALASKA | SLAND,  ALASKA

By R D. Allely

| NTRODUCTI ON

Two intersecting, reversed seismic-refraction lines were surveyed at the
proposed power-plant site on July 17, 1986 to profile surficial tephra,
ash-flow tuff, and till deposits (Plate B-2). The east-west profile (AA)
used a 550-ft line wth 50-ft geophone spacing, which was crossed at station
135 by a 220-ft north-south line (BB') with 20-ft geophone spacing. Shots
consisting of 5 to 6 Ib of high-velocity Kinepak explosive mxture were
detonated at both ends of each geophone line. Near-shot geophones were inset
short distances to determne shallow overburden velocity. Shot-point and
geophone locations and elevations were surveyed using a plane table and
al i dade. Refraction data were coll ected using a Geometrics 12-channel
si gnal - enhancenent sei snogr aph.

METHODS OF ANALYSI S
Theory

First-arrival times of the seismc waves were determned from paper
copies, aided by video-screen traces. These were plotted versus geophone
di stances fromthe shot points (figs. Al and A2). Lineups of these arrival
times along best-fit straight-line segments represent returns from refracting
layers, with line slope equal to the inverse of apparent velocity. Two
velocity segments representing the same refractor shots in opposite directions
can have significantly differing velocities. If this is due to dip of the
refractor surface, true layer velocity is calculated wusing a dipping-layer
solution (Dobrin, 1960). True wvelocities are then wused wth tinme intercepts
from projections of each refractor velocity segnent to the time axis to
calculate tinme-intercept depths perpendicular to the interface from the shot
poi nt .

Deviations from straight-line segments are usually present on travel-time
curves, generally due to variations in refractor seismc velocity or
t opogr aphy. Were arrival-tine returns representing the sanme refractor for a
given pair of shots cross each other (refractor overlap), differences in
arrival times can be plotted versus distance to produce lines that have a
slope equal to half the true wvelocity of that refractor. Topographic effects
cancel, then deviations from a straight line are due only to laterally varying
velocities for a return pair in the sane refractor, or to tw geophones
receiving signals from a nmx of tw refractors. Anbiguities on arrival
time-distance plots are often resolved when wused in conjunction wth the
arrival time-difference plot.
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A reduced arrival-tinme plot yields the same information, and nore. Del ay
times (propagation time dowwmard through overlying layers) are conputed for
layers overlying a refractor along a segment where a reversed arrival-tine
pair exhibits refractor overlap. \Wen subtracted from arrival tines, reduced
arrival times result. They are the equivalent of placing the shots and
geophones directly atop the refractor. These line up at true refractor
velocity, should be identical to arrival time-difference velocities, and are
useful in the same ways. This reduced arrival curve can be extrapolated
beyond the calculated segnent beneath arrival tinme-distance returns for the
same refractor. Overlying layer delay tines are then read as differences
between the two curves. Al delay times are then used to calculate refractor
t hi cknesses.

Application

Raw arrival times were plotted on arrival tine-distance graphs. Seismc
velocity of the surface tephra was calculated from returns on the first
geophones. Best-fit apparent-velocity line segnments for ash-flow tuff, till,
and bedrock yielded apparent velocities and intercept times for those |ayers.
Arrival time-difference plots facilitated assigning anbiguous geophone returns
to specific layers. Dipping-layer solutions were used to calculate true
velocities from apparent-velocity refractor pairs. Tinme-intercept |ayer
thi cknesses were then calculated. Resulting depths did not always correspond
to known stratigraphy, so arrival times were vertically corrected for varia-
tions due to surface topography. Corrected arrival-time plots gave different
apparent velocities, true velocities, and tinme intercepts, which vyielded
better profile nodels. On line AA'", refractor overlap for the till [layer
allowed calculation of delay-time depths. Conbined delay times were
cal cul ated for overlying tephra and ashflow | ayers fromarrival-tinme pairs and
by extrapolation. Then first-layer delay times for the surface tephra were
calculated for each station using auger-hole, seismc, and interpolated
t hi cknesses. These were subtracted from the conbined times, and the
differences wused to calculate ash-flow tuff thickness at each station.

DI SCUSSI ON
Line AA

Tephra overburden velocities at each end of |ine AA" agree closely and
are typical of loose soil or weathered surface mterial (Redpath, 1973). The
auger holes provided excellent thickness control for tinme-intercept depth
correlation in the western portion of the line and for interpolating thickness
from stations 0 to 350 (plate B-2). Thickness was tapered to a seismc depth
of 6 ft at station 550. These depths were wused in conjunction wth an average
vel ocity of 1,095 ft/s and di p-averaged vel ocity of 3,736 ft/s for the ash-
flow tuff to calculate delay times for the tephra

Conbined delay tinmes for first and second layers were calculated for
arrival-time pairs in the till overlap segnent, using dip-averaged velocities
for the ash-flow tuff and till (3,736 and 8,905 ft/s, respectively). At some
stations, calculated ash-flow tuff thickness variations appeared excessive, SO
were smoothed out. This is justifiable given errors that may be present in
estimting overburden thickness or calculating refractor velocities.
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Delay-time depths of the interface between ash-flow tuff and till on line
AA" agree well on the west end with the time-intercept depth. On the east
end, the time-intercept depth was about 10 ft deeper than the delay-tine
solution, probably due to an erroneous extrapolation of reduced time-velocity
lines. The interface was flexed dowward on its eastern 100 ft to average the
di fference. The approximate 6-degree dip of the profile agrees well wth dips
of 7 degrees seen aerial photographs in two large canyon exposures.

The data suggest that the ash-flow tuff wvelocity may vary laterally.
Tephra thickness appears uniform west of station 350 but the wunderlying
interface is interpolated from station 350 to station 550. Lithology,
moi sture content, and degree of consolidation may also vary along the eastern
segnent. Wthout interior shots, we lack velocity and time intercept-depth
control, and shallowrefractor overlap necessary to discern these differences.

Using apparent velocities for the ash-flow tuff, the tinme-intercept
solution is nearly flat, descending froml,100-ft elevation at station O to
1090-ft el evation at station 550. This agrees wth the faster (up-dip)
apparent velocity of the till toward the weast, because in this nodel the
ground surface dips nore steeply to the east than does the till surface.
However, the delay-time solution calculated from apparent velocity exhibits
t opographic extremes in the western 150 ft, and shows a 40-ft rise to 1090-ft
elevation at station 550. This conflicts with the relatively smooth surface
of consistent eastward dip seen in the canyon exposures, so the dip-averaged
velocity nodel for the ash-flow tuff is favored.

The bedrock solution is generalized. A surface dip of approximtely
16 degrees was observed at the two ST-1 wells (Republic Geothermal, Inc.,
1973), and assuned for the entire |ine. Gven this dip, a true velocity of
16,724 ft/s was cal cul ated froman apparent up-dip velocity of 31,900 ft/s.
This is a typical lower-range velocity for fresh granitic rocks (Redpath,
1973) and appears reasonable for the altered gabbronorite underlying the
power-plant site. The profile conpares favorably with a three-point bedrock-
surface solution used to contour bedrock-surface elevations. Elevation
contours at the top of the till also agree wth the general picture seen along
the profile, reflecting underlying bedrock configuration in subdued fashion.

Line BB
This line exhibits nore wvariation in surface-layer velocity, and an
apparent intermediate refractor on the south-end shot (Plate B2 fig A2).
Lacking refractor overlap, profile interpretation of line BB is nore tenuous.

Raw arrival-time apparent velocities yielded north-end depths that did
not compare wll wth canyon-wall stratigraphy (47 ft vertical from surface to
top of till). However, dip-corrected velocities yielded nore conparable
dept hs. Sout h-end seisnmic depths were similar in both cases, yet puzzling. A
seismc first-layer thickness of 6.8 ft did not agree wth observations in
auger hole Ab (Plate B-2). Either tephra was absent, or stratigraphically
obscured by noisture content, as suggested by the higher overburden velocity.

Arrival times were then vertically corrected to a sloping datum New

apparent and true velocities gave simlar time-intercept thicknesses for both
ends, supporting south-end seismic-depth calculations. An ash-flow tuff
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thickness of 46 ft was calculated wusing dip-averaged ash-flow tuff and till
velocities, and projected to station 60, where this till return segment is
seen (fig. AZ. The ash-flow tuff then appears as a southward-thickening wedge
north of the wvelocity-transition zone.

The internediate 6,350-ft/s segment becane nore evident on the corrected
arrival-time graph. Wen treated as a third layer, it projects to the south
with a 20-ft thickness. If this return represents the gravel layer seen at
13-ft depth in AHS, it comes up even farther at station 220, and the ash-flow
tuff thins to only 11 ft.

South of the transition zone, interpretation is nore difficult. Surface
saturation seen from stations 80 to 220 suggests the presence of a wet-dry
transition between stations 80 and 100 as the cause of the apparent slowdown
of the south-end shot as it locally exits the saturated zone. Lacking this,
only a transition in refractors from shallow on the south to deeper on the
north would explain this velocity difference. The 6,350~ft/s segnment probably
represents a wet, denser lower unit of the ash-flow tuff. The returns slow
considerably between stations 100 and 60, where they exit the inferred wet ash
zone. To the north, internediate-segment returns are overtaken by faster

arrivals  from the underlying till. The north-end shot does not show evidence
of the internediate layer because the geophones received returns from the
underlying till before they arrived at this segment. This suggests that the

inferred internediate layer does not exist north of the transition zone.

The chief problem on the southern half of line BB is how to interpret
depth to till. Using an apparent-velocity three-layer solution for the
sout h-end shot that ignores the intermediate |ayer, a south-end ashflow
thickness of 56 ft is calculated and projected to station 220. This agrees
with the southward-thickening picture on the north end, which projects through
the delay-tine thickness at the intersection wth 1line AA. The profile then
shows till overlain by a discontinuous, indeterm nate length of a 6,350-ft/s
layer, and wupper ash-flow tuff and tephra layers. A four-layer solution
yields an unlikely intermediate-layer thickness of about 80 ft, for a depth of
110 ft to till.

Athough the till surface should rise gradually toward the south as it
approaches the bedrock slope, line BB is located far enough east that
projections have little meaning without depth control. Mre profiling or

drilling is needed for better refractor definition south of the velocity
transition.
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PEC ENTIN ER

GRAIN-SIZE  ANALYSI S

Unal aska Ceothernmal Project
Sanpl e: 86RC2-2
SIEVE SIZE CUMULATI VE  FRACTI ON
(US. STD (mm) (phi) % FINER % FINER
2.0 50. 8 -5.67
1.5 38.1 -5.25
1.0 25.4 -4, 67
0.75 19.1 -4.26
0.5 12.7 -3.67
0. 375 9.5 -3.25
4 4.76 -2.25
10 2.00 -1.00
20 0. 84 0. 25 100 2
40 0.42 1.25 98 4
50 0.30 1.75 94 22
100 0. 149 2.75 72 24
200 0. 074 3.75 48 48
GRAVEL (#4+) 0
SAND (#4-, #200+) 52
S| LT+CLAY (#200-) 48
CRGANICS (WT %)
86RC2—-2
Unalaska Geothermal Project
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PERCENT FINER

GRAIN-SI ZE  ANALYSI S
Unal aska Geothernmal Project

Sanpl e: 86RC2-3
SIEVE SIZE CUMULATI VE FRACTI ON
(U S. STD (mm) (phi) % FI NER % FI NER
2.0 50. 8 -5.67
1.5 38.1 -5.25
1.0 25.4 -4.67
0.75 19.1 -4.26
0.5 12. 7 -3. 67
0. 375 9.5 -3.25
4 4. 76 -2.25
10 2.00 -1.00
20 0.84 0.25 100 2
40 0.42 1.25 98 7
50 0.30 1.75 91 25
100 0. 149 2.75 66 21
200 0.074 3.75 45 45
GRAVEL (#4+) 0
SAND (#4-, #200+) 55
SI LT+CLAY (#200-) 45
CRGANI CS (WT %) <5
86RC2—3
Unalaska Geothermal Project
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PECE NT FIN

GRAIN-SIZE  ANALYSI S

Unal aska Geothermal Project
Sanpl e: 86RC2-4
SIEVE S| ZE CUMULATI VE  FRACTI ON
(U S sTD) {mm) (phi) % FI NER % FI NER
2.0 50. 8 -5.67
1.5 38.1 -5.25
1.0 25. 4 -4.67
0.75 19.1 -4.26
0.5 12.7 -3.67
0. 375 9.5 -3.25
4 4.76 -2.25 100 2
10 2.00 -1.00 98 2
20 0. 84 0. 25 96 8
40 0.42 1.25 88 7
50 0. 30 1.75 81 19
100 0. 149 2.75 62 17
200 0.074 3.75 45 45
GRAVEL (#4+) 0
SAND (#4-, #200+) 55
SI LT+CLAY (#200-) 45
ORGANI CS (WT %) <5
B86RC2—-4
Unalaska Geothermal Project
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PEC ENTINER

GRAIN-SI ZE ANALYSI S
Unal aska Ceothermal Proj ect

Sanpl e: 86RC2-5
S| EVE S| ZE CUMULATI VE  FRACTI ON
(U S. sSTD) (mm) (phi) % FI NER % FI NER
2.0 50. 8 -5. 67
1.5 38.1 -5.25
1.0 25. 4 -4.67 100 1
0.75 19. 1 -4.26 99 8
0.5 12. 7 -3. 67 91 9
0. 375 9.5 -3.25 82 28
4 4.76 -2.25 54 26
10 2.00 -1.00 28 16
20 0. 84 0.25 12 4
40 0.42 1.25 8 1
50 0.30 1.75 7 1
100 0. 149 2.75 6 1
200 0.074 3.75 5 5
GRAVEL (#4+) 46
SAND (#4~-, #200+) 49
SI LT+CLAY (#200-) 5
ORGANICS (W %) <5
86RC2—-5
Unalaska Geothermal Project
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PERC_.ENTIN ER

GRAIN-SIZE  ANALYSI S

Unal aska GCeot hermal Proj ect
Sanpl e: 86RC2~6
SIEVE S| ZE CUMULATI VE  FRACTI ON
(U S. sTD) (mm) (phi) % FI NER % FI NER
2.0 50.8 -5.67
1.5 38.1 -5.25
1.0 25. 4 -4. 67
0.75 19.1 -4.26
0.5 12. 7 -3.67
0. 375 9.5 -3.25 100 1
4 4.76 -2.25 99 1
10 2.00 -1.00 98 3
20 0. 84 0. 25 95 6
40 0.42 1.25 89 3
50 0. 30 1.75 86 14
100 0. 149 2.75 72 13
200 0.074 3.75 59 59
GRAVEL (#4+) 1
SAND (#4-, #200+) 40
SI LT+CLAY (#200-) 59
ORGANI CS (WT %) <5
86RC2—06
Unalaska Geothermal Project
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PECENT FINER

GRAIN-SI ZE ANALYSI S
Unal aska GCeot hermal Proj ect
Sanpl e: 86RC2~7
SIEVE Sl ZE CUMULATI VE FRACTI CN
(U S. STD {mm) (phi) % FI NER % FI NER
2.0 50. 8 -5. 67
1.5 38.1 -5.25 100 3
1.0 25. 4 -4. 67 97 1
0.75 19.1 -4. 26 96 2
0.5 12.7 -3. 67 94 3
0. 375 9.5 -3.25 91 10
4 4.76 -2.25 81 15
10 2.00 -1.00 66 16
20 0.84 0.25 50 11
40 0.42 1.25 39 6
50 0.30 1.75 33 11
100 0. 149 2.75 22 8
200 0.074 3.75 14 14
GRAVEL (#4+) 19
SAND (#4-, #200+) 67
SILT+CLAY (#200-) 14
OCRGANICS (WT %) <5
8oRC2—-7
Unalaska Geothermal Project
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PERCENT PASSING

GRAIN-SIZE  ANALYSI S

CUMULATI VE  FRACTI ON
% FI NER

Unal aska Geothermal Project
Sanpl e: 86RC2-8
SIEVE SIZE
(U.S. STD (mm) (phi) % FI NER
2.0 50. 8 -5. 67 100
1.5 38.1 -5.25 99
1.0 25.4 -4.67 95
0.75 19.1 -4.26 90
0.5 12.7 -3.67 85
0. 375 9.5 -3.25 79
4 4.76 -2.25 66
10 2.00 -1.00 52
20 0.84 0.25 38
40 0.42 1.25 28
50 0. 30 1.74 22
100 0. 149 2.75 13
200 0. 074 3.76 7
GRAVEL (#4+)
SAND (#4- #200+)
SI LT+CLAY' (#200-)
ORGANI CS  (WT%)
86RC2—8

Unalaska Geothermal
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PERCENT FINER

GRAIN-SIZE ANALYSI S

Unal aska Geothermal Project
Sanpl e: 86RC2-9
SIEVE SIZE CUMULATI VE  FRACTI ON
(U.S. STD (mm) (phi) % FI NER % FI NER
2.0 50. 8 -5. 67
1.5 38.1 -5.25
1.0 25. 4 -4. 67 100 1
0.75 19.1 -4.26 99 3
0.5 12. 7 -3. 67 96 4
0. 375 9.5 -3.25 92 11
4 4.76 -2.25 81 13
10 2.00 -1.00 68 15
20 0. 84 0.25 53 13
40 0. 42 1.25 40 6
50 0.30 1.75 34 12
100 0. 149 2.75 22 9
200 0. 074 3.75 13 13
GRAVEL (#4+) 19
SAND (#4-, #200+) 68
SI LT+CLAY (#200-) 13
ORGANI CS (W %) <5
86RC2—-9
Unalaaka Geothermal Project
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PERCE® FINO

GRAIN-SI ZE ANALYSI S
Unal aska Ceot her mal

Sanpl e: AH1-1
SIEVE SIZE
(U.S. STD (mm)
2.0 50. 8
1.5 38.1
1.0 25. 4
0.75 19.1
0.5 12.7
0. 375 9.5
4 4.76
10 2.00
20 0.84
40 0.42
50 0. 30
100 0. 149
200 0.074

(

Pr oj ect

CUMULATI VE  FRACTI ON
% FI NER

phi) % FINER

5.67
5.25
4. 67
4.26
3.67
3.25
2.25 100
1. 00 99
0.25 98
1.25 94
1.75 89
2.75 67
3.75 42

GRAVEL (#4+)
SAND (#4~, #200+)
SI LT+CLAY  (#200-~)

ORGANICS  (WT %)
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PERCENT FINER

GRAIN-SI ZE ANALYSI S

Unal aska Geothermal Project
Sanpl e: AH2-1
SIEVE SIZE CUMULATI VE  FRACTI ON
(U S. STD (rm) (phi) % FI NER % FI NER
2.0 50.8 -5.67
1.5 38.1 -5.25
1.0 25. 4 -4. 67
0.75 19.1 -4. 26
0.5 12.7 -3. 67
0. 375 9.5 -3.25 100 1
4 4.76 -2.25 99 1
10 2.00 -1.00 98 2
20 0.84 0. 25 96 6
40 0.42 1.25 90 7
50 0. 30 1.75 83 26
100 0. 149 2.75 57 23
200 0.074 3.75 34 34
GRAVEL (#4+) 1
SAND (#4-, #200+) 65
SI LT+CLAY (#200-) 34
ORGANICS (WT %) <5
AHZ—1
Unolaaka Geothermal Project
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PERCENT FINER

GRAIN-SI ZE ANALYSI S

Unal aska Geothermal Project
Sanpl e: AH2-2
SIEVE S| ZE CUMULATI VE
(U S. sTD) (mm) (phi) % FI NER
2.0 50. 8 -5. 67
1.5 38.1 -5.25
1.0 25. 4 -4.67
0.75 19.1 -4.26
0.5 12.7 -3.67
0. 375 9.5 -3.25
4 4.76 -2.25
10 2.00 -1.00 100
20 0. 84 0.25 99
40 0.42 1.25 97
50 0. 30 1.75 95
100 0. 149 2.75 76
200 0. 074 3.75 49
GRAVEL (#4+)
SAND (#4-, #200+)
SI LT+CLAY (#200-)
ORGANI CS (WT %)
AH2—2
Unataska Geothermal Project
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ENTMER

PE

GRAIN-SI ZE ANALYSI S
Unal aska Geothermal Project
Sanpl e: AH3-1

SIEVE SIZE CUMULATI VE  FRACTI ON
(U S sTD) (mm) (phi) % FI NER % FI NER
2.0 50. 8 -5. 67
1.5 38.1 -5.25
1.0 25.4 -4. 67
0.75 19.1 -4, 26
0.5 12. 7 -3. 67
0. 375 9.5 -3.25
4 4.76 -2.25
10 2.00 -1.00 100 3
20 0.84 0.25 97 6
40 0.42 1.25 91 9
50 0. 30 1.75 82 25
100 0. 149 2.75 57 24
200 0.074 3.75 33 33
GRAVEL (#4+) 0
SAND (#4-, #200+) 67
S| LT+CLAY (#200-) 33
CRGANI CS (WT %) <5
AH3—1
Unalaska Geothermal Project
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GRAIN-SI ZE ANALYSI S

PERCENT FINER

Unal aska Geothermal Project
Sanpl e: AH3-2
SIEVE SIZE CUMULATI VE FRACTI ON
(U S STD {mm) (phi) % FI NER % FI NER
2.0 50. 8 -5.67
1.5 38.1 -5.25
1.0 25. 4 -4.67
0.75 19.1 -4. 26
0.5 12.7 - 3. 67
0. 375 9.5 -3.25
4 4.76 -2.25
10 2.00 -1.00 100 2
20 0.84 0.25 98 5
40 0.42 1.25 93 7
50 0. 30 1.75 86 23
100 0. 149 2.75 63 22
200 0.074 3.75 41 41
GRAVEL (#4+) 0
SAND (#4-, #200+) 59
SILT+CLAY (#200-) 41
ORGANI CS (WT %) <5
AH3~—2
Unalaska Geathermal Project
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PERCENT FINER

GRAIN-SIZE ANALYSI S

Unal aska GCeot hermal Proj ect
Sanpl e: AH3-3
SIEVE SIZE CUMULATI VE  FRACTI ON
(U.S. STD {mn) (phi) % FI NER % FI NER
2.0 50. 8 -5. 67
1.5 38.1 -5.25
1.0 25. 4 -4. 67
0.75 19.1 -4.26
0.5 12. 7 -3.67
0. 375 9.5 -3.25
4 4.76 -2.25
10 2.00 -1.00 100 2
20 0.84 0. 25 98 5
40 0.42 1.25 93 7
50 0. 30 1.75 86 25
100 0. 149 2.75 61 24
200 0. 074 3.75 37 37
GRAVEL (#4+) 0
SAND (#4-, #200+) 63
SI LT+CLAY (#200-) 37
CRGANICS (W' %) K5
Ati3-3
Unalaska Geothermal Project
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PERCENT FINER

GRAIN-SIZE ANALYSI S

Unal aska GCeot hermal Proj ect
Sanpl e: AH4-1
SIEVE SIZE CUMULATI VE  FRACTI ON
(US STD (mm) (phi) % FINER % FI NER
2.0 50. 8 -5.67
1.5 38.1 -5.25
1.0 25. 4 -4.67
0.75 19.1 -4. 26
0.5 12.7 -3.67
0. 375 9.5 -3.25
4 4.76 -2.25
10 2.00 -1.00 100 3
20 0. 84 0.25 97 7
40 0.42 1.25 90 8
50 0. 30 1.75 82 28
100 0. 149 2.75 54 22
200 0. 074 3.75 32 32
GRAVEL (#4+) 0
SAND (#4-, #200+) 68
SI LT+CLAY (#200-) 32
ORGANI CS (WT %) <5
AH4—1
Unalaska Geothermal Project
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PERCENT FINER

GRAIN-SI ZE ANALYSI S
Unal aska GCeot her nal
Sanpl e: AH4-2

Proj ect

SIEVE S| ZE CUMULATI VE  FRACTI ON
(U S STD (mm) {phi) % FI NER % FI NER
2.0 50. 8 -5.67
1.5 38.1 -5.25
1.0 25. 4 -4.67
0.75 19.1 -4.26 100 5
0.5 12. 7 -3. 67 95 4
0. 375 9.5 -3.25 91 12
4 4.76 -2.25 79 18
10 2.00 -1.00 61 11
20 0. 84 0.25 50 10
40 0.42 1.25 40 4
50 0. 30 1.75 36 13
100 0. 149 2.75 23 8
200 0.074 3.75 15 15
GRAVEL (#4+) 21
SAND (#4-, #200+) 64
SI LT+CLAY (#200-) 15
CRGANICS (WT %) <5
AH4—2
Unalaska Geothermal Project
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PERE & FINER

GRAI N-SI ZE ANALYSI S
Unal aska GCeot her nal

Pr oj ect
CUMULATI VE
(phi) % FI NER
-5. 67
-5.25
-4. 67
-4.26
-3. 67
-3.25
-2.25
-1.00 100
0. 25 99
1.25 98
1.75 93
2.75 71
3.75 44
GRAVEL (#4+)
SAND (#4-, #200+)
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TRANSM SSION PONERLINE AND ROAD CCORRIDOR GEOTECHN CAL - STUDY
FOR THE PROPOSED MAKUSH N GEOTHERVAL FIELD POAER FACILITY ON UNALASKA | SLAND

by Kerwin Krause
| NTRODUCTI ON

This study was conducted as part of an engineering geologic feasibility
study for the proposed Mikushin geothernmal field power facility on Unal aska
Island. The transmssion powerline and road corridor geotechnical study is
task nunber 9 identified in the proposal to Al aska Power Authority (APA) by
Dr. Randall G Updike, Chief, Engineering GCeology Section, Aaska Dvision of
Geol ogi cal and Geophysical Surveys dated 12 June 1986. If the Mkushin
geothermal resource is developed then a transmssion powerline corridor would
have to be selected. The reconnaissance |evel geotechnical data presented in
this study wll aid future geotechnical and design feasibility consultants in
selecting powerline corridor routes. Another purpose for this study was to
select possible road corridors that could be used during construction of the
transmssion power-line and powerhouse facility, and also for future operation
of the powerhouse facility. At first glance the floor of Mkushin Valley
| ooks |ike an ideal road and powerline corridor. Reconnaissance |evel
geologic floodplain mapping and soil sanpling was undertaken to help evaluate
the surficial geologic stratigraphy and geotechnical conditions in Mkushin
Val | ey.

The study area includes the floor of Mkushin Valley and its southern
valley slopes between Broad Bay and the proposed powerhouse site, and
Driftwood Bay Valley.

METHODS

The first phase of this study involved doing prelimnary stereo
aerial-photo interpretive geologic mpping of the Mkushin and Driftwood Bay
Valley regions. Mpping was done on color infrared aerial photos with a scale
of 1 inch = 2,000 ft. Existing road routes and potential routes for new roads
and transmssion powerlines were investigated

The second phase of the study involved five days of field investigations.
Limted helicopter support was utilized for this phase. Floodplain alluvial
deposits were studied first. This involved walking along and across inportant
alluvium contacts and spot checking other floodplain contacts by helicopter.
(ne rather large floodplain deposit was identified early on as having unstable
surface soil conditions. Subsurface alluvium in this deposit was sanpled at
three locations using a 3-inch portable power auger. Two seismc refraction
studies were also conducted across this alluvium to supplenment the power auger
sanple data. Existing road routes were studied by walking and evaluating the
road conditions. Three potential road corridor routes were studied also by
wal king and helicopter reconnaissance spot checks. Road route evaluations
involved studying existing slopes, surface soil conditions, depth to bedrock
or gravel, slope instability and avalanche hazards, road grade, erodability
and nunmber of stream crossings. Problem areas were noted and described. A
hand auger was used to evaluate surface soils along potential road routes
where there were no natural cut banks. Two transmission powerline routes were
briefly studied. One day was spent evaluating a possible upland transm ssion
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line corridor. Full helicopter assistance was utilized for this work.

Sevent een stations were evaluated along this upland corridor. These stations
represent potential transmission tower sites. Prelimnary surveying and
evaluation of surface and foundation soils was done at each of these sites.

The third phase of this study involved mapping the floodplain alluvium in
Makushin Valley using the information gained from the field investigations.
Consultation with several other project team menbers over possible road and
transmssion powerline corridor routes was conducted during this phase.

RESULTS OF | NVESTI GATION
Road Corridors

Condition of existing roads and areas needing inprovement

The old road up Mkushin Valley is washed out along nost of its Iength.
The road was built in 1963 and paralleled the river up nost of the valley.
The road was built on active bar deposits, bankfull bar deposits, |ow overbank
flood bar and channel deposits, high overbank flood bar deposits, and |evee
deposits (Aa, Ab, Alo, Aho, and Al, consecutively; Plate G1). The deposits
all contain good gravel for road construction and they are overlain or capped
by minimal anounts of fine sand and silt. The road crossed the Mkushin
Valley River about half way up the valley where an old bridge remains are
located. Qut bank erosion along the river has removed nost of the road.
Further up valley, the road |eaves the floodplain and ascends a |ow, broad
alluvial fan before it swtch-backs up the steep valley wall slope into
Driftwood Bay Valley (fig. 1). The alluvial fan (Af, Plate CIl) contains good
gravel for road construction.

The road is in poor shape where it swtch-backs up the steep slope above
the alluvial fan. The road has four switch-backs and four straight segments.
The |owest straight segment needs major grading work done. The second
straight segment needs mjor grading and a culvert installed. The third
straight segment contains a nmajor wash-out which would require a cul vert,

several dozen cubic yards of fill and possibly a small, pile-supported
retaining wall as well as major grading (fig. 2). The road at the third
switch-back is deeply eroded down to bedrock and will require fill and two

culverts. Gading will also be required at the fourth sw tch-back. The road
has an average 10 percent grade.

The road from the top of the switch-backs to Driftwood Bay is in fairly
good shape except for the noted repair sites (see Plate Gl).

Repair site 1. Road is noderately gullied but can be repaired with three
culverts and a drainage ditch.

Repair site 2. Road gullied and needs two culverts.

Repair site 3. Two road wash-outs which require fill only.

Repair site 4, Road wash-out which wll require fill and one culvert.
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Repair sites 5 6,and 7. Road wash-outs which wll require one culvert
and a drainage ditch each.

North of Repair site 7 the road drops down off of a lava flow onto the
Driftwood Bay Valley floodplain. A bridge would have to be constructed where
the road crosses the river on the floodplain (fig. 3). The airstrip at the
end of the road in Driftwood Bay Valley is in good shape and would require
only mnor grading to be usable.

Possible new corridor routes requiring noderate fill and slope excavation (R-|

and R-2)

The Makushin geothermal well site is several mles further up Mkushin
Valley to the southwest from the existing Driftwood Bay Valley road and
Makushin Valley road. The terrain between the well site and existing roads is
very rugged. There are two possible upland road corridor routes to the
geothermal wel|l site from upper Makushin and Driftwood Bay Valleys. Another
route would be along the river bank in the bottom of Mkushin Valley River
canyon. This route would require numerous stream crossings and be susceptible
to numerous wash-outs. The Mkushin Valley River canyon is an area that has
frequent snow aval anches in the winter and spring nonths. The two upl and road
corridor routes are less susceptible to snow avalanches and |andsliding
hazards than the valley bottom route. The two upland routes are on opposite
sides of Mkushin Valley Rver canyon. Route 1 (RI, see Plate GI) is on the
south side of the valley and Route 2 (R2, see Plate CI) is on the north
si de.

Corridor Route 1 would start in the bottom of Mkushin Valley where the
existing road leaves the floodplain and begins ascending the alluvial fan.
The route would go up-valley paralleling the thick volcanic |ahar deposit.
The road woul d be built on high overbank flood bar deposits (Aho, see Plate
Gl). The road would cross the river to the south side of the valley near the
canyon area. A bridge would be required for this river crossing. Fromthe
river the road would swtch-back up the slope to the large bench area as shown
on Plate CGIl. This slope has approximately 1 to 3 neters (3 to 10 ft) of
colluvium ash, and glacial overburden on top of bedrock. The lower portion
of this slope has potentially unstable soils (see Gound Stability section).
A road constructed up this slope would have less grade, fewer cutbanks, and
fewer sharp switch-backs than the existing road across the valley. Snow
aval anche hazards would be minimal up this slope (see Avalanche Hazard
section). On top of the large bench area, the road would parallel the rim of
the canyon. Overburden is 1 neter (3 ft) or less thick in this area. This
bench coul d be used as a helicopter staging-.area (Staging Area A, see Plate
Gl) for construction of the powerhouse facility and transmssion powerline if
the road ended here. Constructing a road beyond this bench becomes nore
difficult. The road would descend the bench area and cross a ravine that
would require a large culvert. From the ravine the road would cut across a
relatively long and noderately steep slope before intersecting a small bench
(see Plate GIl). MNunerous small intermttent streams occur along this slope.
The streans have gullied the overlying ash and col luvial deposits. Culverts
woul d be needed for each stream crossing. Reeder (see Gound Stability
section) has identified this slope as having potentially unstable soils.
March (see Aval anche Hazard section) has also identified this slope as being
prone to snow avalanches. From the small bench the road would descend rather
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steeply down into the valley bottom Again, Reeder and March have identified
this slope as having potentially unstable soils and being prone to snow
avalanches.  Intermttent streams have gullied this slope also, so several
culverts would be required for construction. In the valley bottom a bridge
would have to be built across the river. On the other side of the river the
road would ascend the side slope of a steep ravine onto the large bench where
the powerhouse site is planned (see Plate Gl).

Corridor route 2 takes off from the existing road near Sugarloaf Cone in
Driftwood Bay Valley (see Plate Cl). This area could serve as a helicopter
staging area for construction of the powerhouse facility (Staging Area B, see
Plate C1l). The best route for the road in this area is north of Sugarl oaf
Cone as shown on the map. Gnder and ash deposits overlie glacial till in
this area. Road construction would progress rapidly across this area. st
of Sugarloaf Cone, the road could end at Staging Area C or continue as shown
on Plate GI. Between here and Staging Area D the road would have to cross
several large, very deep, perennially snowfilled ravines. Bridges would
probably be necessary at these crossings. The road woul d al so have to
traverse a steep slope which Reeder and March have identified as hazardous for
slope failures and snow avalanches. This area is free of snow for only a few
nmonths each year, thus a road built across the area would require increased
mai nt enance. Staging Area D (see Plate CI) is on the bench above the
geothermal well site. This would make a good helicopter staging area.
Continuing the road from here to the well site would be difficult. Fox River
canyon, which contains steep, unstable slopes and snow aval anche hazards,
would have to be crossed. If a road was continued, a bridge or culvert would
be required for the river crossing in the canyon bottom

Possible new route requiring extensive base fill and underlayment (R-3)

Building a road up lower Makushin Valley wll require extensive base fill
unless the road is built inmediately adjacent to the active channel. The
floodplain in lower Mkushin Valley consists minly of floodbasin alluvium
(Af, see Plate GI) that is underlain by lacustrine/lagoonal sedinents. The
floodplain in this area is flat and marshy. If a road is built on the
floodbasin alluvium it should not be built next to the valley wall slopes on
the south side of the valley. Snow avalanches frequently occur along these
slopes in wnter (see Avalanche Hazard section).

ne of the first tasks attenpted during the field investigation was to
determ ne the thickness of the nmarshy floodbasin alluvium Wth the aid of a
power auger (fig. 4) it was found that the narshy deposits were quite thick.
The surface of these deposits consisted of water saturated grass and sedge sod
that was bound together by roots. This sod was 0.5 to 1.0 neter (1.5 to 3 ft)
thick. Beneath the sod was 6 neters (19 ft) of muck (water saturated organics
mxed with mneral matter). At 7 to 8 meters (23-26 ft) depth the alluvium
was much nore silty and cohesive (stiff). Some ash was also encountered at
this depth. A second hole was augered near the south valley wall slope (Power
Auger Site 2) to see how thick the marshy deposits were. Practically the sane
situation was found in this hole as in the first hole. Below the surface sod
there was 5 neters (16 ft) of nuck and at 6 to 7 (20-23 ft) neters deep
increasing silt and ash wasencountered. A third hole was augered further up
the valley adjacent to the Mikushin Rver active floodplain alluvium  Again,
beneath the surface sod layer 5 to 6 neters (16-20 ft) of nuck was encountered
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bef ore reaching nore cohesive (stiff) silt and clay. Gain size anal yses were
performed on sanples from the second (sanple K-2, fig. 5) and third (sanple
K-3, fig. 6) auger holes. The cunulative probability plots and organic
contents reflect the conposition of the muck and silt sanpled from the bottom
of these two holes. Two seismc refraction studies utilizing a twelve channel
Geometrics sei snmograph, a 550 foot geophone spread, and explosive charges were
also done across this mrshy floodplain area. The seismic data interpretation
matches closely with what was found in the auger holes. Seismc Refraction
Line 1 was oriented north-south across the valley at about the same |ocation
as Power Auger Hole 1 (see Plate C1). Figure 7 shows the tine/distance plot
and interpreted material velocity profile for line 1. The data suggest there
is 4.5 neters (15 feet) of water saturated organic rich silt on the north end
of the line which is near the center of the valley and close to the river.

The data also indicates that the deposits thicken away from the river which is
typi cal of alluvial floodbasin deposition. The data also indicate that near
the center of the valley there is 100 feet of water saturated silt and fine
sand. Sone of this silt and fine sand woul d probably be ash. Gacial till is
probably present beneath the alluviumas shown in the figure. Figure 8 shows
the tine/distance plot and interpreted naterial velocity profile for line 2
(see Plate GIl). This interpretation is simlar to what was found in the
nearby auger hole except that the interpreted thickness for the sod and
organic rich silt is thinner than what was actually found in the auger hole.
The water saturated silt and fine sand was just as thick along the edge of the
valley as it was in the center which | ends support to a lacustrine/lagoonal
origin for these deposits. Bedrock was detected at about a 100 foot depth
beneath this area.

The marshy and nucky floodbasin and underlying alluvium is thick and
areally extensive in | ower Makushin Valley. The marshy deposits have
extrenely low bearing capacity, so if a road were to be built on top of these
deposits a thick basal fill material would be needed along with some type of
underlayment nmat. Several small distributary flood channels and tributary
streans cut across the floodbasin area. Qulverts would be needed at each one
of these crossings. The Gound Stability section identifies this area as
having potential for subsidence under man-nade surface |oads.

Possible new route requiring extensive slope excavation (R-4)

Another road route up |ower Mkushin Valley would be along the base of
the south valley wall slope (R4, see Plate GI|). This route is an
alternative to constructing a road across the floodbasin below. The surficial
geology along the base of this slope consists of colluvium and glacial
deposits.  Small, gently sloping benches are present along nost of the slope.
A road constructed along the base of this slope would probably be situated on
these colluvial and glacial bench-like deposits. A hand auger was used to
sanple the sedinments on one of these small benches (Hand Auger Site, see Plate
Gl). Four shallow hol es were augered on this bench. A shallow reddish brown
soil horizon, 0.25 to 1.0 neter (0.8-3.2 ft) deep exists on this bench.
Beneath the soil was mxed rock and soil (colluvium. The auger was unable to
penetrate the sedinents beneath the soil because of increasing pebbles and
cobbles which are of colluvial or glacial origin. A road constructed along
the base of this slope would require extensive slope excavation. This slope
is prone to snow aval anches in the winter and the base of the slope is
identified as having potentially unstable soils which could fail if excavated
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for road construction (see Avalanche Hazards and Gound Stability sections).
A road constructed along this slope would also require 3 culverts at tributary
stream crossings.

The existing road at the entrance to Mkushin Valley is in fair
condition. The road needs some inprovenent where it parallels the beach and
woul d connect to whatever road route is chosen for |ower Mikushin Valley. The
best route for a road in central Mkushin Valley is between the two active
channels.  The floodplain is highest between these two channels and the
deposits consist of bankfull bar deposits, |ow overbank flood bar and channel
deposits, and high overbank flood bar deposits (Ab, Alo, and Aho; see Plate
CGl). These deposits would provide good foundation material for road
construction. Two bridges would be required for the two najor river crossings
in this area. The active channels at these two crossings are wde so, sone
dredging and channel confinement work would be necessary.

Transm ssion Powerline Corridors

Possible valley floor route

The floor of Mkushin Valley between Broad Bay and the Mkushin R ver
canyon could serve as a possible transmssion powerline corridor. If a road
was constructed in the bottom of Mkushin Valley it would be nost econom cal
to construct the transmission powerline here. Selection of the transmssion
tower sites and the road may or may not coincide. Transmission towers should
be situated at a safe distance from valley wall slopes which are prone to snow
aval anches and landslides. Wnd in the bottom of Mkushin Valley would
probably be less than along upland slopes. Transmssion tower foundations
(probably on piles) in lower Mkushin Valley would have to be engineered for
thick marshy alluvium as described on the map and discussed under the previous
road corridor section. Aluvium capable of bearing transmssion tower
foundations is at least 8 neters (26 ft) deep beneath the |ower Makushin
Valley marsh. Good foundation materials exist near the surface farther up
Makushin Valley. The floodplain in upper Mkushin Valley consists of coarse
textured bedload sand and gravel alluvial deposits. The best corridor for the
transmssion powerline between upper Mkushin Valley and the proposed
power house facility is an upland route above the Makushin R ver canyon. The
Makushin River canyon is deep and the canyon wall slopes are steep. These
slopes are prone to snow avalanche and landslide hazards (see Avalanche and
Gound Stability sections). The river floodplain in the canyon is narrow and
subject to frequent flooding and channel bank erosion.

Possible wupland route

The decision to select and study a possible upland transm ssion powerline
corridor route was made during a brief helicopter reconnaissance flight around
the study area with an APA electrical engineer. The engineer had worked on
numerous other APA transmssion powerline projects and was asked to comment on
possible corridor routes for this project. During the flight the engineer
indicated that the transmssion powerline corridor could continue its route
along the southern upland Mkushin Valley slopes from the Mkushin River
canyon area to Broad Bay or Nateekin Bay. Selection of an upland route would
require conplete helicopter supported construction.
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An upland corridor route would require fewer transmssion tower sites
than a valley bottom route. Mst of the tower sites are separated by broad
and deep valleys. Upland transmission towers would have to be bigger than
towers in the valley bottom in order to support the increased electrical line
wei ght . The towers would have to be securely anchored due to increased wnd
condi tions. Tower sites would also have to be situated where snow aval anche
and landslide hazards were not a threat. The shortest upland transm ssion
line corridor route between the proposed powerhouse facility and upper
Makushin Valley is along the southern valley wall slopes. There are several
transmssion line corridor routes between upper Mkushin Valley and Broad Bay
or Nateekin Bay. A possible upland transnission line corridor route from the
proposed powerhouse facility along southern Makushin Valley slopes to Nateekin
Bay is shown on the map. Seventeen possible tower sites were investigated
along this route. Tower sites were selected in areas of thin overburden or
where bedrock was exposed (outcrops). Tower sites coincide wth bedrock
plateau, bench, saddle, knoll, and ridge landforms. Some of the soil slopes
where the possible tower sites are located have been classified as potentially
unstable and prone to avalanche hazards (see Gound Stability and Avalanche
Hazard sections). The possible tower sites are not prone to aval anche or
| andsl i de hazards even though they are located in hazardous areas. The tower
sites are located on relatively small, flat bedrock benches, saddles, and
ridges. Sl opes above the possible tower sites are short and gentle. The
possible tower sites and uphill slopes are too small to show on the Avalanche
Map or the Gound Stability Mp. Sixteen of the possible tower Sites were
reconnai ssance surveyed during the investigation. Table 1 has elevations for
each possible tower site, slope distance, and slope angle between tower sites,
and comments on estimted overburden thickness. This information wll aid
electrical engineers in relating possible transmssian tower sites to
t opographic conditions and constraints.

CONCLUSIONS  AND  RECOMMVENDATI ONS

The information presented in this report is based on reconnaissance |evel
observations and data. Know edge about different types of powerline
construction would have helped define and narrow the objectives of this study.
There are several potential transmssion powerline and road corridor routes in
the study area. Transmission powerlines can span deep ravines, gullies, and
small valleys. Powerlines are always straighter and shorter between two
points than roads. If the transmssion powerline needs to be accessible by
road for construction and/or maintenance reasons, then nore spur roads and/or
a longer powerline are required.

Before future geotechnical studies of powerline and road corridors
continue there are several questions about powerline design and cost that need
to be addressed. Information that is needed before studies continue includes:
1) should transmission powerlines be above ground, or can they be buried; 2)
what type of powerline towers would be used; 3) how far apart can the towers
be; 4) what type of foundations do the towers require; 5) how nmuch elevation
change can towers have between each other; 6) wll the transmssion powerline
require frequent maintenance; 7) wll the powerline need to be accessible by
road; and 8) what is the nost economcal nethod of powerline construction.
Meteorol ogical wind data will be necessary in the prelimnary design of
transmssion powerline towers. This information is lacking for the project
area which neans that data collection should begin as soon as possible and
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Tabl e Tower site information.

Sl ope distance Slope angle
Tower El evation of between site between site &
Site tower site previous site previous site
TS-1 1,000 ft n/a n/a
TS-2 935 ft 1,052 ft 3.75"
TS-3 1,080 ft 1,620 ft 4.2"
TS-4 1,000 ft 3,120 ft 0.5"
TS-5 1,130 ft 1,469 ft 2.0"
TS-6 1,110 ft 1,494 ft 2.25"
TS-7 625 ft 3,236 ft 10. 25"
TS-8 1,300 ft 2,250 ft 15. 6"
TS-9 1,500 ft 2,685 ft 5. 75"
TS-10 950 ft 2,790 ft 9.2"
TS-11 1,440 ft 2,920 ft 7.5°
TS-12 1,780 ft 5,275 ft 4.6"
TS-13 1,825 ft 4,039 ft 0.8"
TS- 14 1,440 ft 1,935 ft 12. 5"
TS-15 650 ft 3,860 ft 11. 15"

Conmment's on over burden and
foundation soil conditions

see Engineering Geol ogy section

Approx. 6-8' of soil, colluvium ash, and
glacial till overlying bedrock

Approx. 4-6' of soil, colluvium ash, and
thin glacial till overlying bedrock

Approx. 2-5' of soil, colluvium ash, and
thin glacial till overlying bedrock

same as TS4
same as TS4

Approx. 4-6 ft of soil, colluvium ash, and
glacial till overlying bedrock

same as TIS7

Approx. 2-3" of colluviumand ash overlying
bedrock

Approx. 2-3" of soil, colluvium ash, and
thin glacial till overlying bedrock

Approx. 3-4' of soil, colluvium ash, and
thin glacial till overlying bedrock

same as TS 11
same as TS 11
same as TS 11

Approx. 6-8' of soil, colluvium ash, and
glacial till overlying bedrock



continue for at least a year. Because of the project location, design of the
powerline towers should take into account the hurricane-force winds than can
blow up to 150 nph in this area.

The APA electrical engineer who visited the project area during the field
work indicated that nost large and relatively inaccessible transmssion
powerline construction in Aaska is helicopter supported because, in the long
run, it is the nost economcal construction nethod. Knowing whether or not a
road is needed for this powerline construction would be helpful in selecting
road corridor routes. The two possible new road corridors on both sides of
Makushin  Rver canyon would not be all-weather routes. Both routes would be
susceptible to snow avalanche hazards in the wnter and spring. Neither one
of these routes could actually be wused to reach to powerhouse site in wnter
and spring. The routes could be wused for some powerline maintenance in the
winter and spring if the road and powerline were the same route. If the
possible transmission powerline and road corridors in the bottom of Mkushin
Valley are selected for future study, then closer spaced and deeper soil auger
borings should be done along the center of the corridor. Wight linmt and
conpaction studies should be done on the narshy floodplain alluvium where it
is underlain by lacustrine and lagoonal sedinents. It would be a good idea to
trench and make short roadeuts into the base of the southern Makushin Vall ey
wall slope at several locations to see how avalanche and slope stability
hazards may affect the roadcuts during a year's period. Another area where
experimental roadcuts would be hel pful is along the steep slope above Staging
Area C on possible corridor route 2 (R-2). Both of these areas coul d be
reached by a smll caterpillar tractor. If a road would only be needed during
transmission powerline construction to nove materials to helicopter staging
areas, then the existing road should be wutilized from Driftwood Bay to Staging
Aea B This my be the nost economical approach to construction.

It is said that alnost any construction problem can wusually be engineered
around if cost is not a problem This ideology probably doesn't apply to this
proj ect. Once an  econonical transmission powerline and road design is decided
upon, the best transmission powerline and road corridors for the project can
be selected. After the corridor selection, geotechnical studies can be
conducted along the corridors. Information from these geotechnical studies
could then be wused for final powerline and road design work.

[f the transmssion powerline wll need only mninmal and periodic
maintenance then a helicopter operation nmay be nore economcal than building
and nmaintaining a road. A helicopter could be wused to periodically check and
mintain the powerline once it was built. Powerhouse operations and
maintenance could also be serviced by helicopter or fixed wng aircraft if a
small airstrip was constructed near the powerhouse site.
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Figure 1. Existing road between Makushin Valley and Driftwood Bay Valley.
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Figure 2. Road wash-out. Location shown on Figure 1 above.
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Figure 3, Driftwood Bay Valley floodplain.
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Figure 4. Power auger site 1. Hoodbasin deposits in lower Mkushin Valley.
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COASTAL  ENG NEERI NG

By Doug Jones
| NTRODUCTI ON
APA is about to conduct a detailed feasibility study for an electric
power generator on halaska Island. The energy source wll be geothernal
which has been identified and tested near Mkushin Volcano. A prelininary
design of the equipment and its location wll also be included in that APA
study. The basic conponents of the power generating plant wll be a
generator, located at or near the geothermal source;, transmssion lines to

the population centers at Dutch Harbor and UWalaska; and one or nore
transformer stations on the transmssion line corridor. This section of the
auxiliary report on the physical environment will address three coastal areas
which could inpact developnent schemes for this project.

The three areas to be described are Driftwood Bay, to the north of
Makushin  Volcano (fig. 1); Broad Bay, at the end of Mkushin Valley to the
west (fig. 2); and MNateekin Bay, adjacent to and south of Broad Bay (fig. 2).
Both Driftwood and Broad Bays were visited between July 14-19. We, on the
other hand, did not believe that MNateekin would be considered and did not
investigate its coastal characteristics on this trip. However, between maps,
phot ographs, and observations from those who have visited the site, we can
adequately describe that bay.

Driftwood Bay

Driftwood Bay is the farthest from the power user centers, being just
over 11 miles by water from Dutch Harbor/Unalaska. Driftwood is less than 2
mles wide at its mouth and indented inland by no nore than 1 nmle. Itis
exposed to the Bering Sea to the north allowng direct attack by large storm
waves. The steeply-sloping beach is conposed of well-rounded boulders from a
few inches to over a foot in diameter; the beach slopes between 40 and 50
degrees. This large rock size and steep beach are indicative of the high
energy environment presented by the Bering Sea exposure.

A large streamenters the bay fromthe east side of the valley. The
muth of the stream being tucked against the cliffs on the edge of the
val l ey, indicates eastward migration fromthe center of the valley. This
location also indicates that the domnant longshore drift direction is to the
east. However, the extrene roundness of the beach rock would also indicate
that the material probably remains in the system for a long tinme. The beach
material probably does not Ileave the system via longshore transport but
renains until waves abrade the rocks small enough to be transported offshore.

There is also an excellent, but at this time, unmaintained airstrip which
was built in support of the former Dewline Site, now abandoned. There is a
road from the airstrip up to the probable geothermal power site, albeit in
di srepair.

Dift mterial such as large logs, parts of fishing gear, and even a bale
of cotton, high on the backshore, indicate heavy and recent storm activity.
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Therefore, beach facilities would require substantial protection from wave
att ack.

Broad Bay

Broad Bay is about 8mies east of Makushin Volcano and about 31/2miles
west of Dutch Harbor/Unalaska. It is the seaward extension of Mkushin
Valley. As its nane inplies, it is a rather broad, poorly defined bay wthin
the larger halaska Bay. It is sheltered from direct exposure to the Bering
Sea; a fact reflected in its beach characteristics. The beach is conposed of
medium to fine sand and slopes 15 to 20 degrees.

Judging from the location of the Mkushin Rver, the longshore drift
direction is from the northwest to the southeast. This appears to be the
longterm trend, but reversals, probably lasting only during storns, are
indicated by the erratic appearance of the channels near the river's nouth.

Several indicators suggest that wave activity is much less than at
Driftwood Bay: the backshore ridge shows no recent overtopping; the beach is
gently sloping and conposed of fine naterial; and the only nanmade structure,
a dock presumably built during the early forties, shows no discernable
| ongshore transport activity.

e to three sets of concentric ridges are set back but roughly parallel
to the present beach. They are simlarly vegetated to the surrounding
terraine and could be former storm berns or spits which developed as the beach
grew seaward. If they were former spits, they could have been left as relict
features after they closed, or nearly closed, the bay; at which tinme, the
dynamcs for creating the spit would have ceased. Ether the storm berm or
spit ideas could also have been acconpanied by wuplift of the land. Regardless
of the beach development at Broad Bay, it is clearly a quiescent coastline and
anple construction material can be found both on the backshore and at the
nearly vertical «cliffs to the southeast.

Nat eekin Bay

The third area under consideration is MNateekin Bay south of Broad Bay.
This bay was the only one not exanined, on the ground, specifically to evalu-
ate its suitability for siting shore facilities. Qearly, it is well protect-
ed fromstormactivity and is probably much |ike Broad Bay in character. |
think it is fairly safe to say that the physical environment of this bay would
support  facility siting for the geothermal power generator. It is situated
only about 2 mles by water fromthe Dutch Harbor/Unalaska area. Mountainous
terraine separate this bay from the probable geothernal source area.

Storm Activity

So far nothing has been nentioned about storm surge or of wave setup,
both of which can increase water levels several feet above tide level and both
often occur sinultaneously. Driftwood Bay is nore susceptible to both of
these phenonena than either Broad or Nateekin Bays. This is due to its
somewhat shal | ower water offshore, which generates higher storm surges; and
its direct exposure to the Bering Sea, which results in larger waves, and
therefore, higher wave setup. However, even with Driftwood Bay, the water
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directly offshore is, in all probability, too shallow to permt nmuch of a
storm surge. \Wave setup, on the other hand, probably can increase the water
levels several feet in this bay. Broad and MNateekin are less susceptible to
either storm surge or wave setup and elevations in Broad Bay should not exceed
2 feet above normal and, even less, probably no nore than 1 foot in Nateekin.

Transm ssi on Corridors

Wthout having detailed bathymetry, it is not possible to determne
precisely the preferred transnission-line corridor. Only distance to Dutch
Harbor and Uhalaska was used to conpare the sites. An  examnation was also
made of the NOAA's Nautical Charts for the area (Nos. 16518 and 16528), and no
obvious obstacles to transmission-line construction were seen. A detailed
route survey would have to be conducted before construction.

Construction Materials

Near-vertical cliffs «close to al 3 possible coastal sites indicate that
harbor protection and beach access could be made possible from |ocally-derived

material . A nmore thorough analysis of possible wave heights and periods would
probably be needed at Driftwood Bay, owing to its obviously higher-energy
envi ronment . It is possible that large enough armor rock for direct wave

protection could not be obtained locally. In that case, larger quantities of
less than optimum rock would be needed which could severely escalate
construction costs. A Broad Bay, the rock in the nearby cliffs (to the
southwest) produced a good solid ringing sound when struck wth a hammer.
This indicates conpetent nmaterial. The naterial has a slight greenish tint
and is probably an andesite which is comon in the area. Judging from the
material in the talus piles, 3- to 4-ton rock should be easily obtainable.
This would be of adequate size to protect facilities in the rather sheltered
area. No direct knowedge of construction nmaterials are known for Nateekin
Bay. | suspect that construction naterial is also locally available there.

PREFERRED SI TE
0 the 3 sites, overall preference nmght be aided by ranking several
variables among the sites. The following self-explanatory matrix wll help

with the ranking, wth 1 being nost favoarable and 4 |least desirable.

Devel opnent al Variabl e

Storm Construction Gener at or Transm ssion  Docksite
Bay Severity Materials Access Li ne Pot ent i al
Driftwood 4 2 | 4 3
Broad 2 | 2 2 1
Nat eeki n 1 2 4 1 1

As can be seen, a sinple 1-2-3 ranking was not wused. A somewhat weighted
ranking was used because, in certain cases, one site was clearly inferior or
superior to another site. Broad Bay, having the Ilowest total score, was
determned to be the best site based on the coastal environment and access to
the generator; MNateekin Bay was a close second and Driftwood Bay last.
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VOLCANIC HAZARD CONSTRAI NTS

By Chris Ne
SCPE F WK

The proposed geothernal power-generating facility is on the flank of an
active volcano. Aty future development nust recognize the possibility of
future eruptions and the hazards that those eruptions would pose for
facilities and personnel.

This report summarizes the current state of our knowedge about the
eruptive history of Mkushin Volcano and its flank vents, presents our best
estimte of what future eruptions mght be like, and specifies especially
hazardous areas near the proposed power plant.

V¢ also specify volcano nonitoring activities that we feel are essential
to safe operation of any development on the slopes of the volcano.

METHODOLOGY AND TECHNI QUES USED

This report is based our interpretation of the eruptive history of
Makushin  Volcano and its flank vents. This view is a result of field
observations which have been acquired during geological investigations of the
area over the past few years, aided by reinvestigation of problem areas in the
course of the current study, and previously published information (e.g. Drewes
and others, 1961; Reeder, 1983; Reeder and others, in press). A special focus
of the current work was an investigation of the Holocene eruptive history
using tephrachronology and the norphology and conposition of unconsolidated
deposits. This work was done in the conpany of Dr. James Beget of the
University of Alaska, Fairbanks. W are very grateful for his participation.
Mich of our interpretation of the volcanic stratigraphy is based on the
previous work of Nye and others (1986), and Nye and Swanson (1986), which were
detailed chenmcal investigations of about 165 sanples of the volcanic products
of Mkushin and its flank vents. The chemstry of those sanples were used to
track the evolution and history of the magmatic system Al discussions of
the petrology and chemstry of wvolcanic products in this report are drawn from
these studies.

RESULTS OF | NVESTI GATI ON
Nature of the Mkushin Volcanic Feld

The Quaternary geology of northern Unalaska Island is donminated by the
eruptive products of Makushin Volcano and associated satellitic and flank
vents (fig. 1). These vents are collectively termed the Makushin Volcanic
Field (MF). The WF is a transitional tholeiitic/calcalkaline province of
basalt through low silica dacite whose conposition is broadly typical of
Aeutian nmagmas (fig. 2).

Makushin Vol cano is the largest_ and | ongest |ived center. It is 2055 m
high and a few to several tens of" k?n in volume. Makushin Volcano and its
precursors have been active over at least the last nillion years. Lavas form
i sol ated erosional remants as well as the active Makushin Vol cano. Nye and
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others (1986) and Nye and Swaanson (1986) infer, on the basis of extreme
chemcal variation anong lava flows in single stratigraphic packages and
wi despread nineralogical disequilibrium that Makushin lava flows have been
fed from a relatively small shallow nmagna chanber which is frequently
reinjected by new magma derived froma deeper chamber. These deposits are
shown as QTve on figure 1. They are overwhelmngly lava flows of basalt and
andesite, although there is some low silica dacite, especially among nore
recent eruptive products.

The MVF also contains several late-Pleistocene to early-Holocene
monogenetic satellitic vents which, along wth Mukushin Volcano itself, form a
broad SWNE trending band {fig. 1). These vents are, from the SW Pakushin
Coye (about 1050 m |-2 knt), Sugarloaf (580 m, Table Top Mn (800 m about 1
km’) and Wde Bay Cone (about 640 m about 0.5 km). There are also extrenely
small volune eruptive centers at Cape Wslow and on a linear fracture
radiating from near the sumit of Mkushin Volcano to the NV  Small explosion
pits and cinder cones along this fracture are termed the I;t. Kadin Vents
(Dreves and others, 1961). A large volune (at |east 5 km’) package of
coeruptive flows, termed the Lava Ranp, erupted from Mkushin Volcano and
fills upper Mkushin and Driftwood Valleys. The products of these satellitic
and flank vents are shown as Cw in figure 1. Nye and others (1986) infer on
the basis of chemcal honogeneity wthin each center, and chemcal
heterogeneity between centers, that these lavas were erupted from spatially
discrete magma reservoirs over a relatively short period of tinme. Thus the
satellitic centers are nonogenetic cones, whereas Mkushin Volcano is a
pol ygenetic stratocone. (Chv lavas are basalt and low silica andesite.

Pyroclastic deposits are relatively wuncommon in the MF,  especially in
the older portions of the field O notable exception, however, are the young
terraces of pyroclastic debris found in the heads of many of the mjor
drainages of Makushin Volcano, such as the terrace under the ST-1 wellhead.
These deposits are probably related to Holocene caldera collapse at  Mkushin
(Reeder, 1983), and will be discussed in nore detail bel ow.

Eruptive History

Hi storic Eruptions

The historic eruption record at Mikushin is sumarized by Snkin and
others (1981) and Arce (1983). (Qver the 200 odd vyears for which there are
hi storic accounts Makushin has been frequently active. Arce (1983) found over
20 reports of eruptions or “"smoking". The references to "snoking" probably
represent exceptionally vigorous fumerolic activity, mnuch of which probably
went unreported. Seven events were vigorous enough to produce ash, and are
probably the only true eruptions. Those eruptions were in 1768, 1802, 1826,
1883, 1926, 1936, and 1951. Arce (1983) finds a 30 year repose interval
between eruptions which he believes is statistically significant. In a few
instances the historic record nentions activity from other vents than the
sunmt  of  Mikushin  Volcano. The locations of these vents are seldom
specified, but appear to be parasitic vents near the sumt of Mkushin rather
than any of the min satellitic vents wthin the MF.  The description of the
1980 plume is nore specific. That plume is reported to have come from a
parasitic vent on the south flank of the wvolcano 60 m below the summt (Snkin
and others, 1981). This plume was probably from the currently active vent
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which is near the south rim of the caldera and appears, from the east, to bhe
below the summt. In the spring of 1986 anonalously vigorous funarolic
activity was also noted (MQelland and, others, 1986).

No historic eruptions have produced lahars, lava flows or pyroclastic
flows. Ballistic blocks, bonbs and ash which are the uppernost wunits at
Makushin, and may be a product of historic eruptions, are silicic-andesite or
lowsilica dacite.

Late-Hol ocene  Tephra

Late-Hol ocene tephra blanket older features in the area. Those tephra
which overlie the wvalley-filling pyroclastic fans provide a record of  Nakushin
vol canism since the violent caldera forming eruptions. A the site of the
proposed power plant these tephra are a series nore than a dozen interbedded
black and orange ash layers wth a few interbedded thin tan pumce |ayers.

The total thickness of tephra is about 2 nmeters.

The inpact, at the plant site, of the eruptions which produced these
tephra was relatively minor. This is because nost of the eruptions were
mnor. The few major eruptions were directed away fromthe site. One pumice
layer thickens from 2 cm at the site to 40 cm on the northern flank of the
vol cano.

The recurrence interval for the eruptions which produced the late-
Hol ocene tephra is on the order of a few to several hundred vyears.

M d- Hol ocene  Valley-filling Volcaniclastic Deposits

The heads of mny of the ngjor drainages of Mkushin Volcano are filled
with Holocene volcaniclastic wunits which form conspicuous terraces as nmch as
9 m thick. These are shown as Qp on figure 1, and are mapped in nore detail
by Drewes and others (1961) and Nye and others (1984). These deposits
typically have basal till, nudflows, flood deposits, or lightly wel ded ashflow
tuffs, overlain by lightly welded or sintered ashflow tuffs, which are in turn
overlain by about 2 m of late Holocene tephra. Mst deposits, such as the one
at the head of Mkushin Valley, are dominated by ashflow tuffs. Some of the
deposits are retransported, presumably by gravity flow off surrounding hills,
and are now chaotically mxed. Juvenile clasts within these units are
high-silica andesite and lowsilica dacite, and are among the nost silicic
which have erupted from Mkushin (fig. 2).

Al of these Holocene volcaniclastic deposits were fornmed during
exceptionally violent eruptions of Mikushin and, as suggested by Reeder
(1983), were nost likely enplaced during caldera collapse. If all these
deposits were enplaced during caldera «collapse then they nust all be the same
age. A sanple of organic soil from immediately beneath the vol caniclastic
unit which is at the east end of the Mkushin Valley canyon (east of
Sugar-loaf) was reported by Reeder (1983) to be 7950 #9(0 radiocarbon vyears
before present. A sanple from organic material in the wuppernost part of the
debris flow at the head of Qdacier Valley was reported by Nye and others
(1984) to be 4280 +280 radiocarbon ybp. These two ages bracket the age of
enplacenent of all the wvolcaniclastic deposits only if they are all derived
from a single eruption.
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A less likely possibility is that the deposits nay have Dbeen derived from
separate eruptions, and thus are not related to caldera collapse. In this
case each deposit m ght have an age closer to its limiting radi ocarbon age.

It is inportant from the standpoint of wvolcanic hazards to determne if

these deposits are coeval. If they are, and if they are related to caldera
collapse, then it is unlikely that simlar eruptions wll occur in the
inmmediate future, since caldera collapse is an infrequent event. If, however,

these deposits are not coeval, then there may have been as mny as four
exceptionally violent eruptions during the Holocene, and there is a mch
better chance that there wll be another.

It seenms nost likely that these deposits are related to caldera collapse
sonetinme during the interval 4300 to 8000 years ago, but it is inportant to be
more confident in this conclusion. A program ainmed specifically at dating and
describing these deposits should be initiated. It nay take extensive
prospecting to find organic material in a suitable stratigraphic position to
determne wth confidence the age of these deposits.

Conplications of internal stratigraphy wthin these fans suggest that fan
formation nmay have been acconplished in a few pulses separated by an
undetermned anount of tine.

Pl ei stocene Eruptions of Makushin Vol cano

Juvenile clasts within the valley-filling pyroclastic fans, ballistic
bonbs near the present ground surface on all flanks of the wvolcano, caldera
rim fragments, and other wunits of Holocene age are predoninantly high-silica
andesite and lowsilica dacite (fig. 2). 62 percent of all md- to
| at e- Hol ocene sanpl es have | ess than 58 percent $1i02 and 70 percent of all
sanples wth over 58 percent SQ@, and virtually all dacites, are md- to
| ate-Hol ocene (Nye and others, 1986).

During the Peistocene (and earliest Holocene) Mkushin nagmas were nore
mafic, with only a handful of sanples being high-silica andesite, and the rest
lowsilica andesite and basalt. Pleistocene magma virtually always erupted as
lava flows; thick pyroclastic wunits are rare in older MNakushin outcrops.

The chemcal stratigraphy is consistent wth a history in which a fairly
mafic shallowlevel system evolved to a nore silicic conposition, and then
underwent caldera «collapse, as is typical of silicic systems. Caldera
collapse has already happened, thus we expect |little probability of najor
vul canian or plinian eruptions from Mkushin.

Late Holocene tephra mantling nost surfaces appears mfic and may
represent renewed andesitic volcanism

Eruntions of Satellitic and Fank Vents

Magma  which was erupted from the satellitic and flank vents is typically
fairly mfic, and overlaps the conposition of Pleistocene Mkushin Volcano
mgma.  On the basis of chemical sinilarities between sanples from the sane
vent and major chemcal differences between vents Ne and Saanson (1986) and
Nye and others (1986) inferred that the nagma chanbers feeding the satellitic
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centers were spatially discrete and evol ved al ong separate pressure-—
tenperature paths. The larger satellitic vents are typically lava and cinder
cones with extensive skirts of lava flows. Smaller vents lack lava skirts.

The Lava Ranp is grouped wth the satellitic vents because it shares the
characteristic of conpositional hompbgeneity, which suggests that it erupted in
a single volcanic event of relatively short duration. Individual sections
through the Lava Ranp (at thermal gradient hole at Fox Canyon and in Mkushin
gorge) are nearly identical in mjor and trace element conposition, although
different from each other. Al sanples from the Lava Ranp define a smooth
conpositional trend as a function of the distance from the sumit of Mkushin.
These observations suggest that the Lava Ranp is the result of the enptying of
a single large zoned mnagna body.

Mst of the deposits of the satellitic and flank vents (Pakushin Cone,
Lava Ranp, Sugarloaf and Table Top) have been glaciated, and also fill or
bl anket late Pleistocene topography. For this reason we believe that they are
of approximately the same age and that that age is late Pleistocene to early
Hol ocene. Sugarloaf is probably entirely late Pleistocene. Sugarloaf is nade
up of beds of fine-grained ash wth a few included blocks and cinders. These
fine grained beds are interbedded with volunetrically nminor cinder beds in the
upper part of the cone. This grain size distribution is typical of
phreatomagmatic eruptions and is quite distinct from the coarser grain size of
subaireal cinder and scoria cones. The phreatomagmatic eruptions were nost
likely subglacial, and thus late P eistocene.

These deposits are all older than the valley-filling pyroclastic units,
which have not been glaciated.

These deposits signal the late Peistocene or early Holocene rise and
eruption of several discrete, relatively large, magnma bodies. They do not
appear to be the result of continued satellite vent formation throughout the
Hol ocene.

An  exception is the Point Kadin vents, which are norphologically
exceptionally fresh. These vents formed along a SE trending rift on the NW
side of Mkushin Volcano. The extension of this rift through Mkushin cones
close to the head of Mkushin Valley and the proposed geothermal plant site.
It would be prudent to monitor this rift and be alert to the possibility of
future activity along it.

Mdel of Volcanic Activity wthin the MF

Nye and others (1986) and Ne and Swanson (1986) have arrived at the
following nodel of activity wthin the Mkushin Volcanic Field, based on whole
rock and mneral chenistry of all available sanples. A diagram of this nodel
is in figure 3.

P eistocene activity was domnated by periodic eruptions of basalt and
andesite flows from Mkushin Volcano and its precursors. These eruptions were
typically caused by the injection and mxing of relatively snall volunes of
mafic material froma deep magma chanber with nore evolved material in a
shal low magma chanber.
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During the late Pleistocene and/or early Holocene several spatially
discrete nagma bodies rose through the crust and erupted to form the
satellitic and flank wvents. As is typical during eruptions not all of these
magma bodies erupted. Uhder the satellitic centers, where the crust was
relatively cool, the residual magma cool ed and crystallized. However, under
Makushin Vol cano, the wunerupted magma remained nolten because of the elevated
tenperature of the «crust caused by frequent magma transport through the crust
at relatively frequent intervals throughout the Pleistocene.

The residual rmagma under  Makushin fractionated, thus the nid- Hol ocene
eruptive products are nore felsic. The anomalously large, felsic shallow
chanber underwent cal dera col | apse, probably after reinjection by more mafic
material from depth (in the wusual pattern of Mkushin Volcano) and forned the
thick wvalley-filling pyroclastic wunits. (Juvenile material wthin the
val ley-filling pyroclastic deposits shows extensive nmineralogical evidence of
magma  mxing).

The apparently nmafic tephra sequence which underlies the nodern soils may
indicate a return to nore nafic vol canism

Vol canic Hazards
Lava Flows

The possibility of new lava flows erupting at Makushin Volcano is renote,
and even if new flows were erupted they would probably not be a serious hazard
to the proposed power plant. The nost recent eruptive products are dacite or
andesite blocks, bonbs and ash. W have been wunable to identify any
| ate-Holocene lava flows. The norphologically freshest flow we have found is
on the north side of the island west of Bishop Point, and that flow is
overlain by the same tephra that overlie the plateau near the site, thus this
flow is older than 4280 years.

Activity at the satellite and flank vents is typical of nonogenetic vents
throughout the world. Such vents, like Paricutin, are formed by intense
activity over a period of a few to several years. Such activity is a one-tine
event, and these vents seldom reactivate. The reawakening of vents such as
Sugarloaf is a very remote possibility.

In the wunlikely event that lava was erupted from Mkushin's sumit, and
in the event that lava did start flowing down the east flank of the volcano,
it would probably be confined to the stream bottons below the site. The ridge
of rock directly west of the site would protect the proposed power plant from
all  but extrenely large flows (Pate EI).

Formation of New \ents

Mst of the mgjor satellite vents have been glacially nodified, but fill
or blanket late Pleistocene topography. Therefore nost of the satellite vent
activity occurred between the late Peistocene and the early Holocene glacial
advance. VW& believe nost of the satellite vents to be approxinately the sane
age, and feel that they represent a single pulse of volcanism of anonal ous
volune.  The satellite vents do not record a history of periodic vent
formation throughout the Holocene. Thus satellitic volcanism seems to be, for
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the nost part, a one-time event, and the possibility of the formation of new
vents in the future is slight.

The formation of the Point Kadin Vents is an exception. Those vents are
very probably nore recent than nost of the other satellitic vents. The
location of the Kadin vents is structurally restricted by a northwest trending
fault on the northern flank of the wvolcano. It is inportant to note that the
geothermal site is almst on an extension of this fault. If the line of
weakness which locallized the Kadin vents were to be reactivated new expl osi on
pits and small centers might form on the southeast flank of the volcano.

There is no way to quantitatively evaluate the possibility of such an event,
but we consider it renote.

Pyroclastic Flows

Pyroclastic flows are hot density flows of quenched nagma nixed wth
gases. They can travel at speeds approaching 200 km/hr and can be well in
excess of 1000°C  Toxic gases acconpanying pyroclastic flows, and in some
cases the flows thenselves, can surnount topographic barriers and thus escape
confining channels. Pyroclastic flows may form from the gravitational
collapse of an eruption colum, failure of and rockfall froma growing |ava
dore, or from directed bhlasts. Because of their high speed, high tenperature,
and acconpanying toxic gases, pyroclastic flows are anmong the nost  dangerous
products of volcanism

Pyroclastic flows do not exist in the late-Holocene deposits from
Makushin, but are the nmajor conponent of the ashflows in the thick
valley-filling pyroclastic deposits. These ashflows, however, were npst
likely enplaced during caldera collapse, which is a very infrequent event
during the |life of any volcano. Because of this, we feel that there is a low
probability of future pyroclastic flows, and for that reason do not expect
pyroclastic flows to be a great hazard to the proposed power plant.

Airfall Ash and Bonbs

The presence of a fairly thick mid-~ to late-Holocene tephra sequence at
the site of the proposed power plant suggests that ash falls wth a total
accumllation of a few centineters may be fairly comon. There is no
suggestion of a significant historic ashfall, but to expect a fall every few
hundred years is not unreasonable. The Holocene record suggests that
relatively mnor ashfalls are the rule, which should not pose a ngor hazard
to facilities, although toxic gases adsorbed on ash particles nmy mke it
unconfortabl e or dangerous for people in the area.

Large ballistic bonbs are not seen on the plateau where the proposed
power plant would be. However, breadcrust bombs exceeding 15 m in naximm
dimension can be found on higher surfaces within a few km north of the site
(Plate EIl). These bonbs are in the uppernost soil, and are presumed to be no
nmore than several hundred years old. Because such bonbs are found so close to
the site, they could be expected to fall at the site. Based on the past
record, however, bonb fall is mch less likely than ash fall.

The recurrence interval for eruptions which would deposit significant
anounts of ash at the plant site is probably on the order of a few to several
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hundred years. The recurrence interval for eruptions such as the one that
deposited 40 cm of pumice on the north flank of the volcano is probably on the
order of thousands of years.

Gacial Qutburst Floods

G acial outburst floods (jokulhlaups) are comon in streans draining
glacially-clad volcanoes and are the nost likely highly destructive events
that mght occur near the power plant site. Such floods form when periods of
high heat flow near the summit oron the flanks of the volcano nelt the bottom
of glacial ice. The nelted water ponds under the ice wuntil it can float the
ice enough to open a passage. Véter rushing along this channel then rapidly
erodes a larger and larger channel, and all the ponded water is released over
a very short time. Such a flood is nmuch like floods which result from dam
failure. A jokulhlaup can fill a streanbed wth several nmeters of
boulder-laden md and water in a few ninutes, and can entrain boulders nuch
bi gger than possible for a fluvial stream

Evidence for the possible past occurrence of such floods is comon in all
the streans draining the area between the nmouth of Makushin canyon and the
power plant site (Plate EI). The evidence is in the form of terraces
containing material too large to have been noved by the active streans. In
the tributary valley to Makushin river just westof the head of Mkushin
canyon such terraces contain subrounded, subequant boulders exceeding 3 m in
maxi num dimension. Sone of these terraces nmay be as young as a few hundred to
several hundred years.

Jokulhlaups will be restricted to valley bottons and could conme down any
of the streams which drain the icefield above the plant site. Runup onto the
terrace of the plant site is extremely wunlikely. The appearance of terraces
at the lower end of Mikushin canyon suggest that outburst floods rapidly wden
and drop their suspended load after leaving the nouth of the canyon. Thus
during a jokulhlaup the discharge in the wmin Mkushin Valley would probably
increase dramatically, but the river level would probably not rise by nore
than several cm However, in the small drainages above the canyon,
jokulhlaups could fill the stream valley to depths of a few neters and would
be extremely destructive.

Lahars

Lahars are water-rich volcanic debris flows which carry particles in all
sizes from boulders weighing tons to fine silt and clay. Lahars are confined
to channels and may reach speeds of several tens of niles per hour. They may
be cold or have tenperatures approaching the boiling point of water. Lahars
can form from a nunber of different processes all of which can be grouped into
three min categories. First are those directly related to volcanic eruptions,
such as eruptions through snow or ice, mobilization of ash by torrential
rainstorns caused by eruptions, or flowage of ashflows into water or onto snow
and ice. Lahars of this type could be closely associated with the glacial
outburst floods described previously. Second are those indirectly related to
eruptions, such as dunping of crater lakes during preeruptive tectonic
def ormati on. The third class are those lahars which are not related to
volcanic activity, but still arise from mass flow on volcanoes.

Section E - 8



A'though lahars are one of the nost Ilikely significant volcanic hazards
at Makushin, there is little evidence that there have been lahars in the
Hol ocene. Drewes and others (1961) suggested that nmuch of the valley-filling
pyroclastic debris mght be lahars, but the presence of abundant radially
fractured juvenile blocks wthin the wunits argues against their
interpretation. Such blocks must have been enplaced at tenperatures of several
hundred degrees, and then fractured during cooling. There is one terrace in
the tributary creek just west of the upper end of the Mkushin Rver canyon
which is very poorly sorted and contains extremely large boulders and a
fine-grained, nmuddy, matrix (Plate E-1). This is the only evidence of lahars
that we found, and may indicate a lahar recurrence interval of several hundred
to a few thousand vyears.

CONCLUSI ONS  AND  RECOMVENDATI ONS

Summary of Vol canic Hazards

Makushin Volcano is active. In the future it wll probably produce a
wide range of wvolcanic products from a wde range of types of eruptions.
Qutburst  floods, lahars, pumce falls, ashflows, debris flows and lava flows
could all form The proposed power plant site is on the flank of the volcano,
and is on top of a large terrace that was formed during extremely large and
expl osive eruptions several thousand years ago. The location for the plant is
protected from mninor eruptions by the ridge of rock imediately to its west,
but is close enough to be vulnerable to major eruptions. The part of the
plateau surface west of Sugarloaf is mch nore protected from large volcanic
eruptions, and it would be prudent to keep as much of the developnent as
possible in this region.

The recurrence interval for very major eruptions is, however, fairly
long, and it is unlikely that extremely destructive eruptions wll occur in
the next few decades. It is mch nore likely that future eruptions will
deposit small anmounts of ash at the site, as has been the rule for the |ast
few thousand years. It is also nore likely that there wll be glacial outburst
floods (jokulhlaups) which wll be confined to the streans below the plateau
where the power plant is sited. Ash fall wll probably not be a serious
hazard, but the outburst floods could be immensely destructive to any
developnent in the stream bottons between the proposed power plant site and
the mouth of the Mkushin Rver canyon. Below the mouth of the canyon
jokulhlaups will probably result in nmuch larger stream discharges wth only
nmoderate rise of stream level.

Vol canic Hazard Mtigation

In order to insure safe operation of a geothermal power plant on the
flanks of Mkushin Volcano it is essential that the volcano be closely
moni t or ed. This nonitoring can provide enough early warning of an eruption so
that people can be evacuated and as many steps as possible can be taken to
protect the plant itself. Volcanic hazard mitigation should be undertaken in
three nmgjor areas.

First, the norphology of the sumit icefields should be closely
noni t or ed. This will allow zones of nelting ice, which could generate
jokulhlaups or lahars, to be detected. The nonitoring can be acconplished by
constructing a tine series of high precision, large scale topographic naps.
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The first mp could probably be nmade from the existing photography, but ground
control  must be carefully surveyed first. (Oice the ground control is
surveyed, new maps can be nade after subsequent photographic mssions. If the
ground control is carefully enough chosen, it can form the basis of a surveyed
vol cano deformation network.

Second, geophysical nonitoring equipment should be installed and
mintained on all flanks of the wvolcano. Primarily, a detailed seisnic
network should be operated. This network nust be able to provide data of
suitable quality to locate snmall earthquakes (magnitude |ess than 1) with high
precision, and nust be suitable for nonitoring events underneath the sumit of
Makushin, as well as the area near the Point Kadin vents. It may be necessary
to conduct experinents to accurately determine the local wvelocity structure of
the crust. Additional geophysical volcano- nonitoring equipnent, such as
telemetered tilt meters, should either be installed, or be available for
installation in the event of heightened volcanic activity.

Third, extremely detailed studies of the Hol ocene eruptive history,
presumably through the use of tephrachronol ogy, should be undertaken. In
spite of the time several geologists have invested in the field, there are
still gaps in our knowedge of the Holocene history which nake it difficult to
accurately deternine recurrence intervals for volcanic events. Specific
targets of such an investigation would be questions such as; are the
valley-filling pyroclastic aprons the result of nmultiple eruptions? Do the
jokulhlaup deposits in the creeks around the drill site represent one event or
several ? Are there deposits fromrecent, |arge, destructive eruptions
el sewhere on the island? How many eruptions which deposited significant ash
at the site have there been in the last thousand years? Wiile the answers to
these questions can be, to some extent, anticipated, it is inportant to know
the answers wth confidence in order to know the recurrence intervals for
these events. Wthout a accurate knowedge of recurrence intervals it is
difficult to predict the nature of future eruptions, and to insure the safe
operation of developments on the flank of the volcano.
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GLACI AL HAZARD CONSTRAI NTS
By Wlliam E Long
| NTRODUCTI ON

Qaciers fill the Mkushin Volcano summit caldera and flow radially from
the upper slopes. Two of the glaciers are |ocated upslope fromthe geothermal
wel| site and access road corridors. Evidence of current glacial processes as
well as larger, nore extensive glaciation is present in the terrain
surrounding the geothermal well site and access corridors for roads and
transmission lines. This investigation to evaluate glacially-related hazards
potential considers potential rapid ice advances, gradual ice advances, and
flooding caused by rapid ablation. Flooding caused by volcanic activity
melting of glacial ice is a special hazard for glaciers on volcanos, with
volcanic mudflows being a particularly dangerous process.

The glaciers wthin the drainage basin surrounding the geothermal well
site and site facilities have been inspected via aerial photos, traverses on
the glacier and the adjacent [landforns, and from overflight by helicopter.
General descriptions of the glaciers including accumulation and ablation
zones, wll allow interpretation of the general health or budget of the two
glacier systens, thereby making rough predictions of advance or retreat
possi bl e.

(revasse wall inspection provides evaluation of the last few vyears
precipitation and crevasse wall density sanples allow rough accunulation

estimates to be calculated.

A glacier (informally called "Caldera Qacier) which flows from the
sunmmt caldera is one of the larger, nore active glaciers on M. Mkushin. It
flows to the southwest in an adjacent drainage basin and is not evaluated in
this report.

METHODOLOGY AND  TECHNI QUES
General dacier Description

Di nensi ons, elevations, and feature locations of the two glaciers upslope
fromthe well site were determ ned using 1982 North Pacific Aerial Surveys
(NPAS, 2 Aug 82) aerial photographs and a topographic nmap produced for the
Al aska Power Authority (APA) by Republic Geothernmal, Inc. (October 1982,
1:24,000 scale), which was made fromthe 1982 NPAS aerial photography.
Helicopter overflights and on-site inspection of the termnous, accunulation
area, crevasse areas, noraines, aretes, and down valley bedrock/deposit
| ocations supplenented map and aerial photo interpetation.

Evaluation of @ acial Advance Potential

The advance and/or retreat of the tw glaciers above the well site were
evaluated by wusing the following indicators of glacial budget: the terni nous
shape, firn line location, ice surface characteristics, noraine and groove
features, crevasse wall inspection, and conparative aerial photographs (1950
vs 1982 photography, 1950 and NPAS 2 Aug 1985 aerial photography).
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Short term advance (surges) potential was evaluated using indirect
t opographi cal characteristics of the glaciers and their associated glacier
features. Long term advance/recession potential is evaluated by indicators of
glacial budget, evidence of past glacial levels (such as grooves, striae),
character of noraines, and conparative aerial photograph analysis. CQutburst
flood potential is addressed by analysis of ice volune, topographical location
and physical characteristics of the glacial and stream basins. Vol canic
eruption nelting flooding nust also involve the wvolcanic activity in the basin
and such evaluation nust be addressed relative to the wvolcanic activity of M.
Makushi n. Lahar (mud flow) evaluation wll be based on availability of nmud
material, volcanic heat source and basin character. In order to observe,
|ocate, and describe features of significance, traverses were nmade on the
glacier surface in the ablation areas and in the accumlation area. Crevasse
walls were inspected in order to estimate the 1985-86 accumulation |ayer.
Sanples of firn were collected for density deternination.

RESULTS OF | NVESTI GATI ON

The two glaciers above the well site are informally designated the "South
Gacier” and the "Southeast Gacier" for the purposes of this report.

South @ acier Advances

The South Qacier is about 9,500 ft long and up to 4,500 ft in width,
with the uppernost accumulation area at an elevation of 5244 ft and the
termnous reaching the 2,200 ft level. The glacier has a surface area of 1.4
sq m and the surface is snmooth wth occasional steeper sections, but one can
walk on nearly any part of this glacier wthout wearing cranpons. iy a few
m nor crevasses were observed and Plate 1 shows their approximte |ocation. A
few smll longitudinal noraines are present at the termnous, margins, and
adjacent bedrock islands (cleavers).

The absence of crevasses, the low number of noraines and lack of evidence

of active noraine building, and the snooth glacial surface are all indicators
that the South Qacier is very inactive throughout its length. Indeed, it s
so inactive that it could be called a firn field  Surges in such a glacier

are extremely wunlikely. However, climtic changes wll cause small yearly ice

mass changes,

Longer term fluctuations of the South Qacier depend on expansion or
contraction of the ice mass and the resulting advance or retreat of the
t erm nous.

Evi dence of nobre extensive ice cover in past centuries is evident from
gl aci al deposits and erosional features on the nonglacial terrain. Such
evidence indicates that the present glaciers are remants of a nmch larger
system 1982 and 1950 aerial photograph conparison shows that the adjacent
Sout heast d aci er has receeded during the last 30 years. Athough aerial
photograph quality was inadequate for South Qacier evaluation, it is
reasonable to assune that the South Qacier has also retreated during the [ast
few decades. The overall form and inactivity of the South Qacier indicate
general recession of the glacier at the present tine.
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Sout heast @ acier Advances

The Southeast Qacier is about 13,000 ft long and 5,500 ft wde filling a
roughly rectangular glacial basin with ice elevations from 5400 ft at the
caldera rim to 2,600 ft at the termnous. The glacier surface covers about
25 sq nm in area wth approximtely 1.5 sq m of accumulation zone and 1.0 sq
m of ablation zone. (revasses are present on the upper third of the glacier
where the slopes are steeper and accumlation domnates ablation. The |ower
half of the glacier is nostly ablation zone wth gentle, snmooth surface and
relatively low surface gradients. Though larger and much nore active than the
South Gacier, the Southeast dacier is a small, apparently receeding glacier
flowng from the summt caldera rim in a poorly developed cirque valley.
Qacial processes are subdued relative to larger, nore dynamic glaciers. The

nmoraines are small, oriented wth long axes parallel to the valley and are
conposed of finer grained material than those of nore active glaciers. The
absence of lodgement till indicates warner glacial tenperatures, nore nelt
water, and decreasing glacial activity. Limted nunber and developnent of end
noraines also suggest reduced glacial ice novenent, sedinent transfer, and

deposition, typical of a small glacier in a waning phase. The termnous is
snooth and of low gradient, a condition typical of ablation-domnant glaciers
(Flint, 1967).

Southeast G acier glacial surges are therefore extrenmely unlikely.
However, vyearly glacial mss variation relative to climtic conditions should
be expected. These ice mass variations should be too small to cause surge
conditions to occur in the Southeast dacier.

Accunul ation on the upper glacier appears to be very significant. The
1985-86 accumulation layer displayed in the wall of a crevasse was 26 ft thick
with a neasured density in the wupper nost neter of 0.67 which calculates to
about 17 ft of water accumilation at that location of the glacier. The same
layer located an angular bedded firn on the divide between the tw glaciers
was only 9 ft thick with a sinlar density (0.62) or 55 ft of water.

"Blue" ice observed beneath the vyearly accumulation layer at the
interglacial divide (elevation about 4,500 ft) indicates that ablation s
domnant at that ice divide. Such extensive ablation is further evidence of a
receeding, shrinking, thinning glacier with negative glacial balances.

Longer term fluctuations have occurred. Hgh "stranded" |[lateral noraines
on down valley ridges as well as striated and grooved roche nout onees were
formed during times when ice was mch thicker and nore active, filling the
valley and extending to lower elevations. Accurate dating of such glacial
advances has not been significantly studied although intermxed glacial wth
dated volcanic deposits have vyielded clues as to the history of glacial
fluctuation of the Southeast @ acier.

Field mapping by John Reeder (unpublished report) has identified three
termnal or recessional noraines down valley from the present termnous.
These noraines probably were deposited during the last few thousand years
during the "Neoglacial" episode and would represent ice ternminous positions
and also indicate recession during the last few thousand vyears. Using soil
and tephra dating Reeder estinmates ages of less than 2000 and 5000 vyears for
the tw younger noraines. The noraines identified by Reeder fit the pattern

Section F -~ 3



of Hol ocene gl aci ation evi dence observed on other large velcanos in the
Al eutian Islands (Thorson and Hamilton, 1986). This pattern indicates a
history of receeding glaciers during the |ast 8000 years.

The glacier terminous fluctuation through the last few decades, and
possibly centuries, appears to be negative - that s, the glacier is
shri nki ng. 1950 aerial photographs show glacial lobes extending 1,000 = 2,000
ft down valley from simlar levels on 1982 photography (snow cover on each
photograph set makes accurate conparison inpossible).

+ The accunulation area of the Southeast Qacier is less than half of the
area of ablation, a condition typical of glaciers wth a strong negative
bal ance, and further evidence of glacial retreat.

Flooding Potential, South and Southeast Gaciers

Flooding from either the South Qacier or the Southeast Qacier from
non-vol cani ¢ processes should be of no great signficance, Streans draining
the glacial termni flow in very adequate valleys to carry flood waters.
Large boulders in the stream valleys and associated terraces suggest that
large floods have occurred. FEven though large floods have occurred, the
canyons adequately contained these floods.

Three streans drain fromtwo glaciers: Makushin River from South
Qacier, Fox Ceek and Sugarloaf (Qreek from Southeast @ acier. G these, Fox
Qreek could possibly cause the nost threat to the integrity of the well site
because of the high gradient, steep canyon which is in direct alignnent with
the site. However, this canyon is about 200 ft deep where it changes
direction adjacent the site.

Volcanic nelting of significant parts of the oglaciers could cause extrene
volumes of water to be released into the drainage basins. A volcanic event of
large enough nagnitude to erode the canyon wall and jeopardize the well site
conplex would be so large that flooding would be a secondary concern. The
volcanic event large enough to cause such an extreme flood would be large
enough to threaten the site from volcanic activity as well.

The present vents of Mkushin Volcano are located in the summt caldera
which drains to the southwest down the Caldera Qacier valley, an adjacent and
separate drainage system Flooding from present vent activity should affect
that valley system Fank activity on the south or southeast would be
required to cause floods which could threaten the well site. Volcanic
mudflows from glacial nelt also would require a very large volcanic event
and would require abundant ash/soil mterial to mx wth the nmelt water.
Limted investigation of available "muddy" material has yet to be conducted.
Qacial deposits in the valley below the Southeast Qacier are limted and not
ext ensi ve. The glacier does provide a reservoir of water, available for
mxing wth volcanic naterial and creating large volumes of volcanic nud.

Such an event could jeopardize and destroy anything in the path of the flowing
nmud.
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CONCLUSI ONS

1. Rapid glacial advances of the South Qacier and the Southeast @ acier
wll probably not occur. Therefore no hazard exists to the site or the
transmssion line or to the road.

2. Longer-term glacial advances probably will not occur in the next few
decades. The glaciers appear to be receding. Therefore, no inmmediate hazard
from glacial advance exists to the site, road or transmssion line corridors.

However, fluctuation within a century or centuries could occur. Such advances
woul d reach any*proposed facility on the slope directly bel ow the Sout heast
A acier.

3. Fooding from smaller volcanic events should not be of large enough
magnitude to threaten the integrity of the well site. Roads crossing the
Makushin  River, Fox (Qeek and/or Sugarloaf Qeek should be designed to
withstand floods even larger than those typical of glacial streams. Erosion
and deposition wll be mjor factors.

4. Volcanic nelting of glacial ice could create extreme floods, capable
of damaging transmssion and road corridors. However, vol cani c-i nduced
flooding of large enough nagnitude to damage the well site area would be a
catastophic volcanic event as well as a glacial-nelt event. The
glacial-nelted flood waters would be only part of the catastrophe.

5. A wvolcanic mudflow (lahar) event Ilarge enough to threaten the site
and corridors would require a major volcanic event. A major volcanic event
causing large nagnitude volcanic nudflows or lahars could threaten and destroy
any facility in the Makushin Valley.

RECOMVENDATI ONS

1. Qacial nonitoring should be conducted to more accurately define the
budget of the South and Southeast Qaciers. The very linited accunulation
data suggest very large accumulation. If so, ablation nust be very high and
the glacial systens on M. Mkushin nust be very dynamc, even though the
overall glacial budget is negative.

2. Perial photography at the end of the summer nelt season is needed to
Identify firn line location and inmprove renote glacial interpretation. Yearly
or every tw or three-year photography would allow glacial change evaluations
to be nade.

3. Gacial history/study of the Mkushin Valley area, including mapping
of glacial erosional and depositional features, is needed to develop a
chronolgy of the South and Southeast G aciers in order to nore adequately
interpret advance and recession cycles.

4.  Stream gaging stations need to be established near the termni of the
glaciers to evaluate fluctuations and nmonitor glacial nmelt contribution to the
stream network.
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5. A surficial deposits mp in the glacial basin is needed to evaluate

available nmudflow mterial.

6. A seismic nonitoring system is needed to nonitor volcanic activity

order to predict catastrophic wvolcanic events capable of nelting large parts

of glaciers.
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Figure 1. Aerial. photo of Mkushin Volcano shows summit caldera wth vent
near center; Caldera Gacier flowng to SW South Glacier] Sout heast
Gacier, and geothermal well site. (North Pacific Aerial Surveys photo -
2 Aug 82}
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Figure 2. Southern slopes of Makushin \Volcano showing relative positions of
South G acier, Southeast Gacier, and the geothermal well site.
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Figure 3. Southeast Qacier termnous located on the lava plateau across Fox
Canyon from the geothermal well site.

Section F = 9



Figure 4/ Southeast Qacier accumulation area. Last year's snow accunulation
(1985-86) covers older firn in crevasse near left hand margin.
Accumul ation appeared larger in other parts of area.
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Figure 5. Oevasse wall (below observer) displays apparent 1985-86
accunul ation layer neasured at 26 ft thick.
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Figure 6. Southeast Qacier 1985-86 accumulation |ayer about 6 feet thick
cover older firn at extreme western edge, near a local ablation zone.
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Figure 7. Southeast Qacier termnous is gentle and uncrevassed, typical of a
glacier with negative mass bal ance (receeding).
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Figure 8. Striated roche moutonees down valley from Southeast @ acier
termnous indicates a mucll deeper, extensive glacier covered area in the

padt,
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Figure 9. Fox Oeek Canyon adjacent geothermal well site could be the route
of floods from glacial. nelting. The canyon is aboutl 200 ft deep adjacent

the site.
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AVALANCHE HAZARD CONSTRAI NTS
By @il March

SOCPE O WKK

Makushin and Driftwood valleys, Unalaska Island, Alaska, were exam ned
for potential snow avalanche areas as part of a geotechnical assessment of a
geothermal power plant site and transmssion |line «corridor serving the cities
of Unalaska and Dutch Harbor, Aaska. Probable avalanche areas were napped by
foot and helicopter wth the assistance of lowaltitude air photos during five
days in the field. \eather records from ODutch Harbor were examned over a
four- vyear period from 1982 to 1985 to see whether any conclusions could be
drawn regarding amounts of snowfall in the study area

METHODOLOGY AND  TECHNI QUES
Aval anche  Termi nol ogy

Snow failures are classified as loose snow or slab avalanches (Figure 1),
and as wet or dry avalanches (Perla and Martinelli, 1975). Slab aval anches
are far nore dangerous to structures and people, though wet |oose-snow
aval anches can destroy structures purely from pressure resulting from a large
mass of snow Figure 2 shows the parts of a slab aval anche. Typically, slabs
becone dangerous when crown thickness exceeds 0.6 in. (15 cm.

Aval anche paths are divided into three parts (Mrch and FRobertson, 1982).
The starting zone is the area where unstable snow usually breaks away from the
slope and begins to nove dowdhill. Starting zones tend to be steeper than 30"
and nmust receive a large amount of snow Qillies and bows are well suited
for this role, as wind can build up snow deposits in these areas. The track
is the central portion of the avalanche path where the avalanche reaches its
maxi mum velocity. The runout zone is the area at the bottom of the path where
the nmoving snow and entrained debris decelerate and stop.

As soon as snow hits the ground it begins to undergo changes in shape.
This netanorphism is designed to bring the snow crystals into equilibrium by
rounding their sharp edges. Smow fornms an insulating cover on the ground,
causing the ground tenperature to remain very close to the freezing point
throughout the period of snow cover. Air tenperature fluctuates throughout
the season. If the air tenperature remains close to ground tenperature, the
tenperature throughout the snowpack remains roughly equal, and rounded snow
grains are formed through equitenperature netanorphism These rounded grains
pack well and tend to be quite stable. If, however, the air tenperature drops
below the ground tenperature, a tenperature gradient is fornmed in the
snowpack.  This tenperature gradient causes vapor to flow from high- to
lowtenperature regions in the pack. Tenperature gradient metanorphism
results in triangular to cup-shaped grains of snow that form a fragile
skeleton very prone to avalanching. Wen air tenperatures rise above
freezing, conditions are right for nelt-freeze netanorphism which tends to
sinter snow grains by freezing them together wth neltwater present in the
snowpack. This type of snowpack is stable when frozen but becones dangerous
during thawing cycles.

Section G - 1



Met hodol ogy  Used

Field observation was the prinmary nmethod of determination of probable
avalanche areas in this study. Ar photos were wused both to supplement the
field observations and as a base for mapping. The first problemwas to
determne whether avalanches do indeed occur on Ualaska Island, as there
appears to be no witten record of any. Residents of Unalaska have reported
isolated occurrences (John Reeder, personal comunication), including a
man-triggered slab avalanche above Wde Bay and several cornice collapses in
various places on the Island, but few people have been in the mountains in
winter. The road to the dunp is reportedly closed in wnter due to avalanche
probl ens.

Several unnelted avalanche debris piles were observed in the field.,
chiefly in steep river canyons at the bases of long, steep slopes. It was
therefore assumed from this evidence and from hearsay that avalanches do occur
in the area, and the task became a definition of probable areas of occurrence.
Mst avalanche studies rely heavily on areas where trees have been knocked
down for mapping runout zones (Mears, 1976). The absence of trees or even
bushes on Unal aska | eaves the extent of runout zones on the valley floors open
to question,

Sope angles were the min basis for mapping avalanche areas, due to lack
of any other «criteria. Dangerous slabs are nost likely to start on slopes of
30° to 45" (Perla and Martinelli, 1976). On slopes |ess than 30°, shear
stress on the surface is not large enough to cause shear failure, while on
sl opes greater than 45°, snow tends to sluff off gradually, rather than
building up slabs. Tracks tend to have slopes between 15" and 30°, while
runout zones tend to have slopes less than 15°,

An attenpt was made to examne anounts of snowfall in the area of
Makushin Valley. The only available weather records are from Dutch Harbor
since 1982 and from Cold Bay before that. As both stations are at sea |evel,
limted conclusions can be drawn (see below. Avail abl e Landsat imageswer e
examned for snow cover.

RESULTS OF | NVESTI GATI ON

There is no precipitation data for the proposed geothermal power plant
site or for the Mkushin and Driftwood Valley areas. Weather records for
Dutch Harbor show little snowfall or snow on the ground for the period
exam ned (1982-~1985), al though a significant anpunt of precipitation occurred
in the form of rain. Acconpanying tenperature records show many maxinum
temperatures above freezing.

An examination of avail abl e Landsat i mages points out some di screpancies
between amounts of snow at Dutch Harbor and in Mkushin Valley and
surroundi ngs. O March 5 1979 there was no snow in Dutch Harbor or on the
floor —of Mkushin Valley, but all slopes above the valley floor were snow
covered. The same was true on Novenber 20, 1982. n January 20, 1982, there
was no snow in Dutch Harbor, a thin snow cover on the floor of Makushin
Valley, and a thick snow cover on surrounding slopes. The inage from March
10, 1976 shows a light snow cover in Dutch Harbor, a heavier snow cover on the
floor of Mkushin Valley, and a thick snow cover on surrounding slopes. It

Section G ~ 2



appears from this evidence and from observation of avalanche debris that nore
snow falls and remains in Mkushin Valley and on surrounding slopes than in
Dutch Harbor.

February, 1984 showed the greatest amount of snow on the ground in Dutch
Harbor for the nonths exami ned from 1982 through 1985. It is used as an
exanple of the possibilities for extrapolation of weather records to the power
plant site and transmssion line corridor. Figure 3 shows snowfall and
accumulated snow on the ground in Dutch Harbor in February, 1984. Figure 4
shows nmaximum and nininum daily tenperatures during this time period.
Above-freezing tenperatures show some correlation to |essening snow depth
during the nonth. This could be due to snow nelt, but settling of snow due to
warmer tenperatures is probably nore significant in this case.

Figure 5 is an extrapolation of tenperatures in Dutch Harbor to
tenperatures at altitudes of 500 ft, 1000 ft, and 2000 ft, wusing a tenperature
gradi ent of 0.27°F/100 ft (0.5°C/100 m) (Carl Benson, personal communication).
Precipitation normally falls as snow up to a tenperature of 35.5°F (1.7°C)
(Rod March, personal comunication). Rainfall in Dutch Harbor does not
necessarily indicate rainfall at higher elevations, as evidenced on February
15 and 20-21.

The aspect of a slope is the direction in which it faces (Mrch and
Robertson, 1982). Aspect can be inportant to avalanche formation because sun
shining on the slope can affect tenperature gradients and stresses. For
instance, north-facing slopes tend to have higher tenperature gradients in the
snowpack, resulting in a less stable snow structure, due to lack of direct
sunlight. Sun can also have a direct effect on nelt-freeze metanorphism
These effects can probably be discounted on Uhalaska, however, due to the
generally present cloud cover. This view is reinforced by our observation
that snow remaining in gullies at high altitudes in July, 1986 does not have
the significant nunber of runnels and sun cups that a sunny weather regime
woul d i npose.

Deflation ridges on the sloping terrace west-southwest of Republic
Geothermal's "D-I" exploratory hole (Republic Geothermal, 1985) show the
prevailing wind direction to be S20°W. Sopes in gullies and bows wth
aspects of N20°E and thereabouts are nost likely to receive snow from wind
loading. This can result in slab buildup or in cornice buildup wth resulting
cornice collapse. This is the general aspect of the ridge forming the south
wall  of Mkushin Valley.

Pates Gl and G2 show areas where avalanches are |likely. Because there
are no wnter observations, napping is based primarily on slope and past
experience. Areas safe from avalanche hazard may exist but be too smll to
show on the mps. In general, pockets of instability may exist on any slope
steeper than 25" in dry snow or less in wet snow

CONCLUSI ONS  AND  RECOMVENDATI ONS
Because there are no data available on past avalanche events or anounts
of snowfall, conclusions in this report are based on best guesses as to what

constitute probable avalanche areas in the vicinity of the proposed power
plant site and transmssion line corridor. \& had hoped to be able to
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calculate dynanmic forces on potential structures, but this requires know ng
volunes of snow that nmight be part of an avalanche as well as the density of
that snow and several other variables (Mars, 1976). Although the variables
are often estimated, this is wusually done under conditions in which average
values for known avalanches are available.

As shown on Plates Gl and G2, nost of the study area is included in
probabl e avalanche =zones. The terrain is very steep, generally over 30°,
throughout the area, though several terraces exist, including that proposed
for the power plant site. The proposed site itself is prone to hazard from
small avalanches originating on the slope just above the site but is protected
from larger slides that may inpact the terrace to the south of the present
well site. Away fromthe slope above it the terrace is flat and safe. A
series of such terraces form a possible transmssion line corridor above the
main  Makushin Valley.

The best available power plant site in terms of avalanche hazards is in
the vicinity of drill hole "DI". Diftwood Valley is free of avalanche
hazards except directly under the valley walls. This route for the
transmssion line should be considered.

Many of the ridge tops on the nountains south of Mkushin Valley have
flat saddles that are considered free of aval anche hazard. They are generally
too small to show on Pates GI and G2, but are large enough for transmssion
line towers. Hatter spots on side hills are wusually directly under steeper
slopes and could serve as runout zones for avalanches from above.

Several protection methods are available for mtigation of avalanche
hazards, including deflecting structures or snow fences in starting zones
(Perla and Martinelli, 1976). Towers built in avalanche zones in Thonpson Pass
and along the Seward Hghway could serve as exanples engineered for aval anche
hazards.

Because there are no data on avalanche occurrence or snowfall in the
study area, we can nmake no guesses as to recurrence intervals of aval anches.
V¢ recommend strongly that data be collected on wnd speed and direction,
snowfal |, and density of the snowpack throughout several wnters at the
proposed power plant site. Data on avalanche occurrences throughout the area
also need to be collected over several wnters. ly wth these data in hand
can the avalanche hazard be properly addressed.
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Loose snow avalanche

Slab avalanche

Figure 1. Twonpdes of snow slope failure: (left, |oose- snow aval anche and
(right), slab avalanche (Perla and Martinelli, 1976).

Figure 2. Nomenclature for boundary fracture surfaces of a slab avalanche
(Perla and Martinelli,  1976).

Section G - 5



g - 9 uoIldeyg

Snow depth, inches

Figure

15

14

13

12

11

10

g 1
-~ n T4
- ()]
- C] [
— n L]
a
— 14 [\ n /]
b T4 (7] "]
-‘E{ u
- t\ [/}
- /]
.
= o ]
— T4
. 7di
| U AR SRR (VU R (R AP SR IR N S SN SRR SN NN SR SR SRR AN SRS SN M SN N
1 2 3 456 7 8 9 1011 12131415161716192021222324252627262
February, 1964
0 Snow on the ground + Snowfall
3. Snowfall and snow on the ground, Dutch Harbor, Aaska, February 1985.

Snow on the G ound

Dutch Harbor, Alaska




[ - 9 uoT198g

Temperature, Deg F

Figure 4. Daily maximum and mninum tenperatures, Dutch Harbor, Alaska,

Daily temperatures

Dutch Harbor. Alaska
40

38 —

34 —
32
30
28 —
26
24 —+
22
20 —

16 = .
14 —
12 —
10
8 —
T T T I —

6 +—1TT—T T T T T T T 17T 7 1 1T T 1T 1T ¥ T T 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

February. 1984 o
Maximum temperature + Minimum temperature

February, 1985



8 = 9 U0 11983

Temperature, deg F

Maximum temperature
Temperature gradient, 0.27 deg F/100 ft

38 —

Z Raio

W Srom

V u

. C

LA

14 -

12

| D SRR S A A A A D A A R R A S A e A A
1 2 3 45 6 7 8 9 10111213141516 17 18 1920 21 22 23 24 25 26 27 28 29

February, 1985
D Sea level (Dutch Harbor) <O 1000 ft

+ 500 ft & 2000 ft

Figure 5. Extrapolated daily maximum temperatures, Dutch Harbor, Alaska, February, 1985.



CROUND  STABI LITY
by John, W Reeder
SOCPE OF WIRK

Unalaska Island is one of the nore geologically dynamc regions of
Aaska, which is part of the glaciated and rugged Aeutian arc wth its
associ ated active volcanism and seisnmicity. The purpose of this section is to
assess the Unalaska Island earth novement processes that could inpact the
proposed APA lhalaska geothermal power plant site as well as its possible
transmission corridor and access road routes. This assessment includes
bedrock and soil landslides, rock slides and falls, ice and rock flows (rock
glaciers), seasonally wunstable soils (solifluction), debris and nud flows,
earth subsidence and fissuring, and fault novement processes. This assessnent
does not, except for generalized statements, include glacial flow, snow
aval anche, lava flow, pyroclastic flow, pyroclastic fall, and |ahar processes,
which are or have been very common to the region.

METHODOL OGY

Regional surficial and bedrock nmapping of the northern part of LUhal aska
Island was undertaken by air photograph examnations and by field observations
and data collecting during the sumers of 1980, 1981, 1982, 1983, and 1984.
This work has resulted by the author in different unpublished data base nmaps
(gravity, rock geochem stry, l|inear features, bedrock, and surficial). These
maps, especially the surficial nap, were then used to produce the enclosed
three derivative maps:

(a) Gound stability constraints nap of the Sugarloaf Cone region of
Unal aska Island, Alaska (Plate H1);

(b) Qound stability constraints nap of the Mkushin (Broad Bay) Valley
region of halaska Island, Aaska (Pate H2); and

(c) Bedrock landslides map of the northern part of Unalaska Island,
Alaska (Plate H3).

Recent field work by the author between 8 July and 22 July 1986 reconfirnmed as
well as refined the original information contained on these enclosed
derivative maps.

RESULTS OF | NVESTI GATI ON

Ten basic ground stability constraints have been recognized and are
portrayed on Pates HI and H2  These include (1) unstable rock slopes, (2
unstable soil slopes, (3) potentially unstable soil slopes, (4) seasonally
unstable soils, (5 high potential for subsidence and fissuring, (6) potential
for subsidence and fissuring, (7) potential for subsidence, (8 active fault
zones, (9) potential for debris flows, and (10) rock glaciers.

The unstable rock slope constraint includes recent (Holocene or slightly
ol der, 15,000+ ybp to present) bedrock |andslides and extensive rock falls
(talus) deposits. Mst of the bedrock landslides occur in an older (upper
Oigocene to upper Mocene, 30 to 8 nybp) group of altered sedinentary and
vol cani ¢ rocks designated the Unal aska Formation by Drewes and others (1961),
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which is the principal rock formation of the region. The Formation consists
of altered conglomerate and sandstone units, and consists of altered volcanic
| ava and breccia flows with sone vol canic dikes and sills. The beddi ng of
this Formation in general dips to the north-northwest up to 50 degrees. As a
result, most of the bedrock landslides in the northern part of Unalaska Island
occur on north to west facing valley slopes (Plate H3) that consist of

Unal aska Formation. But, because the bedrock of Unalaska Island, especially
the Unalaska Formation, is highly fractured by faults, dikes, and joints
(Reeder, 1986), bedrock | andslides and talus deposits do occur on slopes that
face any direction. Three of the bedrock landslides of this region, which are
in the Unalaska Formation and happen to face north-northwest, have dinensions
of just over one mle.

The exact ages of the bedrock landslides on Plate H3 are unknown, but
all are considered to be Holocene or slightly older as based on the lack of
any extensive glaciation. Mny of the landl sides have been eroded by running
water to the point that small canyons or valleys actually cut into them  Such
| andslides nost likely have not had novenents within the last several thousand
years. In addition, many of the l|andslides |ack the ash and organic strati-
graphic sections observed in the region. Unpublished G 14 age dates have
pl aced key tephra horizons at 10,500+, 8,000+, and 4,800t years before
present. The lack of such sections would indicate such landslides would have
formed after this tine. A few landslides, such as the Devilfish Point [and-
slide (Figure 1) and the between Cape Cheerful and Eider Point l|andslide, |ack
any well-established organic soils as presently found at the surface at low
elevations throughout the region. This would inply that such landslides have
had extensive movenents within the last 1000 years, and could be presently
active.

The talus (unstable rock slope) deposits consist primarily of angular
cobbles and boulders that were derived from nechanical weathering of steep
bedrock exposures of Unal aska Formation as well as of plutonic bodies that
have intruded the Unalaska Formation and of young (Quaternary and slightly
older) wunaltered or only slightly altered volcanic deposits. Thicknesses of
the talus range from 1 to 200 feet. Generally the talus overlies bedrock on
steep slopes and till near the base of the slopes.

Colluvial-fan deposits are also fairly common in the region. Such
deposits consist of sone talus, but principally consist of fluvial deposits.
Such deposits are as a whole fairly stable and their surfaces are usually
fairly well vegetated. This type of deposit, although formed by presently
active surficial processes, has been excluded from the ground stability
constraint maps because of their fair degree of massive stability.

Following the 4.4 to 5.9 M shal | ow Unal aska Island earthquake swarm of
18-19 July 1986, the author had®to remove rocks that had come down talus
slopes during these earthquakes in order to drive an automobile over the
Sunmer Bay/Unalaska community road. Nunerous rock falls, and soil and bedrock
failures also occurred during the recent 7 May 1986 7.7 MAndreanof | sl ands
eart hquake and during the 6.6 M Atka Island 17 May afterghock (unpubl i shed
data from author). It has been®recently discovered that an approximtely 7.3+
magni tude earthquake occurred at Unalaska Island on 17 July 1865, which caused
| andslides and rock falls (unpublished Russian data from author).
Unfortunately, it is not known where these novenents occurred except that they
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did occur in the Unalaska Bay region. Because of this type of evidence, al
recogni zed bedrock landslides and talus slopes should, for planning purposes,
be considered unstable during earthquakes. Naturally, wth nore detailed
site-specific investigations, particular landslides mght actually be found to
be quite stable even during very large earthquakes. But, with just the
information at hand, all bedrock landslides should be considered unstable.

The unstable and potentially unstable soil (unconsolidated material)
slopes consist of at times surface tephra-rich organic soil, and consist
always of tills and/or undifferentiated drift over bedrock. The till and
undifferentiated drift normally consist of a heterogenous mxture of poorly to
nmoderately rounded gravel, boulders, sand, silt, and a limted amount of clay
that were all deposited by glacial ice. The till and nore commnly the
undifferentiated drift may contain zones of sorted and bedded naterials.
Rarely are these glacial deposits more than 100 feet thick, and typically they
are less than 20 feet thick. The tephra-rick organic soil, if present, is
normally 1-6 feet thick, although thicker sections are common in the Mkushin
Volcano region. Tills and undifferentiated drift have been found to blanket a
good part of the region because of the extensive Pleistocene glaciation of the
entire Unalaska Island (Drewes and others, 1961; and Thorson and Hamilton,
1986) .

On 8 Novenber 1985, heavy rainfalls in the Unalaska Bay region triggered
numerous soil failures such as the one shown in Figure 2. In this soi
failure, the till is what caused the failures, which left exposed bedrock. In
no case was the tephra-rick organic soil found to be the cause for the 8
Novermber failures, as based on extensive observations by the author during
8-22 July 1986.

Till and undifferentiated drift failures have also occurred in the past
throughout Unal aska Island as based on geologic observations by the author
(Figure 3) and on observations by local residents (Figure 4). Areas where
geol ogic evidence exists for past soil failures have been identified on Plate
HIl and H2 as regions of unstable soil slopes. Regions where tills and
undifferentiated drift are known to exist but past failures have not been
recognized or only very insignificant (small) failures have been recognized
have been identified on Plate HI and H2 as potentially unstable soil slopes.
Such slopes could become unstable under natural conditions or nore likely
mght fail if excavated for road and powerline installations.

The soil failures need not be necessarily triggered by just heavy rains.
For exanple, till failures did occur at Atka Island during the 7 My 1986
Andreanof Islands earthquake and follow ng aftershocks ( wunpublished data from
author).  Such failures also need not occur as a single event, especially if
the failures are driven by groundwater springs as commonly found at failure
sites in the Mkushin (Broad Bay) Valley.

The "runout™ zone for soil failures beyond the base of steep slopes
appears to have never extended beyond 160 feet onto the floor of the Mkushin
(Broad Bay) Valley. Exceptions are possible, so a distance of 200 feet beyond
the base of valley slopes that are considered unstable or potentially unstable
woul d be appropriate for planning purposes.
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The solifluction (seasonally wunstable soil) constraint includes only
regions of very pronounced solifluction lobes. Solifluction is the process of
sl ow flowage of water saturated soil to |ower altitudes and appears to be
related to the seasonal freeze and thaw cycle, As such, it has been labelled
on Plates HI and H2 as seasonally unstable soils. Even though evidence of
solifluction exists throughout the Unalaska Island region, only pronounced
solifluction lobes are considered to be a constraint to the APA Unal aska
geothermal  devel opment activity.

Regions of potential for subsidence due to man-caused |oading, and
potential and high potential for subsidence and fissuring due to earthquake
| oadi ng have been identified as ground stability constraints on Plate HI and
H-2.  Such regions are found in valley basins that have had extensive
alluvial, bay to saltwater lagoon, barrier bar, blackish-water and fresh
lacustrine to marsh types of depositional environnents (see transmission line
and corridor section of this report). Athough little is known about the
subsurface geology of the low altitudes of the Mkushin and Driftwood Valleys,
such depositional environnents are prime candidates for man caused or
earthquake caused ground subsidence and fissuring.

Mre specifically, the nmoderately stratified nature of alluvial deposits
mark thema prinme canidate for differential earthquake subsi dence and
resulting fissuring due to soil consolidation and Iliquefaction. The
stratified nature of the finer saltwater |agoon and bay deposits also would
target such deposits as a prime candidate for differential earthquake
subsidence and resulting fissuring. But, both types of deposits would be fair
to good foundations, except during earthquakes, for man-caused loads with
little long term subsidence. Barrier bars and active marine beaches due to
their high-energy depositional environment actually would be less susceptible
to subsidence and fissuring, although such potential would still exist.
Lacustrine (blackish-water to fresh-water) and marsh deposits in contrast
would be less likely to liquefy and consolidate during earthquake |oading due
to their fineness of materials, but would be likely to subside due to Iong
term consolidation under man-caused surface l|oads. Such deposits were found
to exist in the lower part of the Mkushin (Broad Bay) Valley to depths of
about 20 feet below the surface. Such organic-rick and water-saturated fine
deposits were found in this investigation to be fairly easy to drill through
with just a powered hand-held auger (see corridor section of this report).

The active fault zone constraint includes only faults that have a
recogni zabl e scarp, which is due to recent fault novements. Because of the
erosive power of glaciers, nmost of the fault scarps have forned since the |ast
great glaciation of Unalaska Island that ended about 11,000 years before
present (Thorson and Hamlton, 1986). Two potential concerns arise with
respect to these active faults: (1) horizontal or vertical novenent of the
ground surface either as slow creep or as instantaneous breaks, and (2)
release of energy as earthquakes, which could inpact the region. The Unalaska
I'sland region has numerous active and nonactive faults (Reeder, 1986), and the
possibility of the existence of additional active faults than indicated on
Plate HI and H2 is likely. For exanple, the Point Kadin rift zone has been
active on its northwestern segment during the Holocene (unpublished data from
author) and has just been shown to be active on its southeastern segment
(Jacob and Boyd, 1985). This rift zone trends through plate 1 near the
proposed APA geothermal powerplant site, yet it has not been indicated since
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the author as been unable to recognize any fault scarps along it at this
| ocat i on.

Rock glaciers were nmapped as a constraint because they are or have been
actively moving at an inperceptibly slow rate. Construction on or in front of
such features could eventually be destroyed. Rock glaciers consist of coarse,
angul ar boul der-size rubble that if active contain interstitial ice in the
pore spaces. They normally occur as steep-fronted |obes or tongue-like rubble
masses at the base of ciffs in nountainous terrain.

daciers and thick snow accumulations on slopes would naturally be an
additional stability constraint, which has not been included on Plate HI| and
H 2 (see gl acier hazards and snow avalance hazards sections of this report).
Based on the glacial geology of the region, glacial advances occurred about
2,000 and nore extensively about 5,000 years before present in the Mkushin

Vol cano region (unpublished data from the author). In fact, Sugarloaf Cone is
built on tills that were deposited from the 5,000 ybp advance, and this cone
probably grew when the ice was still present, which would explain its

phreatomagmatic  products. Future advances are probable, but when and to what
extent is presently a big unknown.

Potential nonvolcanic debris and nud flows are another constraint that
exist in the Sugarloaf Cone region. Debris and the nore fluid nud flows are a
mass of water-lubricated debris that wusually follows a stream course. The
source of such flows in the Sugarloaf Cone region would be the landsliding of
highly altered bedrock in the active fumarol e areas. Such debris would then
flow down the drainage system The best and largest exanples of debris flows
are actually found in the upper reaches of the dacier (Mkushin Bay) Valley
just below the largest fumarole field and its corresponding | andslide. Debris
flows have not been that common in the upper reaches of the Mkushin (Broad
Bay) Valley drainages, and such flows have bheen fairly small.

Lava flows, pyroclastic falls and flows, and |ahars would also be an
additional stability constraint, which has not been included on Plate HI| and
H2 (see volcanic hazards section of this report), except for existing
pyrocl astic flow deposits over tills and existing |lahars over alluvium A
lahar is a type of debris flow and results when pyroclastic mterials resting
on the flanks or on the top of a volcano beconme saturated with water and nove
downslope as a flow Pyroclasts are clastic rocks that were formed by
explosive volcanic eruptions. Pyroclastic flows are eruption clouds of hot
pyroclasts and gases that are driven by gravity along the ground as a density
current. The region has been inpacted before the Holocene by base surge
pyroclastic flows and then by extensive early Holocene phreatomagnatic bl ock
and ash (pyroclastic) flows from Mkushin Volcano, as originally described by
the author (1982). These flows were originally incorrectly identified as
lahars by Drewes and others (1961). They are well exposed at the proposed
power site. The only failures that the author has seen in these pyroclastic
fl ow deposits have been due to till failures underneath them These early
Hol ocene pyroclastic flow deposits, which were enplaced about 8,000 ybp
(Reeder, 1983), appear to be fairly stable and have not been included in the
potentially unstable soil category of Plate HI| wunless their exposed bluffs
overlie tills. The nost recent phreatic (steamblast) eruption of the volcano
occurred 28 April 1986 (Reeder, 1986b), which resulted in a 20 mle plune.
Yet, the threat of any large phreatomagnatic tephra falls or flows directly

Section H - 5



from the summt of Mkushin Volcano, such as occurred in the early Holocene,
is unlikely wthin the immediate future due to the size of the hydrothernal
system wthin the Mkushin caldera and its imediate volcanic conplex (Reeder
and others, 1985).

Tephra falls and lava flows from satellite vents such as the recent
Sugarloaf Cone have been common during the Holocene from the southern,
nort heastern, northern, and northwestern flanks of  Mkushin Volcano. These
Holocene tephra falls and lava flows are fairly stable, and should pose no
serious problens for access routes to the proposed power site. Future
satellite volcanic extrusions could cause sone problens for the operation of
any proposed geothermal power plant on the west flank of Mukushin Vol cano.

Lahars from Holocene phreatomagmatic tephra falls and flows have been
recognized in the upper Mkushin (Broad Bay) Valley near the canyon entrance
and in the wupper northwestern part of the ODriftwood Bay Valley. Very small
lahar deposits have also been found in the upper drainages, but these lahars
are alnost insignificant In conparison to the size of the older large block
and ash (pyroclastic) flows that occurred in this region about 8,000 ybp. The
larger low altitute lahars probably occurred shortly after the large
pyroclastic flows were enplaced. The smaller higher altitude lahars are
probably md-Holocene in age. No lahars have been identified by the author as
being late Holocene. The existing lahar deposits are fairly stable and should
pose no serious problens for access routes to the proposed power site. One
exception has been nade for the large lahar deposit at the head of the
Makushin (Broad Bay) Valley. Because this deposit is believed to overlie
alluvial deposits, it has been placed into the high potential for subsidence
and fissuring category (Plate HI).

The Sugarloaf Cone and Mikushin (Broad Bay) Valley region (Plate HI and
H-2) is blanketed by a tephra-rick organic soil. Numerous stratigraphic
sections of this soil were taken by the author in 1982. In the Sugarloaf Cone
region it has been found to bhe up to 12 feet thick, but nore typically it is
about 8 feet or less in this region and normally about 2 to 6 feet thick in
the Walaska Bay region. The soils in general appear to be an acidic
iron-rich soil that is fairly resistant to defornmation and failure. Vertical

cuts in this organic soil in drainage ravines or along roads do not fail
unless underlain by a weak material such as till. Because of the strength of
this tephra-rich organic soil, it has not been included on the enclosed Pate

Hl and H2 constraint naps.
CONCLUSI ONS  AND  RECOMVENDATI ONS

Plates HI and H2 are a good base for ground stability constraint
considerations with respect to any serious feasibility and planning efforts
for geothermal power devel opment of the Makushin Vol cano region. Naturally,
any steep slope in the Mkushin Volcano region would have sone stability
conplications such as a possible falling rock "once-in-a-while". Only the
significant constraints have been considered in Pates HI and H2  excluding
glaciers, snow avalances, lahars, lava flows, and pyroclastic falls and flows.

Probably the weakest aspect of Pate HI and H2 is the lack of good

regional subsurface information for the Ilower part of the Diftwood Bay Valley
and for the lower part of the Mkushin (Broad Bay) Valley. Additional
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geotechnical test drilling in these regions nmight be appropriate along the
powerline corridor and access road routes before actual construction. Itis
also advised that a carefull examnation for additional active faults than
shown in Plate HIl and HZ be undertaken during the initial construction phase
of the powerline corridor. This should be done so that appropriate design
changes can be made if additional active faults are found.
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Figure 1. A view of the bevilfisll F'ointl | andslide taken on 11 July 1986.
Nateekin Bay is in the background|
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Figure 2. A view taken on 12 July 1986 of one of the many 8 Novenber 1985
Unal aska | andslides, which occurred during unusually heavy rains. This
landslide is in the Unal aska Vall ey near Unalaska.1986
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Figure 3. NMNumerous till failures can be seen in this view which is to the
south from the wupper part of the Mikushin (Broad Bay) Valley near its
canyon.
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4 M aerial view taken July 1986 of a recent soil failure with
exposed bedrock on the north side of the Mkushin (Broad Bay) Valley.
The road in this view was surveyed and engi neered by Lee Gochl (resident
of Anchorage) in 1962-63. Abi Dickson (a resident of Unalaska) has hiked
this region several times over the vyears and she observed this particular
August 1979 landslide just after it had occurred.
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HYDROLOGY

This section includes two subsections: Surface Water Hydrology and Water
Quality.  Streanflow, channel, and basin characteristics are discussed in the
first section, Surface Water Hydrology, while water chemistry and geothermal
wastewater dilution are the min topics of the Water Quality section. Three
streans in the Mikushin Valley Rver drainage basin were studied during July
14 - 18, 1986. None of these streams have been officially naned, but for
reference purposes the following nanmes are used in this report: Makushin
Valley River, Fox Canyon Creek, and Aval anche Oreek (see Plate I-1). The
Makushin Valley River drains and area of 33.1 square mles to the east of
Makushin Vol cano, including the geothermal well site.

SURFACE WATER HYDROLOGY
By Stan Carrick
SCOPE OF WORE

The purpose of the Surface Water Hydrology section is twofold: first, to
describe and generally define streanflow of Mkushin Valley R ver basin
streans, especially those that could receive geothermal wastewater. Second,
to assess the flow channel, and basin characteristics of streams adjacent to
potential road or transmission line corridors in the Makushin Valley.
Streanflow information is necessary for power plant and facility siting, as
well as for water quality analyses. Facility construction can have
del eterious inpacts on the natural streanflow, on the other hand, floodwaters
can seriously damage buildings, road, and transm ssion line towers. In
addition, streanflow magnitude data are critical for assessing potential water
chemstry and dilution effects if geothermal wastewater is routed to the
streans. Data gathered in the field along with enpirical nethods are used to
present hydrologic information that should prove helpful in future feasibility
and design work.

METHODS

Field work for this section was done on July 14, 16, 17, and 18, 1986,
solely in the Mkushin Valley River drainage basin. The field objectives
were: (1) to establish two streamstage nonitoring instruments downstream of
the geothermal well site, (2) measure discharge (where possible) on streams of
interest, (3) survey channel norphology at selected sites, and (4) observe and
note channel and basin characteristics. Field sites (Plates -1 and 1-2) were
chosen based on the following criteria:

accessibility and instrumentation potential

discharge reach suitabilities

sites downstream of potential geothermal waste fluid discharge
representative flow and channel conditions

NSNS
B N -
~—— ——

Site 1, Fox Canyon Creek, is immediately adjacent to and downstream of
the geothermal test well area, and it is also upstream of its confluence wth
the Mikushin Valley Rver. Dscharge and water quality were neasured at this
site and a channel cross section was surveyed. A Kavlico streamstage
pressure transducer/water tenperature probe was installed at site 1 and
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coupled to a Datapod 212 recording instrument. This wunit wll continuously
record stream stage and tenperature at regular intervals. Site 2 is on the
Makushin Valley River upstream of its confluence with Fox Canyon Oreek, yet
still downstream of the test well site, Discharge and water quality wer
measured at this site, a channel survey on one side was done, and another
Kavlico/Datapod unit was installed. Sites 1 and 2 are the closest sites to a
potential geothermal wastewater discharge point.

Site 3, Avalanche Oeek, was chosen because it is the largest tributary
basin the the Mkushin Valley Rver and it may have significant discharge and
dilution effects on the main stem of the river. A discharge neasurenent was
taken and water quality sanples were obtained, but no instrunents were
installed. Site 4, downstream on the Mkushin Valley River, was picked
because it mostnearly reflects basin conditions as a whole and it is below
the ngjor tributaries to the main stem \Water quality work was done at site
4, but the river couldn't be waded so a discharge measurenent was not taken;
no stage instrumentation was installed at this site either. Channel surveys
were acconplished at three other locations on the Mkushin Valley R ver
(Plates I-1 and 1-2). Because the river couldn't be waded the surveys were
done on one side of the channel only, and elevations were recorded for various
high water levels and for the channel |ongitudinal profile. Velocity
measur ements for stream di scharge cal cul ations were made with a Marsh McBirney
Mbdel 201 current meter, and a Sokkisha B2A automatic level was used for
surveyi ng.

Plates I-1 and |-2 show the mapping done for this section at a scale of
1:24,000 and a contour interval of 40 ft. The topographic map is based on
photography from August 1, 1982, with both the photography and map production
conpleted by North Pacific Aerial Surveys, Inc., in Anchorage. Flood
discharge estimates are based on equations from Lamke's Fl ood Characteristics
of Al askan Streans (1979), and Rgg's Sinplified S ope-Area Method for
Estimating Fl ood Discharges in Natural Channels (1976). The National Wather
Service, Reeve Aeutian Arways, Inc., and the Arctic Environmental
Information and Data Center (AEIDC) were consulted about weather information
and data was obtained from AElIDC

RESULTS OF | NVESTI GATI ON

The Makushin Valley Rver is a dynamc Aweutian Island, glacier-fed
stream  Qher than the Mkushin Valley in the lower 7 m of the river, all
the basin's streams are steep and short. Three headwater tributaries drain
two small glaciers on the east flank of Makushin Volcano, resulting in
sustained flow from snow and glacier nelt during the drier, warner sunmer
months.  The lower 7 mi of the Mkushin Valley Rver is rather atypical for an
Aleutian stream because it is relatively broad (2,000 - 3,000 ft), flat, and
long. Natural springs and seeps augnent snow nelt and surface flow Vol canic
material and glacial deposits domnate the headwaters area of the river, while
volcanics, al luvium and marshy lagoonal deposits are nostly found in the
| ower valley.

AEIDC (1974) gives a mean annual runoff of 4 cfs/sq m for the Aeutians,

with annual peak runoff rates reaching 25 cfs/sq m. However, the Makushin
Valley Rver basin is higher, steeper, and contains glaciers, so the runoff
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values should be higher. Man annual runoff in the basin is probably closer
to 6 -« 8 cfs/sq m, while annual peak runoff is near 35 cfs/sq m.

Unal aska lies within the Mritine dimatic Zone characterized by noderate
tenperatures, noderate-to-high precipitation, and strong wnds. No weather
data exist for the Mkushin Valley, but records do exist for Dutch Harbor (12
m SE of the Valley) and Driftwood Bay (3 m N of the Valley); both sites are
near sea level. Table 1 presents a summary of all published weather data, as
provided by AEIDC (1974, 1986).

Table 1. Unalaska Wather Sunmary

Dutch  Har bor Driftwood Bay
Period of record 33 yrs (1922-1984) 10 yrs
Mean annual tenperature 40.6°F \/S\Aumfrr:: 2323:5 tt(c)) gg::z
Col dest  nonth FEB, 31.6°F N. A,
Varmest nonth AUG 53.8°F N A
Maxi num recorded tenperature 80°F 76°F
Mnimum recorded tenperature 2°F 3°F
Mean annual precipitation 59.8 in. 21 in.
Extrene daily precipitation 7.6 in. N. A
Annual  snowfall total 72 in. 70 in.
Wttest nonth OCT, 7.5 in. N. A,
Driest nonth JU, 1.6 in. N. A
Average wind SE 9.6 knots NW 8.3 knots
Maxi num wi nd E 82 knots WBW 55 knot s

Precipitation in the Mkushin Valley River basin is greater than Dutch
Harbor because of orographic effects. The cooler, naritine climte and high
percentage of cloud cover neans that snow nelt is nore gradual in spring and
sumer.  Consequently, spring peak streanflow is nore prolonged and subdued,
and nost annual peak flows occur during late summer or fall rainstormns.
Diurnal flow variations can also be great,

Table 2 presents streanflow characteristics from sites visited in the
field, along with historical information on these sites in the basin taken
fromPeterson and N chols (1983, 1984) and Danes and More (1982). Drainage
areas and gradi ents were taken off the 1:24,000, 40 ft contour interval nap.
The flows are field measured and vary seasonally as well as in location. Fox
Canyon Creek was neasured twice and showed a range in flow of 36-60 cfs.
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Table 2. Makushin Valley River basin streanflow characteristics.
Site, Measur ed Bankfull Wat er Dom nant
river nmleage, Dr ai nage di scharge Gradi ent maxi mum  Bankfull surface Channel channel bed
el evation area and date above site depth wi dt h sl ope type conposition
Ste 1, Fox
Canyon Creek, 60 cfs gravel -
9.6 m, 720 ft 2.6 mi? 7/14/86 552 ft/mi 4.33 ft 35 ft 0.0579 braided boul ders
Site 2, Mkushin
Valley River, 194 cfs braided & cobbles-
9.8 m, 720 ft 5.5 mi? 7/16/86 599 ft/mi 5 ft 40 ft 0.0324 straight  boulders
Ste 3,
Aval anche Creek, 162 cfs e gravel -
6.6 m, 290 ft 4.3 mi? 7/16/86 528 ft/mi 4 £t© 48 ft 0.0250° brai ded  boul ders
Site 4, Mkushin
Valley River, appr ox. 750- 850 cfs® 40 ft/mi sand-
20 m, 20 ft 30 mi? 7/17/86  Dbelow canyon 5 ft 150 ft 0.0037 meander cobbl es
Survey Site 5, appr ox. 650 cfs® gravel -
3.9 m, 70 ft 24 mi? 7/18/86 N. A, 4 ft 200 ft 0.0090 brai ded cobbl es
Survey Ste 6, appr ox. 500 cfs® braided & gravel -
7.3 m, 320 ft 17 mi? 7/18/86 375 ft/mi 5 ft© 50 ft 0.0258 straight boul ders
Historicall Site FCM
Fox Canyon Creek 39 cfs cobbl es-
9.8 m 2.6 mi? 9/3/83 552 ft/mi N. A. N. A N. A brai ded  boul ders
Historicall Site MVB/BC 7.9-130 cfs
Makushin Val | ey 5/18/82- cobbl es
Rver, 10.0 n 5.0 mi? 8/ 10/ 84 599 ft/mi N. A, N A N. A, brai ded  boul ders
Historical' Site W 58-400 cfs
Makushin Val | ey appr ox. 5/19/82- gravel -
River, 7.3 mi 17 mi? 8/10/84 375 ft/mi N. A. N A N A straight  boul ders
1 Pet erson and Nichols, 1983 and 1984; Danes & More, 1983
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Meanwhi l e, the upper Makushin Valley River sites had nore neasurements,
ranging from 7.9 - 194 cfs. Downstream on the Mkushin Valley R ver, below
the canyon, flows were from 58 ~ 800 cfs, while one discharge neasurement in
July 1986 on Avalanche Creek yielded a flow of 162 cfs.

The smaller sub-basins have steep stream gradients, and only the min
stem of the river below the canyon (approximately the lower 7.5 m of the
strean) has a gradient below 100 ft/m. This is a dynamc hydrologic stream
and changes in flow magnitude can be relatively rapid. ~ Photos 1 and 2 depict
typical stream reaches in the basin. Bankfull dimensions are given because
bankfull stage corresponds to the discharge at which channel naintenance is
nost effective, and it is the discharge at which the streams floodplain
begins to receive streanflow

Stream discharge is an inportant factor in water chemstry dilution. Fox
Canyon Creek and the Makushin Valley River (site 2) are |likely recipients of
geothermal  wastewater. Conmunications wth the Al aska Power Authority
indicate that wastewater discharge may be on the order of 5.0 cfs.  Summer and
fall flows in Fox Canyon creek and the upper Mkushin Valley River (site 2)
have ranged from39 -~ 194 cfs, whereas the lowest flow neasured in the entire
basin was 7.9 cfs near site 2 (H storical Site BO on My 18, 1982. Wnter
and spring flows in both creeks undoubtedly fall below 5-10 cfs for periods of
time.

Downst ream of these sites streanfl ow i ncreases through the canyon. The
| owest flow measured at Site 6 just below the canyon nmouth was 58 cfs, but
spring inflow, snowrelt, and rain at the lower elevation throughout the wnter
should nmaintain streanflow  Wthout additional low flow data and wastewater
discharge information, specific dilution effects cannot be accurately
predi ct ed.

Hgh streanflow will reduce or essentially negate any wastewater dilution
probl ems, but floods can jeopardize facilities and construction work. No
flood or bankfull di scharges have been neasured in the Makushin Valley R ver
basin.  Flooding here can occur from snowrelt, rain, volcanic activity
(causing snowrelt), or possibly even glacial |ake outburst floods (though no
evi dence suggests such outburst floods have occurred in the past or wll occur
in the future).

Flood flow calculations can be made based on field evidence and surveys,
but time and unwadable streans precluded full surveys on all sites but one,
Fox Canyon Oreek. Using Rigg' s (1976) slope-area nmethod, bankfull di scharge
at Site 1 on Fox Canyon Creek equals 180 cfs, a reasonable figure based on
neasured flows and channel norphology. Lanke (1979) presents regression
equations based on gaged streans for calculating flood flows of various
recurrence intervals. The equations used physical characteristics of the
basin such as drainage area and |ake storage, as well as climtic factors like
mean annual precipitation and tenperature, to conme up with a predicted flood
di schar ge. Two bhasic regressions are given, one for the maritine coastal part
of Alaska, and another for the rest of the state which includes the Al eutians.

Lanke's regressions were used for flood calculations at the |ower

Makushin Valley River site 4 only, because the significant climatic factors
used in the equation could be taken from nearby Dutch Harbor data. The flows
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by recurrence interval are as follows: 5 yr = 1495 cfs, 10 yr - 1798 cfs, 25
yr - 2120 cfs, and 50 yr - 2623 cfs (standard of error is 68-78 percent).
These figures may underestimate the flood flows based on discharge estinates
obtained in the field. In July 1986, a conservative estimate of flow at site
4 was 800 cfs, at a water surface level nearly 2 ft below bankfull. It should
be renenbered that Lanke was only able to use three small |owelevation gaged
basins on Anthitka Island for his regression analysis. The Makushin basin is
unlike nost basins in the Aeutians because it is large, high, and has
glaciers; consequently, flood estimates for the basin (based on only Anchitka
Island streams for the regression analysis) likely have high degrees of error.
No gaged streans exist in southwest A aska that approximate Mkushin
conditions, so conparisons of flow magnitude cannot be reliably attenpted.

Hgh flows in the basin are normally caused from heavy rains (which
because of the noderate climte, can actually occur year round), or from
conbined rain and snow nelt. Accelerated volcanic activity on the active
Makushin Vol cano could result in increased heat flow and snow nelt, causing
fl oods of a nuch higher nmagnitude than climatically induced floods. Al so,
various types of volcanic flows could possibly follow Mkushin Valley R ver
drai nage paths.

Stream flooded areas would be relatively small upstream of mle 7.5 on
the Mkushin Valley River. The channels run in a narrow canyon and high flows
are laterally confined. The streans are steep and active upstream wth high
amounts of bed, bank, and canyon wall erosion taking place. Bed l|oad novenent
in these streams is high, with gravel and cobbles in motion nmuch of the tinme.

Downstream of mle 7.5 the valley opens up and the channel gradient
decreases rapidly. The Mkushin Valley River braids from mle 7.5 to about
mle 3.0 where it begins to neander. The braided reaches are nore unstable
than neandering sections, and gravel bar erosion and deposition is constantly
occurring. At the same time, one channel segnent can rapidly be abandoned
while the creation of another channel takes place sone distance away. The
meandering reaches tend towards greater stability as they move laterally by
erosion along concave banks, wth equal deposition on convex banks.

Fl oodwaters downstream would not be as confined as in the canyon.
Plate |-2 shows areas outside of the 100-300 ft active floodplain that are
subject to potential flooding by larger flows, based on photo interpretation
(1"=2000') and field observation. Very high flows would inundate half the
valley width at places, and whole sections of channels could be forned away
fromthe present day channels. However, there is no evidence to indicate that
a flowon the order of a 100~yr flood has taken place since 1963 when the road
to Driftwood Bay was constructed, and nost high water appears to have been
nmostly confined to the active channels and immediately adjacent areas.

The lower valley floor is relatively flat, poorly-drained in places, and
criss-crossed by small tributaries and distributaries. During periods of
heavy rain and high flows, nuch of the valley floor could be wet and boggy
fromsurface water noverment and a rising water table. Specific points of high
erosion were not identified during field work in July 1986.
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CONCLUSIONS  AND  RECOMMVENDATI ONS

1) Streanflow varies widely in the Makushin Valley R ver drainage basin,
and varies seasonally and diurnally. Wthout additional low flow data and
geothermal wastewater discharge information, predictions on effects to flow
from wastewater discharge cannot be made. Low flows in a receiving stream
however, could be simlar to wastewater discharge amounts. Fox Canyon O eek
and the Mkushin Valley River site 2 are being continuously nonitored for
stage and tenperature now, and should provi de adequate |ow flow data over' the
next 2-3 years. Additional geothermal wastewater discharge information is
necessary for future feasibility work.

2) Hgh-water effects on buildings, roads, and transmssion |ine towers
would be mninmal or non-existent above nmle 7.5 on the river, as long as any
facilities are built away fromthe eroding canyon walls. Valley flooding and
subsequent erosion/deposition could affect facilities on or near the active
floodplain.  The closer a facility is located to the active channel or
floodplain, the greater the risk of high-water damage or increased naintenance
costs. Facility corridors should be planned as far away from the active
channel to decrease affects on water quality and fish habitat; stream
crossings should be mnimzed. Additional data on streanflow in the |ower
Makushin Valley River is desirable, along with nore detailed floodplain
mapping or surveying where facilities are proposed. |f human and equi prent
occupation of the basin, especially the upper basin, is planned and further
data collection is wundertaken, then a long-term weather station sonewhere in
the basin would provide very useful information. At the present tine, one
wind nonitoring instrunent is scheduled for installation near the test well
site in Septenber 1986.
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WATER  QUALITY
By Mary Maurer
SCOPE OF WIRK

Water-quality protection is a concern in the developnent of the
geothermal power facility because there is a pink salnon fishery in |ower
Makushin Valley River. The main water-quality inpacts on the fishery that are
associated with the development of a geothermal power facility in Mkushin
Valley are introduction of sedinment and geothermal fluid into Makushin Valley
River. Discharge of geothermal fluid into streams would raise concentrations
of dissolved solids and trace elements. Sedinmentation would result from road
construction or erosion from the well site. Previous reports which contain
baseline water-quality data are an environnental baseline study by Dames and
Moore (1983), who al so discuss potential inpacts and mtigation neasures, and
test well nonitoring studies by Peterson and Nchols (1983) and Peterson
(1984).

The purpose of this report is to (1) supplement the existing database by
conparing water-quality characteristics at four sites in Mkushin Valley and
(2) sunmarize selected water-quality variables at current and historic sites
in upper Mkushin Valley. Site selection was based on three considerations:
obtain baseline information at continuous stream gaging stations in the upper
wat ershed, document baseline conditions in a mjor tributary, and docunent
baseline conditions in |ower Mkushin Valley River.

METHODS

Stream and site nanes used in this report are consistent with those of
previous water-quality reports. Site 1 was located approximately 300 ft above
the mouth of Fox Canyon Ceek. Site 2 was |located on the mainstem of Makushin
Vall ey R ver approximately 500 ft above the Fox Canyon Creek confluence. Site
3 was located on an unnamed stream referred to in this report as Avalanche
Ceek which flows into Mkushin Valley River at river mle 6.6. The site was
|ocated approximately 2 niles above the streams confluence with Mkushin
Valley Rver. Site 4 was located on the mainstem of Makushin Valley R ver
Y mle above the river's nouth. Site locations are shown on Plates |-1 and
[-2.

Streanflow and water-quality variables were neasured at each site during
the week of July 14, 1986. \Water tenperature, dissolved oxygen, and
conductivity were measured with a digital 4041 Hydrolab. Field pH was
measured with an Oion digital pH neter. Akalinity was neasured in the field
by titrating an untreated sanple with 0.1600 N sulfuric acid, dispensed with a
Hach digital titrator to an endpoint of pH 4.5. Gab sanples were collected
as near to the center of the stream as possible. (O oss-sectional conposi te
sanples were not collected because high streanflow made wading difficult.
However, streanflow was turbulent at site 1, 2, and 3 and waters appeared
well-mxed at all sites. Myjor ion and trace metal sanples were immediately
filtered in the field through a 0.45 um nenbrane filter. D ssol ved
trace-netal sanples were acidified with double-distilled 70 percent nitric
acid imrediately after collection.
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Total suspended sedinent sanples were analyzed at the A aska Division of
Ceol ogical and Ceophysical Surveys water-quality laboratory in Fairbanks,
Al aska. Major ionand dissolved trace-nmetal sanples were anal yzed at the
University of UWah Research Institute Earth Science Laboratory in Salt Lake
Gty, Wah. Al sanples were analyzed in accordance with the methods of the
U S. Environmental Protection Agency (983 or Anerican Public Health
Association (1980). Specific analytical nethods and their detection limits
are listed in Appendix A The mgjority of trace elements were analyzed on an
inductively coupled plasma spectroneter. Aternate analytical techniques were
used for some elements to obtain lower detection limts. Arsenic was
determ ned by the atom c absorption gaseous hydride nethod. Brom de was
determned titrimetrically.

RESULTS OF | NVESTI GATI ON
Water-Quality Characteristics

The water-quality variables that were neasured in the field are shown in
Table 3. Specific conductance was low and sinmilar anong sites, ranging from
48 to 70 umhos/cm  Water tenperatures and dissolved oxygen concentrations
were also simlar, and percent saturation of dissolved oxygen exceeded 100
percent at each site. The water was slightly acidic at all sites, with site 2
having the | owest pH, 5.40. Alkalinity of water sanples was low, but Iike
specific conductance, values were slightly higher at sites 3 and 4 than at
sites 1 and 2. Turhidity was low except at site 2, where a reading of 17 NTU
was recorded. Turbidity levels and streanflow were noticeably higher on July
18 due to warnmer air tenperatures, although no field neasurenents were made on
this date.

Total suspended sedinment concentrations were variable anong sites,
ranging from 18.8 to 99.6 mg/L (Table 3). The highest concentration was
measured at site 2 which also had the highest turbidity. Mst of the sedinent
consisted of coarse sand particles and organic matter rather than silt and
clay. These grain-sized particles were transported as suspended sediment
because of highly turbulent streanflow

Concentrations of major ions at each site were |ow (Table 3). Total
di ssol ved solid concentrations ranged from 28 to 48 mg/1. Silica
concentrations were also low, ranging from5.6 mg/l at site 3 to 11.4 mg/1 at
site 1.

Major ion concentrations in mlligrams per liter and ion percentages,
based on nilliequivalents per liter, are listed for each site in Table 3.
lonic concentrations in mlliequivalents per liter and trilinear diagram
coordinates are shown in Appendix A  Plotting these coordinates on a
trilinear diagram shows that ionic conposition was generally simlar between
sites (fig. 2). Al sites had mxed-type waters because no cation or anion
exceeds 50 percent of the total ionic conposition. The only exception was
site 3 which had calcium as the predomnant cation. Athough sites 1, 2, and
4 have simlar cation percentages, anion percentages varied somewhat anong
sites. Chloride percentages were higher at sites 1 and 2 than at sites 3 and
4. Qverall ionic conposition was nost sinmlar between site 2 and 4, the two
mainstem Makushin Valley R ver sites, and nost dissimlar between sites 1 and
3, the two tributaries (fig. 2).
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Table 3. Inorganic constituents and field variables at water-quality sites,
Makushin  Valley, July 14-17, 1986. Concentrations are in mlligrams per
liter (mg/L). Percent conposition (%) is based on concentrations in
mlliequivalents per liter.

SITE
| 2 3 4
JUL 14, 1986 JUL 14, 1986 JUL 16, 1986 JUL 17, 1986

Constituent mg/L % mg/L % mg/L % mg/L ' %

Silica (SiOz) 11. 4 5.7 5.6 8.5

Cal ci um (Ca) 3.53 37 3.51 43 6. 60 61 5.90 50

Magnesi um (M) 1.22 21 .93 19 .90 14 1.24 17

Sodi um (Na) 4.53 42 3.50 38 3.12, 25 4. 39a 33

Pot assi um (K) N.D. - N.D. - N.D. - N.D, -

Bi car bonat e (HCOB) 7.00 21 8.00 29 16. 00 40 13.00 32

Sul fate (s0,) 10. 00 38 6.00 28 11.00 35 11.00 34

Chloride (CI) 8.00 41 7.00 43 6.00 25 8. 00 34

Fluoride (F) .08 <1 .05 <1 .05 <l .07 <1

Total  suspended

solids 18.8 99.6 19.2 37.1
Di ssolved solids:
measur ed 38. 00 28. 00 30. 00 48.00
cal cul at ed 42.39 30. 74 41.14 45.63
1 2 3 4

Field Variable JUL 14 1986 JUL 14 1986 JUL 16 1986 JUL 17 1986

Time (hrs) 0935 1335 1300 0915

Streanflow (cubic feet b c

per second) 59.7 194 162 800

Specific  conductance

(mcronhos @ 25°Q 56 48 64 70

pH 6.35 5. 40 6.50 6.55

Water tenperature (°C) 4.2 4.5 4.4 4.2

Al kalinity (mg/L as 6.2 7.5 13.7 12.9

Di ssol vedoxygedL) CaCo0,) 14.1 13.2 14.4 14.5

Di ssol ved oxygen (pef‘cén?

saturation) > 100 2100 >100 7100

Turbidity (NTU) 3.2 17 3.7 7.5

2 ND -~ not detected.

b Sreanflow was neasured 7-16- 86, 1100 hrs.

Estimte only, stream unwadable.
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Alnost all dissolved trace metal and mnor elenent concentrations were
bel ow detection limts at the four sites (Appendix A). The only detected
elenent was strontium at sites 3 and 4 where concentrations were 0.02 and 0.03
mg/l, respectively. Dissolved arsenic concentrations were | ess than 5 ug/1l
and bromde less than 0.2 mg/1 at all four sites (Appendix A).

Baseline Water-quality in Upper Mkushin Valley

In order to determine inpacts of geothermal fluid on water quality in
upper Makushin Valley River, it is necessary to determne baseline water-
quality conditions in the upper river. Table 4 shows selected water-quality
variables at sites in upper Mkushin Valley. The location of these sites is
shown on Plate I-1. The mjority of the data were collected during the summer
and autum, The only low flow neasurenments were made at site BC during My.
The data show that sites in upper Mkushin Valley have relatively low specific
conductances, | ow total dissolved-solids concentrations and | ow chloride
concentrations during the sumrer. Concentrations do not vary significantly
anong sites. Specific conductance ranged from 43 to 72 umhos/cm anong the
sites during the summer. Total dissolved solid concentrations ranged from 9
to 52 mg/1 and chloride concentrations ranged from2.2 to 8.0 mg/1 during the
summer.  The higher specific conductance and solute concentrations at site BC
in My under low flow conditions suggests that solute concentrations at the
other sites during the winter are considerably higher as well.

Table 4. Selected baseline water-quality data at specific sites in upper
Makushin Val | ey.

Specific Tot al
conduct ance, di ssol ved

Di scharge (umhos/cm solids Chlori de
Site @ Dat e (cfs) at 25°C) Amg (mg/L)
Site 1 07- 15- 86 60 56 38 8.0
Site 2 07- 15- 86 194 48 28 7.0
WB' 07-02-84 97 43 9 3.9
MVA 09- 02- 83 100 70 50 2.6
MWB 08-30-83 120 46 52 2.3
FCM 09- 03- 83 39 66 - 6.2
BC 09-02- 82 65 72 34 2.2
BC 05-19-82 7.9 228 140 16.5
8 Site location is shown on Plate I-1. Site 1 and site 2 are from the present

study, site MVMB is fromPeterson (1984), site WA, M/B, and FCM are from
Peterson and N chols (1983), and site BC is from Danmes and More (1983).
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CONCLUSI ONS  AND  RECOMMENDATI ONS

The water quality at Mkushin Valley Rver sites and tw tributary sites
was characterized by low tenperatures, high dissolved oxygen concentrations,
low dissolved ion and trace element concentrations, and variable suspended
sedinment  concentrations. The main effect on water quality during the summer
i s snowmelt and precipitation which increase streanflow and dilute
concentrations of dissolved ions and trace elenents in the streans.

Al'though stream characteristics are now fairly well-defined during the
summer, little water-quality data have been collected during the winter. The
inpact of geothermal fluid on stream water quality wll be greatest during the
Wi nter because there will be less dilution by snowmelt and precipitation.

Data on total dissolved solids, maor ions, and trace elenments should be
collected to determine baseline water quality during the wnter in upper
Makushin Valley River. It is recommended that wnter sanpling be conducted at
site 1 and site 2 because the sites are equipped with continuously recording
streanfl ow equipment and they are below potential geothermal fluid discharge
points. This wll make it possible to relate water-quality variables to
streanflow, particularly wi nter baseflow when it woul d otherw se be difficult
to obtain a stream discharge neasurenent.

Once winter streanflow and water-quality characteristics are defined in
the upper watershed, it wll be possible to nodel dilution of geothermal fluid
in Mkushin Valley Rver. Athough geothermal fluid discharge from a test
wel |, nonitored by Peterson and Nichols (1983) and Peterson (1984), showed
that water-quality variables in Mkushin Valley River net state water-quality
criteria for the protection of freshwater aquatic life, tests were conducted
in the sumrer during relatively high streanflow in Makushin Valley River. No
tests of geothermal fluid dilution have been conducted during low streanflow
peri ods. Therefore, it is recommended that dilution nodels be wused to
estimate water-quality variables as the result of discharging geothermal fluid
into Mkushin Valley Rver and Fox Canyon Qeek during various streanflow
condi tions. Prior to the wuse of a dilution nodel the followng mst be
det erm ned: (1) the projected flow rate (in cubic feet per second) from the
production well of the power facility, and (2) the stream site where
regulatory agencies deternmine water-quality criteria are to be met during
operation of the power facility. The dilution nodels can also be used by
design engineers because the nodels will estimate the various volunmes of
geothermal fluid that can be discharged throughout the vyear and the volune
which may require storage on-site.

If regulatory agencies choose a different stream site (rather than site 1
and 2) where water-quality criteria are to be applied, it wll be necessary to
obtain additional seasonal baseline streanflow and water-quality data at that
site. This information could then be wused in a dilution nodel to estinate
water-quality variables at that site. It is recommended that a long-term
monitoring site be established at that location to deternmine water-quality
characteristics in Mkushin Valley Rver during the operation of the pover
facility.
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Figue la. Fox GCanyon Qeek (Ste 1) at gage site near confluence wth the
upper Makushid Valley River, July 1986.
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APPENDI X A

Laboratory water quality analyses of streanms in Makushin Valley. These
|aboratory analyses were done by the University of UWah Research Institute,
Salt Lake dty, Uah
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UNIVERSITY OF UTAH RESEARCH INSTITUTE

EARTH SCIENCE LABORATORY
391 CHIPETA WAY, SUITE C
SALT LAKE CITY, UTAH 84108—1295
TELEPHONE 801-524-3422

July 29, 1986

State of Alaska

Department of Natural Resources

Division of Geological & Geophysical Surveys

P.0. Box 772116

Eagle River, Alaska 99577

Attention: Mary A. Maurer

REPORT
Sample ppm ppb ppm
Br AS S1'O2

Pond 1 < 0.2 <5 10.0
Pond 2 < 0.2 <h 30.4
Pond 3 <0.2 <5 25.7
Pond 4 < 0.2 <5 28.5
Pond 5 < 0.2 <5 9.9
Site 1 < 0.2 <5 11.4
Site 2 < 0.2 <5 5.7
Site 3 < 0.2 <h 5.6
Site 4 < 0.2 <h 8.5

,
i A - Wo\
Ruth L. Kroneman
Chemist
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SPRINGWATER GEOTHERVAL RESOURCE ~ ASSESSMENT
CF THE MKUWHN (BROD BAY) VALLEY

by John W Reeder
SCPE F WK

The Aaska Power Authority in cooperation wth the Aeut Corporation and
the Qunalaskha Corporation is presently pursuing a geothermal feasibility
study, which addresses the potential for electrical power generation from the
Makushi n Vol cano geot hernmal resource for the Unalaska/Dutch Harbor comunity.
Interest has also been expressed from the Jlocal comunity in developing known
geothermal  resources at Summer Bay (Reeder, 1981) for recreational uses as
well as possibly piping waste geothermal fluids to Broad Bay from the APA
proposed power site. Such piped fluids could be wused for direct utilization
purposes such as agricultural greenhousing and aquacultural devel opnents.
Considering the inportance of the local fishing industry as well as the fact
that all fresh vegetable produce are transported from the Ilower 48 States, the
basis of this concept is very justified The economcs night be another
i ssue.

During the author's wvisit to Uhalaska Island in the summer of 1980, it
was reported by Henry Saanson (local long-tinme resident of Unhalaska) that
springs exist in the Mkushin Valley that never freeze in the wnter tine.
During the summer of 1980, the author conducted a quick investigation of the
nunerous springs in the wvalley and found no anonmalous tenperatures.

During an aerial reconnaissance of the Mkushin Volcano region by the
author in February of 1982, ponds devoid of ice and snow were found to exist
along the northeastern and southern edges of the Mkushin (Broad Bay) Valley
(Reeder, 1982). A that time, the wunfrozen ponds were interpreted as being
due to just groundwater  springs.

Prelimnary estimtes by the Aaska Power Authority indicate that it
would be uneconomical to pipe geothermal fluids to Broad Bay for direct
utilization from their proposed geothermal power site. The author was then
asked to nmake an assessment of the geothermal resource potential of the
Makushin (Broad Bay) Valley by chemical and physical property determninations
of existing springs. The field exanmnations and water sanpling were
undertaken by Mary Maurer and by the author on the 15 and 16 July 1986. This
report represents the results of this investigation.

METHODOLOGY

Aerial examinations of the Mkushin (Broad Bay) Valley and of the Wde
Bay valley were undertaken between 13 and 16 July 1986. The purpose of such
examnations were to identify the distribution of groundwater and possible
geot hermal springs and ponds in these valleys. Five spring-fed ponds were
selected in the Mkushin Valley for direct examnations and for water
sampling. This selection was such that a good regional distribution of
springs would be sanpled. This selection also included springs that appeared
anonalous in appearance wth respect to surrounding vegetation and with
respect to their corresponding well defined deep pools and colorful nineral
precipitates.

Section J -~ 1



Water sanpling procedures, which followed those described by Presser and
Barnes (1974), were taken by Mary Maurer and author at about a two foot depth
just off the edge of each of the selected water-sanpling ponds. These sanples
were imediately filtered in the field, and the dissolved trace-netal sanple
for each site was then acidified with nitric acid. Water tenperature, pH,
alkalinity, and conductivity were also determined at every water-sanpling
site.

Myjor ion and dissolved trace-netal analyses were conducted on the
sanples by the Uiversity of Wah Research Institute in Salt Lake dty, UWah.
The sanples were analyzed to the procedures and standards of the U S
Environmental Protection Agency (1983). Mst of the trace elements were
analyzed on a |ICP (inductively coupled plasma spectroneter), although other
laboratory techniques were also wused (See Appendix A).

RESULTS OF | NVESTI GATI ON

Nurmerous groundwater spring-fed ponds are located along the northern and
southern bottom edges of the Mkushin (Broad Bay) Valley; all of the way from
Broad Bay up to the Mkushin Valley canyon just below Sugarloaf Cone. A few
of these spring-fed ponds also occur on the nain proper of the valley floor.
Al were found to have tenperatures ranging between 5 to 15 °C. No ponds were
found to exist in the Wde Bay valley, although cold (7°C) groundwater seeps
were observed.

Five spring-fed ponds were selected for geochemcal and physical
properties investigations. These ponds are |ocated:

(1) Pond site 1 at the southcentral edge of the valley;
(2) Pond site 2 at the northcentral edge of the valley;
(3) Pond site 3 at the southwest edge of the valley;
(4 Pond site 4 at the northwest edge of the valley, and
(5 Pond site 5 at the northeast edge of the valley.

The exact locations for these ponds are shown on Pate H2 of the ground
stability section.

These ponds ranged from just 7 to 8 foot deep 2.5 foot dianeter features,
as observed in the pond 1 region, up to 25 foot deep 150 foot dianeter
features, as observed in the pond 5 region. Usually several ponds would occur
in close proximty, being fed by springs at their bottoms. On the edge of the
Makushin  Valley floor, several ponds were actually part of landslide
depressions and were being feed by groundwater springs just upslope, as
observed at ponds 2, 4, and 5. In these cases, either bedrock or tills were
exposed at the site of the spring. Spring flows or upwelling appeared to be
normally less than a liter per mnute for individual springs. Al gas
di scharge, which is common for warm or hot springs, was absent in all Mkushin
Valley springs. Figure 1 is a view of pond 1, which is fed by three ngjor
groundwat er springs at deep depressions in the pond. Figure 2 is a view of
pond 4, which is fed by small springs from the hill to the right as well as by
springs from the bottom of the pond.

The chenical conposition and physical properties of the groundwater
spring-fed ponds are given in Table 1. The specific conductances were found

Section J = 2
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The concentration of major ions are about average for groundwaters, are
low to conparable wth respect to hotspring waters observed in the upper
reaches of the Makushin Valley (Mtyka and others, 1983), are high with
respect to an observed coldwater spring in the upper reach of the Mkushin
Valley (Mtyka and others, 1983), and high with respect to Mikushin Valley
surface waters (Dames and More, 1983; and the water quality section for
surface water of this report). One major exception is that the O content of
the ponds ranges between 200% to 300% of the d content of the hot springs in
the upper reaches of the valley. For the "near the bay" ponds 1 and 5, the
S content is only about 5 to 10 per cent of what was found for the hot
springs in the upper valley reaches. For the "head of the valley" ponds 3 and
4, the SO , and total dissolved solid contents are approximately the sane
as that ”flbund for the hot springs at the wupper reaches of the valley, but the
alkalinity is only about 2 per cent.

The percentages of cation and anion contents of the Makushin Valley pond
waters are plotted on trilinear diagrans in Figure 3. These diagram plots are
based on percentages of mlliequivalents per liter, which are listed in
Appendix A. These diagrans show that pronounced differences in ionic
conposition percentages exist between the waters of the ponds and that three
groups of simlar ionic conposition percentages can be nmade: (1) ponds 1 and
5 (2) pond 2, and (3) ponds 3 and 4. These three groups reflect the bay
region, the md-valley region, and the head region, respectively, of the
Makushin (Broad Bay) Valley. It is likely that these three groupings reflect
distinct groundwater systens.

The hot springs found in the wupper reaches of the Mkushin Valley
originated as local nmeteoric waters, as argued by Mtyka and others (1983)
because of the chem cal characteristics of the fluids, These neteoric waters
woul d have experienced rapid shallow circulation in fractured bedrock and
woul d have been heated by rising steamand gases from a hotwater reservoir at
depth. This hotwater reservoir has now been tapped by a State of Al aska APA
exploratory well (Republic Geothermal, |Inc. 1984). The size of this
water-domnated reservoir is at least 0.7 cubic mnmles of equivalent fluid and
it is directly related to the Mkushin Volcano caldera conplex (Reeder and
others, 1985). These fluids were found to be very sodium and chloride rich at
a tenperature of about 192°C  These fluids consist of about 94 per cent Na +
K with respect to Ca + Mj + Na + K and of about 97 per cent O wth respect
to d + SO + HCO, (Republic Geothermal, Inc., 1984). The ionic conposition
per cent ages plot 01‘3 such a fluid on a trilinear diagram such as Figure 3 would
be radically different from the hotspring plots for the springs investigated
by Mtyka and others (1983) and radically different from the Mukushin Valley
pond plots of Figure 3. There appears to be no direct relationship between
the main Mkushin geothermal reservoir wth the Mkushin (Broad Bay) Valley
spring-fed ponds even though such ponds are high in Q content conpared to the
hot springs. A sinmlar but weaker ionic percentages argunent can be nade
between the Mtyka and others (1983) Mkushin Volcano hotsprings and the
Makushin (Broad Bay) Valley springs. This is supported by the lack of any gas
di scharge at the Makushin (Broad Bay) Valley ponds. Distinct hydrogeol ogic
systems appear to exist.

The bedrock of the northern part of Uualaska Island is highly fractured

(Reeder, 1986 and unpublished D33 nmaps), and could host nunerous groundwater
fracture-flow systems. The high silt content of the Mkushin (Broad Bay)
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Valley subsurface probably would "rule-out” any large groundwater aquifers at
least in the eastern part of the valley, which is believed to consist of

marsh, lacustrine, salt-water lagoonal, and then till deposits wth depth.
This nodel for the eastern part of the valley is based on only tw seisnic
refraction lines and tw shallow drill holes, which were conducted as part of
this investigation (see transmssion line and corridor section). In addition,

groundwater spring-fed ponds donminate on the edges of the wvalley where bedrock
with its water filled fractures would exist at shallow depths. Field
observations also identified spring-fed flows near some of the ponds as coning
from bedrock. It does appear that the Mkushin (Broad Bay) Valley springs are
fed by groundwater fracture-flow systems, and that no large groundwater

aquifer system probably exist wthin the eastern part of the unconsolidated
deposits of the valley.

The slightly higher tenperatures of ponds 3 and 4 do appear to be
anomal ous for groundwater spring-fed ponds. The average vyearly air
tenperature for Unalaska Island is about 5°C with a summer nean of about 11°C
and a wnter mean of about -1°C (Drewes and others, 1961, and Selkregg, 1977).
It is difficult to account for the solar heating effect on a pond, but
groundwater  springs should reflect the nean tenperature of the region.
Indeed, the nean tenperatures of ponds 1, 2, and 5 are only slightly higher
than the 5°C nean tenperature. These slightly higher tenperatures by wup to
3.5°C are probably due to solar heating of the ponds. Yet, ponds 3 and 4 were
found to be 10°C and 8°C higher than the nean tenperature. This is probably
due to deep circulation of their groundwater systen{s) into hotter crust.

Results of applying Si0., and cation geothermoneters to the Makushin
(Broad Bay) Valley spri ng-feg pond waters are given in Table 2. The results
for the different geothernometers for each pond are wvery inconsistent. In

Table 2. Silica and cation geothernometers applied to groundwater spring
waters from the Mkushin (Broad Bay) Valley. Tenperature in "C  See
Plate H2 for pond |ocations.

Pond 1 Pond 2 Pond 3 Pond 4 Pond 5
Temperature 8.5 8.5 15.0 13.0 5.8
Quartz conductive
(no steam 1o0ss) 41 81 74 78 39
Quartz conductive
( max. steam |oss) 49 84 78 82 47
Chal cedony 8 50 42 46 6
Amorphous  silica -64 -32 -38 -34 -66
Na/K (Fournier) 154 157 179 184 153
Na/K (Truesdell) 112 115 141 147 110
Na- K- Ca (beta=1.33) -14 0 -16 -9 -12
Cristobalite (alpha) -7 31 24 28 -9
Cristobalite (beta) -49 -14 -21 -17 -51
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fact, the anorphous silica, Na-K-Ca, and Cistobalite geothernometers actual
give tenperatures |lower than the pond tenperature. The Chal cedony
geothernoneter gives a tenperature for ponds 1 and 2 of about their own
tenperature, but suggest higher reservoir tenperatures for the systenms feeding
ponds 2, 3, and 4. The Quartz conductive and Na/K geothernoneters suggest
even higher reservoir tenperatures.

The geothernoneters are of questionable value because of the anbiguities
with the origin of the constituents of these waters. For exanple, secondary
quartz and chalcedony are common in the bedrock, and such secondary bedrock
mneral s woul d have an effect on any groundwater or geothernmal system In
fact, connate Na, O, and SO, rich waters (ocean water) probably existed in
the originally marine netasefiimants and metavol canics of the Unal aska
Formation , which is exposed throughout the Makushin (Broad Bay) Valley. The
dioritic intrusives, which are exposed throughout a good part of the upper
reaches of the Mkushin (Broad Bay) Valley, introduced sulfide mneralization
into the Unalaska Formation. These factors could explain the high Na, O, and
so, contents of the ponds 3 and 4. The existence of such mnerals would only
coﬁ"plicate the results of any geothernoneter analyses.

CONCLUSIONS  AND  RECOMMVENDATI ONS

There appears to be no warmwat er or hotwater geothernmal resource in the
i mredi ate Makushin (Broad Bay) Valley that mght lend itself to direct
utilization. The nunerous spring-fed ponds in this valley appear to reflect
groundwater fracture-flow systems. The systen(s) in the western part of the
valley floor mght be slightly geothermal in nature, wth possible
rel ati onships but no direct relationship to the Makushin Vol cano geot her nal
system  Wth respect to potential direct utilization of geothermal fluids in
the Broad Bay region, the author does not reconmend any exploratory drilling
for these fluids, especially since they appear to not exist.
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Figure 1. A view taken 15 July 1986 of pond 1, which is about 25 feet long
and about 20 feet wide. Mary Maurer is unpacking field water-sanpling
equipment on the south side of the pond. The bottom of the pond consist
of organic rich nmuds, and has three 7 foot deep depressions that were
formed by spring upwellings.
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Figure 2. A view taken 15 July 1986 of pond 4 with Mary Murer to the
imediate left.
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Figure 3. Trilinear diagram showng percentage of cation and anion
conpositions of ponds in the Mkushin (Broad Bay) Valley, July

16-17, 1986, The nunber nearest the solid circle indicates pond

number .



Appendix A

Laboratory water quality analyses of ponds in the Makushin (Broad Bay)
Valley. These laboratory analyses were done by the University of Utah
Research Institute, Salt Lake City, Utah
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UNIVERSITY OF UTAH RESEARCH INSTITUTE

EARTH SCIENCE LABORATORY
391 CHIPETA WAY, SUITE C
SALT LAKE CITY, UTAH 84108-1295

TELEPHONE 801-524-3422

State of Alaska

Department of Natural Resources

Division of Geological & Geophysical Surveys
P.0. Box 772116

Eagle River, Alaska 99577

Attention: Mary A. Maurer

REPORT
Sample ppm ppb
Br As
Pond 1 < 0.2 <5
Pond 2 < 0.2 <h
Pond 3 < 0.2 <5
Pond 4 < 0.2 <5
Pond 5 < 0.2 <5
Site 1 < 0.2 <5
Site 2 < 0.2 <5
Site 3 < 0.2 <5
Site 4 < 0.2 <5

Ruth L. Kroneman
Chemist

RLK/cd

July 29,

ppm
5102

10.0
30.4
25.7
28.5
9.9
11.4
5.7
5.6
8.5

1986
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CONSTRUCTI ON MATERI ALS ~ ASSESSMENT
By Randall G Updike
SOPE O WKK

The construction of a geothermal power plant facility requires easy
access to a variety of naturally-occurring construction materials that can be
used in various phases of the developnent of the facility. This includes
foundation and concrete aggregate at the site, sub-grade and road netal
materials for access routes to the site, and large, angular rip-rap rock for
port and bridge designs. Athough at first inpression these types of
materials seem readily available anywhere, in fact quality resources are
| ocalized and may not be usable due to environnental constraints. This task
is intended to provide an inventory of where the resources occur wthin the
proposed project area, assess the relative quality of the resource, and
identify constraints particular to that source area

METHODOLOGY AND  TECHNI QUES

Three general areas were considered during this investigation based upon
potential construction in those areas: (1) Mkushin Valley from Broad Bay to
the Power Site, (2) Diftwood Valley from Driftwood Bay to the volcanic
uplands, and (3) the volcanic wuplands east of the power site. Aerial
phot ogr aphy provided by North Pacific Aerial Surveys (8/1/82, 1:24,000 scal e)
was used prior to, during, and after the field investigation. Unpublished
t opogr aphi ¢ maps prepared by North Pacific Aerial Surveys (1984, 1:24,000)
were used as base maps for field work and to prepare the enclosed site
location map (Plate K-I). Field investigations were supported by a Highes
500-D helicopter. Several extended traverses on foot, e.g  dow Driftwood
Val ley, across the highlands, and along segments of Mkushin Valley,
suppl emented the aerial support. Al field investigations wutilized hand-dug
pits and the collection of representative bag sanples of naterial. Mechanical
analyses of selected sanples were performed by the Aaska Departnent of
Transportation and Public Facilities Miterials Laboratory in Fairbanks. Based
upon field examnation, selected sites were described for several attributes
including overburden thickness, access, physical location, devel opment
constraints, and a qualitative rating as a resource site. Anticipating that
the actual power site location and nethod of access would be selected from a
nunber of alternatives, the field investigation for nmaterial sites was
executed to provide data stations throughout the project area.

RESULTS OF | NVESTI GATI ON

A total of 26 naterial sites were identified by this study task. These
sites are identified by M nunbers on Pate KI. A tabulated description of
each of the sites is provided on the following pages. The primry
considerations tabulated include (1) nmaterial type, (2) particle size range as
general classes, (3) the nost likely construction application for the naterial
as it occurs naturally (this nmay be expanded by crushing and screening
operations), (4) problens of access to the site, (5) thickness of overburden
that would increase the extraction cost of the material, (6) drainage problens
in terms of surface and ground water, (7) potential restrictions to site
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devel opnent inherent with the location of the site in terms of other geologic
processes occurring in the surrounding area and potential environnental
protection constraints that mght be inposed, and (8) a qualitative rating of
the site taking into consideration items (1) to (7), as well as alternative
sources elsewhere in the same area of the project.

Selected particle size analyses are provided in figures 1 through 6.
These should only be considered as representative and far nore exhaustive
anal yses would be required prior to final material site selection. Figures 7
through 12 are a series of representative photographs of the physical
expression of some of the materials sites.

CONCLUSIONS  AND  RECOMMVENDATI ONS

Both aggregate and building stone resources are to be found within the
project area. However, readily available sources have restricted |ocations.
Coarse aggregate is generally not available in Driftwood Valley or the
vol canic wuplands (except in the floodplain near Driftwood Bay, Ms-1).
Conversely, this resource is abundant in the floodplain of Mkushin River and
in alluvial fans bordering that valley. Unfortunately, nost of this aggregate
contains cobble or larger clasts so that inits natural state it is nost
suitable for sub-grade or primtive roads for heavy machinery. Supergrade-
quality rock can be acquired in Mkushin Valley either near the nouth of the
river or Dby screening/crushing operations further wupvalley. It should be
noted that the lower half of Mkushin Valley is believed to have several
meters of organic sandy silt below the surface so that aggregate resources
will be restricted to the exposed floodplain of the river and associated
abandoned channels. For whatever road route is selected it mght be well to
consider the cost benefits of constructing tenporary road access to coarse
aggregate sites on the Mkushin Valley side and fine aggregate sites on the
Driftwood Valley side.

Three building stone sources were identified: (1) coarse angular
vol cani ¢ bl ocks unearthed by prior excavation in Driftwood Valley (MS~7), (2)
an exposure of dense andesite on the pre-existing swtchback road at the head
of Makushin Valley (Ms-12), and (3) exposed andesite cliffs on the south
buttress of Broad Bay (Ms-26). In each case, |large, dense, abrasion-resistant
rock is available in close association with the existing road remnants.

This author recommends that once an access corridor is selected that the
material sites identified on Plate K-I which are in close proximty to the
alignnent be re-visited by trained personnel, additional sanples be selected,
and a field excavation work plan be developed for the site. Power auger
testing is particularly recommended for material sites M52 to MS-10 because
of the limted vertical dinmensions of the pyroclastic beds providing the
desired aggregate. Certain nmaterial sites in Mkushin Valley wll require
engineered structures to nitigate environnental concerns of flow regine
nmodi fication and ponding, including sites Ms-14, Ms-16, MS-17, M5-18, MN5-19,
M5-21, M5-23, and M5-25. Material site Ms-1 is an excellent aggregate site
but will require channels and culverts to divert epheneral drainage through or
around the site. Mterial sites M5-12 and M5-13 are located in a hazardous
area of unstable slopes and avalanche potential which should be considered if
long-termuse of these sites is anticipated. M5-11 is the best location for
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fine aggregate (sand) in the project area but because of the very visible
landform on which it occurs (Sugarloaf) the aesthetic factor of devel oping a
quarry here should be considered. Although the site is identified on the
north flank (because of ease of access), the visual concern might dictate that
the west flank be utilized.

Section K ~ 3



PERCENT FINER

FI GURE 1.

GRAIN-SIZE  ANALYSI S: MS-1

Unal aska Geothermal Project
Sanpl e: UTFT #7
SI EVE S| ZE CUMULATI VE  FRACTI ON
(U.S. STD (mm) (phi) % FINER % FINER
2.0 50.8 -5.67 84 12
1.5 38.1 -5.25 72 14
1.0 25.4 -4.67 58 11
0.75 19.1 -4.26 47 6
0.5 12.7 -3.67 41 4
0.375 9.5 -3.25 37 4
4 4.76 -2.25 33 3
10 2.00 -1.00 30 3
20 0.84 0.25 27 3
40 0.42 1.25 24 2
50 0.30 1.75 22 5
100 0.149 2.75 17 5
200 0.074 3.75 12 12
GRAVEL (#4-) 67
SAND (#4-, #200+) 21
SI LT+CLAY (#200-) 12
ORGANICS (W' %) 8
UTFT #7
Unalaska Geothermal Project
100 S
890 —
80 -\
70
60 —
50 —
40 ™~
30
20
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0 T 1 T Y T T T T T T T
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PERCENT FINER

FI GURE 2.

CGRAIN-SIZE ANALYSIS. Ms-8
Unal aska Ceothermal Project
Sanpl e: UTFT #5
SIEVE SIZE CUMULATI VE  FRACTI ON
(U S STD (mm) (phi) % FI NER % FI NER
2.0 50.8 -5.67
1.5 38.1 -5.25
1.0 25.4 -4, 67 100 7
0.75 19.1 -4. 26 93 15
0.5 12.7 -3. 67 78 13
0. 375 9.5 -3.25 65 27
4 4.76 -2.25 38 15
10 2.00 -1.00 23 5
20 0.84 0. 25 18 1
40 0.42 1.25 17 1
50 0. 30 1.75 16 2
100 0. 149 2.75 14 1
200 0.074 3.75 13 13
GRAVEL (#4+) 62
SAND (#4-, #200+) 25
SI LT+CLAY (#200-) 13
ORGANI CS (WT %) <5
UTFT #5
Unalaska Geothermal Project
100 . e
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80 —
70 -
60 —
50 —
40 —
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0 T T T ] T T T T T T T
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D ERC ENTIN®

FI GURE 3.
GRAIN-SI ZE ANALYSIS: Ms-9
Unal aska Ceothermal Project

Sanpl e: UTFT #4
SIEVE SIZE CUMULATI VE  FRACTI ON
(U.S. STD) (mm) (phi) % FI NER % FI NER
2.0 50.8 -5.67
1.5 38.1 -5.25 100 8
1.0 25. 4 -4.67 92 5
0.75 19.1 -4. 26 87 10
0.5 12.7 -3.67 77 7
0. 375 9.5 -3.25 70 11
4 4.76 -2.25 59 9
10 2.00 -1.00 50 6
20 0. 84 0. 25 44 3
40 0.42 1.25 41 2
50 0. 30 1.75 39 6
100 0. 149 2.75 33 7
200 0. 074 3.75 26 26
GRAVEL (#4+) 41
SAND (#4-~, #200+) 33
SI LT+CLAY (#200-) 26
ORGANI CS (WT %) <5
UTFT #4
Unalaska Geothermal Project
100 T
90
80 —
70 —
60 —
50
40 =
30 =
20 -
10 =~
0 | 1 | T | | 1 1 1 T y
2.0 15 1.0 0.75 0.5 0.375 4 10 20 40 50 100
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PERCENT FINER

FI GURE 4.

GRAIN-SI ZE ANALYSIS: MS-10.
Unal aska GCeothermal Project
Sanpl e: UTFT #3
SIEVE S| ZE CUMULATI VE  FRACTI ON
(U. S STD) (mm) (phi) % FI NER % FI NER
2.0 50. 8 -5.67
1.5 38.1 -5.25 100 4
1.0 25.4 -4. 67 96 7
0.75 19.1 -4.26 89 11
0.5 12. 7 -3.67 78 7
0. 375 9.5 -3.25 71 11
4 4.76 -2.25 60 10
10 2.00 -1.00 50 10
20 0.84 0.25 40 8
40 0.42 1.25 32 2
50 0. 30 1.75 30 6
100 0. 149 2.75 24 5
200 0. 074 3.75 19 19
GRAVEL (#4+) 40
SAND (#4-, #200+) 41
SI LT+CLAY (#200-) 19
ORGANICS (WT %) <5
UTFT #3
Unalaska Geothermal Project
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PERC ENT:-NER

FI GURE 5.

GRAIN-SI ZE ANALYSIS: Ms-21.
Unal aska GCeothermal Project
Sanpl e: UTFT #11
SIEVE Sl ZE CUMULATI VE  FRACTI ON
(U S. STD) (mm) {phi) % FI NER % FI NER
2.0 50.8 -5.67 86 15
1.5 38.1 -5.25 71 18
1.0 25.4 -4. 67 53 9
0.75 19.1 -4. 26 44 9
0.5 12. 7 -3. 67 35 5
0. 375 9.5 -3.25 30 7
4 4.76 -2.25 23 6
10 2.00 -1.00 17 5
20 0.84 0. 25 12 5
40 0.42 1.25 7 2
50 0. 30 1.75 5 3
100 0. 149 2.75 2 1
200 0.074 3.75 1 1
GRAVEL (#4+) 77
SAND (#4-, #200+) 22
SI LT+CLAY (#200-) 1
CRGANICS (WT %) <5
UTFT #11
Unalaska Geothermal Project
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PERCENT FINER

FIGURE 6.

GRAI N SI ZE ANALYSI S: Ms- 25.
Unal aska Geothermal Project
Sanpl e: UTFT #10
SIEVE S| ZE CUMULATI VE FRACTI ON
(U S STD (mm) (phi) % FI NER % FI NER
2.0 50. 8 -5.67
1.5 38.1 -5.25 100 1
1.0 25. 4 -4, 67 99 1
0.75 19.1 -4, 26 98 11
0.5 12. 7 -3.67 87 11
0. 375 9.5 -3.25 76 27
4 4.76 -2.25 49 18
10 2.00 -1.00 31 13
20 0.84 0. 25 18 6
40 0.42 1.25 12 1
50 0. 30 1.75 11 4
100 0. 149 2.75 7 4
200 0.074 3.75 3 3
GRAVEL (#4+) 51
SAND (#4~, #200+) 46
SI LT+CLAY (#200-) 3
CRGANICS (W' %) <5
UTFT #10
Unalaska Geothermal Project
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Figure 7. Typical stretch of the Mkushin Rver wvalley floodplain, here near
Ms-17.  Note backpack at right for scale.

Section K - 10




Figure 8. (Oose-up view of typical Mkushin Rver floodplain sandy gravel,
here near M5-18. Pencil in foreground for scale.

Section K - 11




Figure 9. Low altitude oblique aerial photograph of Driftwood Bay road
(bottom) showing the distribution of wupland pyroclastic deposits commonly
containing lapilli (gravel). Aso note the scattered distribution of
loose wvolcanic boulders in the pyroclastic blanket, the larger ones being
greater than 1 m diameter. Photo near MN53.

Section ¥ = 12




Figure 10. Photograph of partially excavated material site near Ms-5. Mich
of the coarser aggregate is vessiculard andesite and pumice in a finer
aggregate of coarse to mediumfine sand (ash). Note hammer and sanple
bag for scale.

Section K -~ 13




Figure 11. Andesite blocks being exhumed from pyroclastic lapilli-ash matrix
aa Ms7. These angular blocks occur immediately off of the existing road
and could be easily loaded for use elsewhere as rip-rap. Note hamwer on
boul der for scale.

Section K = 14



Figure 12. Exposure of blocky andesitc at M5-12 suitable fod rip-rap rock
source. The exposure is on the existing Mkushin-Driftwood road. The
rock has a wdely-spaced orthogonal joint system and textural uniformty
ideal for construction stone quarry operations. Note hamer in
foreground for scale

Section ¥ = 15



MATERIAL SITE NUMBER 1

MATERIAL TYPE: [ ] Stone
[X] Coarse aggregate
[ ] Medi um aggregat e
[ ] Sand

SIZE RANGE ] Angul ar boul ders

[

[ 1Boulders (toInm to sand
[X] Cobbles to silty sand

[ 1 Gavel to silty sand

[ 1Sty sand

Mechani cal Analysis Ref. UTFT-7

APPLI CATI ON\: [ 1 Rp-rap, buttress rock, blockfill
[X] Subgrade, coarse fill
[ 1 Supergrade, road netal
[ ] Fine aggregate for use with binding agents

ACCESS. [X] On or adjacent to existing road
[ 1 Near road or proposed road, requires some access construction
[ 1 O floodplain, may require tenporary access road on fill
[ ] Valley margin, wll require access road and drainage control
OVERBURDEN ] At surface

[

[X] Less than 0.5 m

[ 10.5t0 2.0 m

[ 1 Geater than 2.0 m

DRAI NAGE: [ ] Well-drained
[ ] Excavation wll intercept shallow groundwater table
[X] Surface runoff will enter excavation unless controlled

RESTR! CTI ONS:
[ ] Lateral and/or vertical extent of resource limted
[ ] Active floodplain, buffer structures wll be necessary
[ ] Serious slope stability problem in or adjacent to site
[ 1] Mnor slope stability problemat site
[ ] Visual inpact planning recomended
[X] Long haul age distances to anticipated application
[ ] Hgh elevation suggests short seasonal availability
[ 1 Wrk site generally dangerous to operators

GENERAL  RATING

X] Excellent for entire valley and upl and

] Good for nost of valley

] Good if setup for crush and screen, otherw se fair
] Fair except for local use

] "Last Resort" site, likely not cost-effective

[
[
[
[
[



MATERI AL SITE NUMBER: 3
MATERIAL TYPE: [ ] Stone

[ ] Coarse aggregate
[X] Medi um aggregat e
[ ] Sand

SIZE RANGE ] Angul ar boul ders

] Boulders (to Im) to sand
] Cobbles to silty sand

X Gavel to silty sand

] Silty sand

Mechani cal  Analysis Ref.

[
[
[
[
[

APPLI CATI ON: [ ] Rip-rap, buttress rock, blockfill
[ ] Subgrade, coarse fill
[X] Supergrade, road netal
[ ] Fine aggregate for use wth binding agents

ACCESS: [ O or adjacent to existing road
[ ] Near road or proposed road, requires some access construction
[ ]On floodplain, may require tenporary access road on fill
[ ]Valley margin, wll require access road and drainage control
OVERBURDEN: [ 1At surface
[ ]Less than 0.5 m
Xl o0o.5to0 2.0 m
[ 1] Geater than 2.0 m
DRAI NAGE: [X] Well-drained
[ ] Excavation will intercept shallow groundwater table
[ 1 Surface runoff will enter excavation unless controlled
RESTRI CTI ONS:
[X Lateral and/or vertical extent of resource linited
[ ] Active floodplain, buffer structures wll be necessary

[ ] Serious slope stability problem in or adjacent to site
[ ] Mnor slope stability problem at site

[ ] Visual inpact planning recomended

[ ] Long haulage distances to anticipated application

[ ] High elevation suggests short seasonal availability

[ ] Wrk site generally dangerous to operators

GENERAL  RATI NG
[ ] Excellent for entire valley and upl and
[X] Good for nost of valley
[ ] @od if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ] "Last Resort" site, likely not cost-effective



MATERI AL SITE NUMBER 4
MATERI AL  TYPE: ] Stone
] Coarse aggregate
X]  Medium aggregate
] Sand

f— —— ——

SIZE RANGE [ ] Angul ar boul ders

[ ] Boulders (to Im to sand
[ ] Cobbles to silty sand
[X] Gravel to silty sand

[

] Silty sand
Mechanical  Analysis Ref.

APPLI| CATI ON: [ ] Rprap, buttress rock, blockfill

[ ] Subgrade, coarse fill

[X] Supergrade, road netal

[ ] Fine aggregate for wuse wth binding agents
ACCESS: ] On or adjacent to existing road

] On floodplain, may require tenporary access road on fill

[

[ X] Near road or proposed road, requires some access construction
[

[ ] Valley margin, will require access road and drainage control

OVERBURDEN: [ 1 At surface
[ ] Less than 0.5 m
[X] 0.5t02,0m
[ ] Geater than 2.0 m
DRAI NAGE: [X] \ell-drained
[ ] Excavation wll intercept shallow groundwater table
[ ] Surface runoff wll enter excavation wunless controlled
RESTRI CTI ONS:
[X Lateral and/or vertical extent of resource limted

[

] Active floodplain, buffer structures wll be necessary
[ ] Serious slope stability problem in or adjacent to site
[ ] Mnor slope stability problem at site

[ 1 Visual inpact planning recomended

[ ] Long haulage distances to anticipated application

[ ] High elevation suggests short seasonal availability

[ ] Wrk site generally dangerous to operators

CENERAL  RATI NG
[ 1 Excellent for entire valley and upland
[ Good for most of valley
[ ] Qod if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ] "Last Resort" site, likely not cost-effective



MATERI AL SITE NUMBER 5§
MATERIAL TYPE: [ ] Stone
[ ] Coarse aggregate
[X] Medi um aggregate
[ ] Sand

SIZE RANGE [ ] Angul ar boul ders
[ ] Boulders (to 1m) to sand
[ ] Cobbles to silty sand
[ Gavel to silty sand
[ 1Silty sand

Mechani cal  Analysis Ref. UTFT-5

APPLI CATI ON: [ ] Rip-rap, buttress rock, blockfill

[ ] Subgrade, coarse fill

[X]  Supergrade, road netal

[ ] Fine aggregate for use wth binding agents
ACCESS:

[ O or adjacent to existing road

[ ] Near road or proposed road, requires some access construction
[ ] O floodplain, may require tenporary access road on fill

[

] Valley margin, wll require access road and drainage control
OVERBURDEN: [ 1At surface
[ ]Less than 0.5 m
[X] 0.5 t0 2.0 m
[ ] Geater than 2.0 m
DRAI NAGE [X] Well-drained
[ ] Excavation will intercept shallow groundwater table
[ 1 Surface runoff will enter excavation unless controlled
RESTRI CTI ONS:
[X] Lateral and/or wvertical extent of resource linmted
[ 1 Active floodplain, buffer structures wll be necessary

[ ] Serious slope stability problemin or adjacent to site
[ 1] Mnor slope stability problemat site

[ ] Visual inpact planning recomended

[ ] Long haul age di stances to anticipated application

[ ] Hgh elevation suggests short seasonal availability

[ ] Wrk site generally dangerous to operators

CENERAL  RATI NG
[X Excellent for entire valley and upland
[ 1 Good for nost of valley
[ 1 God if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ]"Last Resort" site, likely not cost-effective



MATERI AL SITE NUMBER: 6
MATERIAL TYPE: [ ] Stone

[ ] Coarse aggregate
[X] Medium aggregate
[ 1 Sand
SIZE RANGE ] Angul ar . boul ders

] Boul ders (to Im) to sand
] Cobbles to silty sand
X Gavel to silty sand
]Silty sand

Mechani cal Analysis Ref. UTFT-5

[
[
[
[
[

APPL| CATI ON: [ 1Rip-rap, buttress rock, blockfill

[ ] Subgrade, coarse fill

[X Supergrade, road netal

[ ] Fine aggregate for wuse wth binding agents
ACCESS: ] On or adjacent to existing road

X Near road or proposed road, requires some access construction
] On floodplain, nmay require tenporary access road on fill

——— ———

] Valley margin, wll require access road and drainage control
OVERBURDEN: [ ]A surface
[ ] Less than 0.5 m
[X]0.5t0 2.0 m
[ ] Geater than 2.0 m
DRAI NAGE: [ X] Well-drained
[ 1 Excavation will intercept shallow groundwater table
[ ] Surface runoff will enter excavation unless controlled
RESTRI CTI ONS:
[ X] Lateral and/or vertical extent of resource limted

[ ] Active floodplain, buffer structures wll be necessary
[ 1 Serious slope stability problem in or adjacent to site
[ 1 Mnor slope stability problemat site

[ 1 Visual inpact planning recomended

[ ] Long haulage distances to anticipated application

[ ] Hgh elevation suggests short seasonal availability

[ 1 Wrk site generally dangerous to operators

GENERAL  RATI NG
[ 1 Excellent for entire valley and upland
[ Good for nost of valley
[ ] Good if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ]"Last Resort" site, likely not cost-effective



MATERIAL SITE NUMBER 7

MATERIAL TYPE [X Stone
[ ] Coarse aggregate
[ ] Medi um aggregat e
[ ] Sand
SIZE RANGE: X] Angul ar .boulders
Boul ders (to Im) to sand
Cobbles to silty sand
Gavel to silty sand
Silty sand

Mechani cal  Analysis Ref.

[
[ ]
[ ]
[ ]
[ ]

APPLI CATI ON: [X Rp-rap, buttress rock, blockfill
[ 1 Subgrade, coarse fill
[ ] Supergrade, road netal
[ 1 Fine aggregate for use with binding agents

ACCESS: [X On or adjacent to existing road
[ ] Near road or proposed road, requires sone access construction
[ 1] On floodplain, may require tenporary access road on fill
[ ] Valley margin, wll require access road and drainage control
OVERBURDEN ] At surface

[

[X] Less than 0.5 m

[ 10.5t0 2.0 m

[ ] Geater than 2.0 m

DRAI NAGE: [X] Vell-drained

[ ] Excavation will intercept shallow groundwater table

[ 1 Surface runoff will enter excavation unless controlled

RESTRI CTI ONS:
[X] Lateral and/or vertical extent of resource limted
[ 1 Active floodplain, buffer structures wll be necessary
[ ] Serious slope stability problem in or adjacent to site
[ 1 Mnor slope stability problemat site
[ 1 Visual inpact planning recomrended
[ X] Long haul age distances to anticipated application
[ ] Hgh elevation suggests short seasonal availability
[ ] VWrk site generally dangerous to operators

GENERAL  RATING
[X] Excellent for entire valley and upl and
[ 1 Good for nost of valley
[ ] God if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ] "Last Resort" site, likely not cost-effective



MATERI AL SITE NUMBER 8

MATERIAL TYPE: [ ] Stone
[ ] Coarse aggregate
[X] Medium aggregate
[ ] Sand

SIZE RANGE [ 1 Angul ar boul ders

[ ] Boulders (to Im to sand
[ ] Cobbles to silty sand
[ Gavel to silty sand

[ ]

Silty sand
Mechanical  Analysis Ref. UTFT-5

APPLI CATI ON: [ ] Rip-rap, buttress rock, blockfill
[ } Subgrade, coarse fill
[X] Supergrade, road netal
[ ] Fine aggregate for use wth binding agents
ACCESS [ O or adjacent to existing road
[ ] Near road or proposed road, requires some access construction
[ 1 O floodplain, may require tenporary access road on fill
[ ] Valley margin, will require access road and drainage control
OVERBURDEN. [ 1At surface
[ ]Less than 0.5 m
[X] 0.5 t0 2.0 m
[]

Geater than 2.0 m

DRAI NAGE: [X] Well-drained
[ ] Excavation will intercept shallow groundwater table
[ ]Surface runoff will enter excavation unless controlled

RESTRI CTI ONS:
[X] Lateral and/or vertical extent of resource limted
[ ] Active floodplain, buffer structures will be necessary
[ ] Serious slope stability problem in or adjacent to site
[ ] Mnor slope stability problemat site
[ ] Visual inpact planning recomrended
[ ] Long haul age distances to anticipated application
[X] Hi gh elevation suggests short seasonal availability
[ ] Wrk site generally dangerous to operators

CENERAL  RATING
[X] Excellent for entire valley and upland
[ 1 Good for nost of valley
[ ] God if setup for crush and screen, otherwise fair
[ ] Fair except for |ocal use
[ ]"Last Resort" site, likely not cost-effective



MATERI AL SITE NUMBER: 9

MATERI AL TYPE: [ ] Stone
[ ] Coarse aggregate
[X] Medium aggregate
[ ] Sand

S| ZE. RANGE: [ ] Angul ar boul ders

[ 1 Boulders (to Im to sand

[ ] Cobbles to silty sand

[X] Gravel to silty sand

[ ]Silty sand

Mechani cal Analysis Ref. UTFT-4

e b o) et

APPLI CATI ON: [ 1 Rp-rap, buttress rock, blockfill

[ ] Subgrade, coarse fill

[X Supergrade, road netal

[ ] Fine aggregate for wuse wth binding agents
ACCESS: [ O or adjacent to existing road
[ 1 Near road or proposed road, requires some access construction
[ ] O floodplain, may require tenporary access road on fill
[ ] Valley nmargin, will require access road and drainage control

OVERBURDEN: [ 1At surface
Less than 0.5 m
&XJO.S to 2.0 m
[ ]Geater than 2.0 m

DRAI NAGE: [x] Well-drained

[ ] Excavation wll intercept shallow groundwater table
[ 1 Surface runoff will enter excavation unless controlled
RESTRI CTI ONS:
[X Lateral and/or vertical extent of resource limted
[ ] Active floodplain, buffer structures wll be necessary

[ ] Serious slope stability problem in or adjacent to site
[ ] Mnor slope stability problem at site

[ ] Visual inpact planning reconmended

[ ] Long haulage distances to anticipated application

[X] Hgh elevation suggests short seasonal availability

[ 1 Wrk site generally dangerous to operators

GENERAL  RATI NG
[X] Excellent for entire valley and upland
[ ] Good for nost of valley
[ ] Good if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ] "Last Resort" wsite, likely not cost-effective



MATERI AL SITE NUMBER: 10

MATERIAL TYPE: [ ] Stone
[ ] Coarse aggregate
[X] Medium aggregate
[ ] Sand

SIZE RANGE: [ ] Angul ar boul ders
[ 1 Boulders (to Im) to sand
[ 1 Cobbles to silty sand
[ Qavel to silty sand
[ 1Silty sand

Mechani cal Analysis Ref. UTFT-3

APPLI CATI ON: [ ] Rp-rap, buttress rock, blockfill

[ ] Subgrade, coarse fill

[X] Supergrade, road netal

[ ] Fine aggregate for use with binding agents
ACCESS: X or adjacent to existing road

[ o)

[ ] Near road or proposed road, requires some access construction
[ 1 O floodplain, may require tenporary access road on fill

[ 1 Valley margin, wll require access road and drainage control

OVERBURDEN: [ 1 At surface
[ ] Less than 0.5 m
[X] 0.5 t0o 2.0 m
[ 1Geater than 2.0 m
DRAI NAGE: [x] Well-drained
[ 1 Excavation will intercept shallow groundwater table
[ 1 Surface runoff will enter excavation wunless controlled
RESTRI CTI ONS:
[X] Lateral and/or vertical extent of resource limted

[ 1 Active floodplain, buffer structures wll be necessary
[ ] Serious slope stability problem in or adjacent to site
[ 1] Mnor slope stability problem at site

[ ] Visual inpact planning recomrended

[ ] Long haulage distances to anticipated application

[X] Hgh elevation suggests short seasonal availability

[ ]Wrk site generally dangerous to operators

GENERAL  RATING
[ Excellent for entire valley and upland
[ ] Good for nmost of valley
[ ] God if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ]"Last Resort" site, likely not cost-effective



MATERIAL SITE NUMBER 11
MATERI AL TYPE: [ ] Stone
[ ] Coarse aggregate
[ 1 Medium aggregate
[X Sand
S| ZE RANGE: ] Angul ar boul ders
] Boul ders (to Im to sand
] Cobbles to silty sand
] Gavel to silty sand
X Sty sand

Mechanical  Analysis Ref.

[
[
[
[
[

APPLI| CATI ON: [ ] Rp-rap, buttress rock, blockfill

[ ] Subgrade, coarse fill

[ ] Supergrade, road netal

[ Fine aggregate for wuse wth binding agents
ACCESS: ] On or adjacent to existing road

] O floodplain, may require tenporary access road on fill

[

[X] Near road or proposed road, requires sone access construction
[

[ 1Valley margin, will require access road and drainage control

OVERBURDEN: [ 1At surface
[X] Less than 0.5 m
[ 10.5t02.0m
[ 1 Geater than 2.0 m
DRAI NAGE: [X] \Vell-drained
[ 1 Excavation will intercept shallow groundwater table
[ ] Surface runoff will enter excavation unless controlled
RESTRI CTI ONS:
[ ] Lateral and/or vertical extent of resource linited
[ 1 Active floodplain, buffer structures wll be necessary

[ ] Serious slope stability problem in or adjacent to site
[ Mnor slope stability problem at site

[X] Visual inpact planning recomended

[X] Long haulage distances to anticipated application

[X]| Hgh elevation suggests short seasonal availability

[ 1 Wrk site generally dangerous to operators

CENERAL  RATI NG
[ ] Excellent for entire valley and upl and
[X] Good for nost of valley
[ ] God if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ] "Last Resort" site, likely not cost-effective



MATERI AL SI TE NUMBER 12

MATERIAL TYPE: [X Stone
[ 1 Coarse aggregate
[ 1 Medium aggregate
[ ] Sand

SIZE RANGE: [ X] Angul ar boul ders

[ ] Boulders (to Im to sand

[ 1 Cobbles to silty sand

[ ] Gavel to silty sand

[ 1Silty sand

Mechani cal  Analysis Ref.

APPLI CATI ON: [X] Rip-rap, buttress rock, blockfill
[ 1 Subgrade, coarse fill
[ ] Supergrade, road netal
[ 1 Fine aggregate for use with binding agents

[ O or adjacent to existing road

[ ] Near road or proposed road, requires some access construction
[ 1 O floodplain, may require tenporary access road on fill

[ ]Valley margin, will require access road and drainage control

OVERBURDEN: [ A surface
[ JLess than 0.5 m
[10.5t0 2.0 m
[ 1Geater than 2.0 m

DRAI NAGE: [X] Well-drained

[ 1 Excavation wll intercept shallow groundwater table
[ ] Surface runoff will enter excavation unless controlled

RESTRI CTI ONS:
[ ] Lateral and/or vertical extent of resource linmted
[ ] Active floodplain, buffer structures wll be necessary

[X] Serious slope stability problem in or adjacent to site
[ ] Mnor slope stability problemat site

[X] Visual inpact planning recomended

[ 1 Long haulage distances to anticipated application

[ ] Hgh elevation suggests short seasonal availability
[ Wrk site generally dangerous to operators

GENERAL  RATI NG
[ 1 Excellent for entire valley and upl and
[X] Good for nost of valley
[ ] @od if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ]"Last Resort" site, likely not cost-effective



MATERI AL SITE NUMBER 13

MATERIAL TYPE. [ ] Stone
[ ] Coarse aggregate
[X] Medi um aggr egat e
[ ] Sand

SI ZE RANGE Angul ar boul ders

[ ]

[ ] Boulders (to In to sand
[x] Cobbles to silty sand

[ 1 Gavel to silty sand

[ 1SiIty sand

Mechani cal  Analysis Ref.

APPLI CATI ON: [ 1 Rp-rap, buttress rock, blockfill
[ ] Subgrade, coarse fill
[X] Supergrade, road netal
[ ] Fine aggregate for use with binding agents

ACCESS: [X] On or adjacent to existing road
[ 1 Near road or proposed road, requires some access construction
[ 1T On floodplain, may require tenporary access road on fill
[ 1Valley margin, will require access road and drai nage control
OVERBURDEN [ ]A surface
[X] Less than 0.5 m
[1]0.5t02.0m
[ ] Geater than 2.0 m
DRAI NAGE [ 1 Vell-drained
[ ] Excavation will intercept shallow groundwater table
[X] Surface runoff will enter excavation unless controlled
RESTRI CTI ONS:

[ ] Lateral and/or vertical extent of resource limted

] Active floodplain, buffer structures wll be necessary

] Ser|ous slope stability problem in or adjacent to site
Mnor slope stability problemat site
Vi sual inpact planning recomended

] Long haul age distances to anticipated application

] Hgh elevation suggests short seasonal availability

] Wrk site generally dangerous to operators

] Excellent for entire valley and upland

] Good for nost of valley

] Good if setup for crush and screen, otherwise fair
] Fair except for local use

[
[
X1
[ ]
[
[
[
GENERAL  RATING
[
X
i
[ ] "Last Resort" site, likely not cost-effective



MATERIAL SITE NUMBER 14

MATERIAL TYPE: [ ] Stone
[X] Coarse aggregate
[ 1 Medi um aggregate
[ 1 Sand

SIZE RANGE [ ] Angul ar boul ders

[X] Boulders (to lm) to sand

[ ] Cobbles to silty sand

[ 1 Gavel to silty sand

[ ]Sty sand

Mechani cal  Analysis Ref.

APPLI CATI ON: [ 1] Rip-rap, buttress rock, blockfill
[X] Subgrade, coarse fill
[ 1 Supergrade, road netal
[ ] Fine aggregate for use with binding agents

ACCESS: [ 1On or adjacent to existing road
[ 1 Near road or proposed road, requires sone access construction
[X] On floodplain, may require tenporary access road on fill
[ 1Valley margin, will require access road and drainage control
OVERBURDEN ] At surface

05t0 2.0 m

[
[X Less than 0.5 m

[]

[ ] Geater than 2.0 m

DRAI NAGE: [ 1 Wll-drained

[ X Excavation wll intercept shallow groundwater table

[ 1 Surface runoff will enter excavation unless controlled

RESTRI CTI ONS:
[ ] Lateral and/or vertical extent of resource limted
[X] Active floodplain, buffer structures wll be necessary
[ ] Serious slope stability problemin or adjacent to site
[ ] Mnor slope stability problemat site
[ ] Visual inpact planning reconmrended
[ 1 Long haul age distances to anticipated application
[ ] Hgh elevation suggests short seasonal availability
[ 1 Wrk site generally dangerous to operators

GENERAL  RATING
[ 1 Excellent for entire valley and upl and
[ 1 Good for most of valley
[ 1 Good if setup for crush and screen, otherwise fair
[ ]1Fair except for local use
[X| "Last Resort" site, likely not cost-effective



MATERI AL SITE NUMBER 15
MATERI AL TYPE: [ ] stone
[X] Coarse aggregate
{ ] Medium aggregate
[ ] Sand

SIZE RANGE: [ ] Angular boul ders
[ 1 Boulders (to In) to sand
[X] Cobbles to silty sand
[1 Gavel to silty sand
[1 Silty sand

Mechani cal  Analysis Ref.

APPLI CATI ON: [ ] Rip-rap, buttress rock, blockfill

[X] Subgrade, coarse fill

[ 1 Supergrade, road netal

[ 1 Fine aggregate for wuse wth binding agents
ACCESS ] On or adjacent to existing road

] O floodplain, may require tenporary access road on fill

[
[ 1 Near road or proposed road, requires sone access construction
[
[X] Valley margin, wll require access road and drainage control

OVERBURDEN: [ 1A surface
[X] Less than 0.5 m
[ J0.5t02.0m
[ 1 Geater than 2.0 m
DRAI NAGE [ ] Well-drained
1 cavat| on will intercept shallow groundwater table
[ X} Surface runoff will enter excavation unless controlled
RESTRI CTI ONS:
[ ] Lateral and/or vertical extent of resource linited
[ ] Active floodplain, buffer structures wll be necessary

[ ] Serious slope stability problemin or adjacent to site
[ ] Mnor slope stability problemat site

[X] Visual inpact planning recormended

[ 1 Long haulage distances to anticipated application

[ 1 High elevation suggests short seasonal availability

[ 1 Wrk site generally dangerous to operators

GENERAL  RATI NG
[ ] Excellent for entire valley and upl and
[ 1] Good for nost of valley
[ Good if setup for crush and screen, otherwise fair
[ ] Fair except for |ocal use
[ ] “Last Resort" site, likely not cost-effective



MATERIAL SITE NUMBER 16

MATERIAL TYPE [ ] Stone
[X] Coarse aggregate
[ 1 Medium aggregate
[ 1 Sand

SIZE RANGE ] Angul ar boul ders

[

[ ] Boulders (to lm) to sand
[X| Cobbles to silty sand

[ 1] Gavel to silty sand

[ 1Sty sand

Mechani cal  Analysis Ref.

APPLI CATI ON: [ ] Rp-rap, buttress rock, blockfill

[X] Subgrade, coarse fill

[ ] Supergrade, road metal

[ ] Fine aggregate for use with binding agents
ACCESS:

On or adjacent to existing road

Near road or proposed road, requires some access construction
On floodplain, may require tenporary access road on fill

X Valley margin, wll require access road and drainage control

OVERBURDEN [ 1 A surface
[X] Less than 0.5 m
[ 10.5to0o 2.0 m
[ ] Geater than 2.0 m
DRAI NAGE: [ ] Vell-drained
[ ] Excavation will intercept shallow groundwater table
[X] Surface runoff will enter excavation unless controlled
RESTRI CTI ONS:

[ ] Lateral and/or vertical extent of resource linmted

[ ] Active floodplain, buffer structures will be necessary
[ ] Serious slope stability problem in or adjacent to site
[X] Mnor slope stability problemat site

[ ] Visual inpact planning recomended

[X Long haulage distances to anticipated application

[ ] Hgh elevation suggests short seasonal availability

[ ] Wrk site generally dangerous to operators

] Excellent for entire valley and upl and

] Good for nost of valley

] Good if setup for crush and screen, otherwise fair
X] Fair except for local use

GENERAL  RATING
[
[
|
[ 1 "Last Resort“ site, likely not cost-effective



MATERIAL SITE NUMBER 17

MATERIAL TYPE. [ ] Stone
[X] Coarse aggregate
[ 1] Mad| um aggregate
[ 1 Sand

SIZE RANGE ] Angul ar boul ders

] Cobbles to silty sand
] Gavel to silty sand
] Silty sand

Mechani cal  Analysis Ref.

[
[X] Boul ders (to Im to sand
[
[
(

APPLI CATI ON: [ 1] Rp-rap, buttress rock, blockfill
[X] Subgrade, coarse fill
[ ] Supergrade, road netal
[ ] Fine aggregate for use with binding agents

ACCESS: [ ] On or adjacent to existing road
[X] Near road or proposed road, requires some access construction
[ 1On floodplain, may require tenporary access road on fill
[ ]Valley margin, will require access road and drainage control
OVERBURDEN: X At surface

[

[ ]Less than 0.5 m
[]05t020m

[ ] Geater than 2.0 m

DRAI NAGE: [ 1Wll-drained
[X] Excavation wll intercept shallow groundwater table
[ ] Surface runoff will enter excavation unless controlled

RESTRI CTI ONS:
[ 1 Lateral and/or vertical extent of resource limted
[X] Active floodplain, buffer structures wll be necessary
[ ] Serious slope stability problemin or adjacent to site
[ ] Mnor slope stability problem at site
[ 1 Visual inpact planning recomended
[ ] Long haulage distances to anticipated application
[ Hgh elevation suggests short seasonal availability
[ ] Wrk site generally dangerous to operators

CGENERAL  RATING
[ ] Excellent for entire valley and upland
[ 1 Good for nost of valley
[X Good if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ] "Last Resort" site, likely not cost-effective



MATERI AL SI TE NUMBER: 18

MATERIAL TYPE: [ ] Stone
[X] Coarse aggregate
[ ] Medium aggregate
[ ] Sand

SIZE RANGE [ ] Angul ar boul ders
[X] Boulders (to Im to sand
[ ] Cobbles to silty sand
[ ] Gavel to silty sand
[ 1Silty sand

Mechani cal  Analysis Ref.

APPLI CATI ON: [ ] Rp-rap, buttress rock, blockfill
[X] Subgrade, coarse fill
[ 1 Supergrade, road netal
[ ] Fine aggregate for use wth binding agents

ACCESS [ ] On or adjacent to existing road
[ 1 Near road or proposed road, requires some access construction
[X] On floodplain, my require tenporary access road on fill
[ 1Valley margin, will require access road and drai nage contr ol
OVERBURDEN: [ A surface
[ ]Less than 0.5 m
[ 10.5t0 2.0 m
[ ] Geater than 2.0 m
DRAI NAGE: [ ] Well-drained
[X] Excavation will intercept shallow groundwater table
[ 1Surface runoff will enter excavation unless controlled
RESTRI CTI ONS:
[ ] Lateral and/or vertical extent of resource limted
[ Active floodplain, buffer structures wll be necessary

[ ] Serious slope stability problemin or adjacent to site
[ 1 Mnor slope stability problem at site

[ ] Visual inpact planning recomended

[ ] Long haulage distances to anticipated application

[ ] Hgh elevation suggests short seasonal availability

[ ] Wrk site generally dangerous to operators

CENERAL  RATI NG
[ ] Excellent for entire valley and upland
[ ] Good for npst of valley
[ Good if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ] "Last Resort" site, likely not cost-effective



MATERIAL SITE NUMBER 19

MATERIAL TYPE [ ] Stone
[X] Coarse aggregate

[ 1 Medi um aggregate
[ ] Sand

SIZE RANGE [ ] Angul ar boul ders

[X] Boulders (to Im to sand
[ ] Cobbles to silty sand

[ ] Gavel to silty sand
[ 1Silty sand

Mechani cal  Analysis Ref.

APPLI CATI ON: [ ] Rp-rap, buttress rock, blockfill

[X] Subgrade, coarse fill

[ ] Supergrade, road netal

[ ] Fine aggregate for use with binding agents
ACCESS: [ ] On or adjacent to existing road
[ ] Near road or proposed road, requires some access construction
[X] On floodplain, may require tenporary access road on fill
[ ] Valley margin, will require access road and drainage control

OVERBURDEN: [X At surface
[ ] Less than 0.5 m
[ 105 to 20 m
[ ] Geater than 2.0 m

DRAI NAGE: [ 1 Well-drained
[X] Excavation will intercept shallow groundwater table
[ ] Surface runoff will enter excavation unless controlled

RESTR! CTI ONS:
[ ] Lateral and/or vertical extent of resource limted
[X] Active floodplain, buffer structures wll be necessary
[ ] Serious slope stability problem in or adjacent to site
[ ] Mnor slope stability problem at site
[ ] Visual inpact planning recomrended
[ 1 Long haulage distances to anticipated application
[ 1 Hgh elevation suggests short seasonal availability
[ ] Wrk site generally dangerous to operators

GENERAL  RATING
[ ] Excellent for entire valley and upl and
[X CGood for nost of valley
[ 1] Good if setup for crush and screen, otherwse fair
[ ] Fair except for |local use
[ ] "Last Resort" site, likely not cost-effective



MATERI AL SITE NUMBER 20

MATERIAL TYPE: [ ] Stone
[X] Coarse aggregate
[ ] Medium aggregate
[ ] Sand

SIZE RANGE: [ ] Angul ar boul ders

[ ]Boulders (toIm to sand

[ X] Cobbles to silty sand

[ ] Gavel to silty sand

[ ]Silty sand

Mechani cal  Analysis Ref.

APPLI CATI ON: [ ]Rip-rap, buttress rock, blockfill
[X] Subgrade, coarse fill
[ ] Supergrade, road netal
[ ] Fine aggregate for wuse wth binding agents

ACCESS [ 1] On or adjacent to existing road
[ 1 Near road or proposed road, requires some access construction
[ 1] O floodplain, may require tenporary access road on fill
[X] Valley margin, will require access road and drainage control
OVERBURDEN: 1 At surface

[

[X] Less than 0.5 m

[ 1]0.5t0 2.0 m

[ ] Geater than 2.0 m

DRAI NAGE: [ 1 Well-drained

[ ] Excavation will intercept shallow groundwater table
[X] Surface runoff will enter excavation unless controlled
RESTRI CTI ONS:
[ ] Lateral and/or vertical extent of resource linted

[ ] Active floodplain, buffer structures wll be necessary
[ ] Serious slope stability problem in or adjacent to site
[X Mnor slope stability problem at site

[X] Visual inpact planning recomended

[X] Long haulage distances to anticipated application

[ ] High elevation suggests short seasonal availability

[ 1 Wrk site generally dangerous to operators

GENERAL  RATI NG
[ ] Excellent for entire valley and upl and
[ ] Good for nost of valley
[ ] God if setup for crush and screen, otherwise fair
[ 1Fair except for local use
[X "Last Resort" site, likely not cost-effective



MATERI AL SITE NUMBER 21

MATERIAL TYPE: [ ] Stone
[X] Coarse aggregate

[ 1 Medi um aggregate
[ ] Sand

SIZE RANGE: [ ] Angul ar boul ders
[ ]1Boulders (toIlm to sand
[X] Cobbles to silty sand
[ ] Gavel to silty sand
[ 1Silty sand

Mechanical  Analysis Ref. UTFT-21

APPLI| CATI ON: [ 1 Rp-rap, buttress rock, blockfill

[X Subgrade, coarse fill

[X] Supergrade, road netal

[ ] Fine aggregate for use with binding agents
ACCESS: [ ]On or adjacent to existing road
[ 1 Near road or proposed road, requires some access construction
[X] On floodplain, may require tenporary access road on fill
[ ] Valley margin, wll require access road and drainage control

OVERBURDEN: [ A surface
[ ] Less than 0.5 m
[ ] Geater than 2.0 m

[ 1 Well-drained
[ Xl Excavation will intercept shallow groundwater table
[ 1 Surface runoff will enter excavation unless controlled

RESTRI CTI ONS:
[ ] Lateral and/or wvertical extent of resource linted
[X] Active floodplain, buffer structures will be necessary
[ 1 Serious slope stability problem in or adjacent to site
[ ] Mnor slope stability problemat site
[ ] Visual inpact planning recomrended
[ ] Long haulage distances to anticipated application
[ ] Hgh elevation suggests short seasonal availability
[ 1 Wrk site generally dangerous to operators

GENERAL  RATI NG
[ ] Excellent for entire valley and upl and
[X] Good for npbst of valley
[ ] God if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ] "Last Resort" site, likely not cost-effective



MATER AL SI TE NUMBER: 22

MATERIAL TYPE [ ] Stone
[ X] Coarse aggregate
[ ] Medi um aggregate
[ ] Sand

S| ZE RANGE: [ ] Angul ar boul ders
[ 1 Boulders (to Im to sand
[X] Cobbles to silty sand
[ 1] Gavel to silty sand
[]Silty sand

Mechani cal  Analysis Ref.

APPLI CATI ON: [ 1 Rp-rap, buttress rock, blockfill
[ X] Subgrade, coarse fill
[ ] Supergrade, road netal
[ 1 Fine aggregate for wuse with binding agents
ACCESS: [ 1On or adjacent to existing road .
[ ] Near road or proposed road, requires some access construction
[[ I On floodplain, nmay require tenmporary access road on fill

X Valley margin, will require access road and drainage control

OVERBURDEN. [ 1A surface

[X] Less than 0.5 m

[ 10.5t0 2.0 m

[ ] Geater than 2.0 m
DRAI NAGE: ] Vel | -drained

[
[ ] Excavation wll intercept shallow groundwater table
[X] Surface runoff will enter excavation unless controlled

RESTRI CTI ONS:
[ ] Lateral and/or vertical extent of resource limted
[ 1 Active floodplain, buffer structures will be necessary
[ ] Serious slope stability problemin or adjacent to site
[X] Mnor slope stability problemat site
[X] Visual inpact planning reconmended
[X] Long haulage distances to anticipated application
[ 1 Hgh elevation suggests short seasonal availability
[ 1 Wrk site generally dangerous to operators

CGENERAL  RATING
[ ] Excellent for entire valley and upl and
[ ] Good for nost of valley
[ ] Good if setup for crush and screen, otherw se fair
[ ] Fair except for |ocal use
[X]| “Last Resort" site, likely not cost-effective



MATERI AL SI TE NUMBER 23

MATERIAL TYPE. [ ] Stone
[ ] Coarse aggregate
[X] Medium aggregate
[ 1 Sand

SI ZE RANGE Angul ar boul ders

[ ]

[ ] Boulders (to Im) to sand
[X] Cobbles to silty sand

[ ] Gavel to silty sand
[]Silty sand

Mechani cal  Analysis Ref.

APPLI CATI ON: [ ] Rp-rap, buttress rock, blockfill
[X] Subgrade, coarse fill
[X] Supergrade, road nmetal
[ ] Fine aggregate for use with binding agents
ACCESS: [ 1 On or adjacent to existing road
[ 1 Near road or proposed road, requires some access construction
[X] On floodplain, nay require tenporary access road on fill
[ ] Valley margin, wll require access road and drainage control
OVERBURDEN: ] At surface

[

[x] Less than 0.5 m

[ J0.5t0 2.0 m

[ 1 Geater than 2.0 m

DRAI NAGE: [ 1 vell-drained
[X] Excavation wll intercept shallow groundwater table
[ 1 Surface runoff wll enter excavation unless controlled

RESTRI CTI ONS:
[ ] Lateral and/or vertical extent of resource limted
[ X] Active floodplain, buffer structures will be necessary
[ 1 Serious slope stability problem in or adjacent to site
[ 1 Mnor slope stability problemat site
[ 1 Visual inpact planning reconmended
[ X] Long haul age di stances to anticipated application
[ 1 Hgh elevation suggests short seasonal availability
[ ] Wrk site generally dangerous to operators

GENERAL  RATING
[ ] Excellent for entire valley and upland
[ 1 Good for nmost of valley
[ 1 Good if setup for ecrush and screen, otherwise fair
[X] Fair except for local use
[ ] "Last Resort" site, likely not cost-effective



MATERI AL SITE NUMBER 24

MATERIAL TYPE [ ] Stone
[X] Coarse aggregate
[ 1 Medi um aggregat e
[ ] Sand

SI ZE RANGE:

[ 1 Angul ar boul ders

[ ] Boulders (to Inm) to sand
[X| Cobbles to silty sand

[ ] Gavel to silty sand

[ ]Sty sand

Mechani cal  Analysis Ref.

APPLI CATI ON: [ ] Rp-rap, buttress rock, blockfill

[X] Subgrade, coarse fill

[ ] Supergrade, road netal

[ ] Fine aggregate for use wth binding agents
ACCESS: ] On or adjacent to existing road

[

[ ] Near road or proposed road, requires some access construction
[ 1On floodplain, may require tenporary access road on fill

[X] Valley margin, wll require access road and drainage control

OVERBURDEN: [ 1A surface
[X] Less than 0.5 m
[ ]o5to 2.0m
[ 1] Geater than 2.0 m

DRAI NAGE: [ ] Well-drained

[ ] Excavation will intercept shallow groundwater table

[ X Surface runoff will enter excavation unless controlled
RESTRI CTI ONS:

[X] Lateral and/or vertical extent of resource |imted

[ ] Active floodplain, buffer structures wll be necessary
[ ] Serious slope stability problem in or adjacent to site
“[X] Mnor slope stability problemat site

[X] Visual inpact planning recommended

[X] Long haulage distances to anticipated application

[ 1 Hgh elevation suggests short seasonal availability

[ ] Wrk site generally dangerous to operators

GENERAL  RATING
[ 1 Excellent for entire valley and upl and
[ ] Good for nost of valley
[ 1 Good if setup for crush and screen, otherwise fair
[X] Fair except for local use
[ ] "Last Resort" site, likely not cost-effective



MTERAL SITE NMER 2.5

MATERIAL TYPE: [ ] Stone
[ ] Coarse aggregate
[X] Medium aggregate
[ ] Sand

SIZE RANGE [ ] Angul ar boul ders
[ ] Boulders (to Im to sand
[ ] Cobbles to silty sand
[ Gavel to silty sand
[ 1Silty sand

Mechani cal Analysis Ref. UTFT-10

APPLI CATI ON: [ ] R p-rap, buttress rock, blockfill

[ ] Subgrade, coarse fill

[X] Supergrade, road netal

[ 1 Fine aggregate for wuse with binding agents
ACCESS ] On or adjacent to existing road

] On floodplain, mnay require tenporary access road on fill

[

[X] Near road or proposed road, requires some access construction
[

[ ] Valley nargin, wll require access road and drainage control

OVERBURDEN: [X] At surface
[ ]Less than 0.5 m
[ 10.5t02.0m
[ 1]Geater than 2.0 m

DRAI NAGE: [ ]well-drained

[X] Excavation will intercept shallow groundwater table
[ ] Surface runoff wll enter excavation wunless controlled

RESTRI CTI ONS:
[ ] Lateral and/or vertical extent of resource linmted
[ X Active floodplain, buffer structures will be necessary
[ ] Serious slope stability problem in or adjacent to site
[ ] Mnor slope stability problem at site
[ X Visual impact planning recomended
[ 1 Long haulage distances to anticipated application
[ 1 Hgh elevation suggests short seasonal availability
[ 1] Wrk site generally dangerous to operators

GENERAL  RATI NG
[ ] Excellent for entire valley and upland
[X] Good for nost of valley

[ ] God if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ] “Last Resort" site, likely not cost-effective



MATERI AL SI TE NUMBER: 26

MATERIAL TYPE: [X Stone
[ ] Coarse aggregate
[ 1 Medi um aggregate
[ ] Sand

SIZE RANGE: [X] Angul ar boul ders

[ ] Boulders (to 1m) to sand

[ ] Cobbles to silty sand

[ ] Gavel to silty sand

[ ]1Silty sand

Mechani cal  Analysis Ref.

APPLI CATI ON: [X] Rip-rap, buttress rock, blockfill

[ ] Subgrade, coarse fill

[ ] Supergrade, road netal

[ ] Fine aggregate for wuse wth binding agents
ACCESS: [ 1 On or adjacent to existing road
[X Near road or proposed road, requires some access construction
[ 1On floodplain, my require tenporary access road on fill
[ 1 Valley nmargin, will require access road and drainage control

OVERBURDEN: [X] A surface
[ ] Less than 0.5 m
[ 10.5t0 2.0 m
[ ] Geater than 2.0 m

DRAI NAGE: [X] Well-drained
[ ] Excavation will intercept shallow groundwater table
[ ] Surface runoff will enter excavation unless controlled
RESTRI CTI ONS:
[ ] Lateral and/or vertical extent of resource limted

[ ] Active floodplain, buffer structures wll be necessary
[ ] Serious slope stability problemin or adjacent to site
[ Mnor slope stability problem at site

[X] Visual inpact planning recomended

[X] Long haulage distances to anticipated application

[ ] Hgh elevation suggests short seasonal availability

[ Wrk site generally dangerous to operators

GENERAL  RATING
[ ] Excellent for entire valley and upl and
[ Good for nost of valley
[ ] Good if setup for crush and screen, otherwise fair
[ ] Fair except for local use
[ ]1"Last Resort" site, likely not cost-effective



ARCHAEOLOG CAL EVALUATI ON OF THE PROPOSED MAKUSHIN
GEOTHERMAL POAER  FACILITY, UNALASKA | SLAND, ALASKA

By Charles E  Holnes
| NTRODUCTI ON

The archaeol ogical evaluation reported here resulted from a five day
survey conducted during July, 1986. The purpose of the survey was to assess
the potential inpact to cultural resources from construction of a powerplant,
access roads, and transmission line alternatives.

PREVI OUS RESEARCH OVERVI EW

During the Russian period in the Aeutian Islands, followng Wtus
Bering's voyage of exploration in 1741, lhalaska Bay became the najor harbor
and winter home for Russian fur hunting crews. It soon becane an inportant
admnistrative center for both the Russian-Anerican Conpany and the Russian
Othodox Church (Veniaminov 1984). Numerous expeditions occurred throughout
the later 18th and early 19th centuries (cf. Coxe 1787; Cook 1785, Merck 1980;
Baker 1902, 1906; VanStone 1960; Dall 1870; Collins 1945). It is through the
descriptions of these expeditions that ethnographic reconstructions of Aleut
lifeways at the time of first European contact have been possible. These
early descriptions are useful in guiding archaeological research, not only
into the recent prehistoric period (inmediately prior to the Russian period),
but also in wunderstanding nmore ancient prehistoric occupations.

Consi derabl e archaeol ogical research has been conducted on Unal aska
Island.  Shortly after the purchase of Alaska from Russia, WIIliam Dall,
scientist and naturalist wth the US  Coast Survey expedition, began the
first archaeol ogical investigations in the new Territory of Aaska during the
early 1870s. Dall's investigations included excavations at Unalaska Bay,
especi al |y Amaknak |sland (Dall 1873, 1875, 1877; «cf. MCartney 1967 for
sunmary of Dall's research). In 1871 the French ethnographer and
archaeol ogi st, Al phonse Pinart, visited Unal aska Island. Here he collected
human burial remains and artifacts (preserved wooden carvings) from a burial
cave on Amaknak Island (Pinart 1872).

VWl demar  Jochel son conducted ethnographic and archaeological research in
the Aleutian Islands during 1909-1910. Hs excavations on Amknak and Hog
I'slands are of particular note (Jochelson 1925). His well illustrated nmono-
graph and systenatic description of midden deposits and artifacts remains a
valuable contribution to Unalaska prehistory.

In 1936 and 1937 Aes Hdlicka of the Smthsonian Institution launched a
myj or excavation at Unalaska Bay. He concentrated his efforts at a large site
on Amaknak Island, digging huge trenches into the midden. Although Ilarge
nunbers of artifacts were recovered, relatively few artifacts were described
illustrated in published form (cf. overview of Hrdlicka's Aleutian fieldwork
published posthumously, Hrdlicka 1945).

The Second World War brought changes to the Al eutian Islands. Unal aska

Bay was one of the nost heavily affected areas because of the nunber and size
of the wvarious nilitary (Any and Nay) installations that were built here.

Section L ~ 1



Roads and Quonset huts sprung wup all around Unalaska Bay causing w despread
destruction of archaeological sites. Further adverse effects to nany archaeo-
logical sites were caused by nilitary personnel collecting artifacts for
souvenirs and digging in midden sites for recreation.

Although much destruction of sites took place during the war years, Avin
Cahn (a MNaval officer stationed at Dutch Harbor from 1942 to 1945) was able to
rescue a vast quantity of artifacts and record a nunber of archaeological site
locations (MCartney 1967). Cahn's artifact collections and site records were
sent to the Field Mseum of Natural Hstory and later to the American Miseum
of MNatural Hstory where they could be studied — Quinmby (1946, 1948) briefly
reported on material collected by Cahn. MCartney (1967) analyzed the bone
artifacts from Cahn's collections.

Beginning in the 1950s and into the 1970s, Ted Bank periodically
excavated at various sites at Unal aska (Bank 1953a, 1953b; Veltre et al.,
1984). Unfortunately, nmost of Bank's archaeological information was never
published prior to his death in 1981

O her archaeol ogical investigations on Amaknak Island include excavations
at the Amaknak bridge site (Bacon 1977), brief testing of several sites for
the Qunal ashka Corporation (Veltre and Veltre 1982a, 1982b), a short survey at
the Unal aska airport (Wersum1983), and a survey at Uakhta Spit by Mke
Yar borough (1984).

Dames and More consultants conducted a short archaeological survey on
Lhalaska in 1982 to provide environmental baseline data in support of Republic
Geothermal, Incorporated's exploration activities (Republic Geothermal, Inc.,
1983: Appendix A). This survey concentrated on the operations canp area near
the Driftwood/ Makushin divide and corridors to Driftwood Bay, Makushin and
Gacier Valleys. The Dames and Meore group did not discover any cultural
resources in the areas of direct inpact.

In 1984 Douglas and Mry Veltre, Alen MCartney, and Jean Agner (wth
the assistance of four local students) conducted an archaeol ogical survey of
Unal aska and Amaknak Islands. Their research goals included visits to all
", ..definite and possible site locales previously reported in the archaeol og-
ical literature and elsewnere and to inspect all other areas of high
probability for previously unreported archaeological remains" (Veltre et al.,
1984:12). Their survey was linited to the coastline of Amknak and Unhal aska
Islands directly accessible by roads. They were able to amass a "sizable
artifact collection® (Veltre et al. 1984:15) which is currently under study.

Wile the author was at UWalaska in July 1986 he met Douglas Veltre, Jean
Aigner, and Alen MCartney who where engaged in excavation of an archaeol ogi-
cal site at Reese Bay. These researchers had also just conpleted a survey of
the western shore of (halaska Island between Umak Pass and Skan Bay, where
they recorded nore than 50 previously unrecorded sites.

Despite these numerous investigations and high site density, our
know edge of Unal aska prehistory is quite meager "..,.we know very little
today about the prehistoric sequence represented by these sites, be it culture
history, ecologic adaptations, or human biological history. This area of
great archaeological potential has not been systematically studied to produce
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prehistoric information on a par wth other areas in the chain.." [Veltre et
al., 1984:6] For nore background on Al eut culture, history, and prehistory see
Laughlin 1980 and Dunond 1977.

METHODS

Prior to the field survey, the Aaska Heritage Resource Survey (AR
files were exam ned for known historic and archaeol ogical sites. Archaeol ogi-
cal, historical, and ethnographical literature relevant to the project area
was researched. Mps and aerial photographs were studied for clues to high
potential areas for cultural resources.

Because sone of the proposed project area was surveyed for cultural
resources in 1982 by Dames and More consultants for Republic Geothermal,
Inc., the DA survey focused on the coastal regions of Broad and Driftwood
Bays.

The field strategy involved the wuse of helicopter reconnaissance and
on-the-ground surface inspection of selected areas of high potential for
location of sites. Limted small shovel test pits were dug in areas judged
through experience to have cultural resource potential. The entire beach
zones of Broad Bay and Driftwood Bay were examined on the ground. Al surface
exposures encountered, such as ditches, road cuts, and erosion scars, were
examned for evidence of archaeol ogical remains.

RESULTS
Driftwood Bay

nly  helicopter reconnaissance survey was done along the proposed access
corridor between the well site and Driftwood Bay, because this area had been
previously ground surveyed wth negative findings. "The entire length of the
road was given pedestrian survey and all adjacent high points, such as terraces
and ridges were exam ned." (Republic Geothermal, Inc. 1983:33). The corridor
area is one of low archaeological potential.

On-the-ground reconnai ssance survey was conducted along the entire shore
and near shore area of Driftwood Bay between the east and west cliffs (Pate
L-1). Lithic chips of basalt were found at two erosion loci on the beach
ridge. It was not determned whether or not the chips are derived from
cultural activity. This is a problem because the high energy beach contains
basalt boulders and cobbles which, when pounded together by natural forces,
could produce chips identical to artifact mnufacturing detritus. However,
one locus produced burned whale bones in addition to basalt chips. This
suggests that an archaeological site is present here. Further evidence
suggestive of ancient habitation are two deep oval depressions (ca. 3 X 4 n
near the mniddle beach area. No subsurface testing was done at any of these
loci because DG did not have sufficient lead time to obtain the
archaeol ogical testing permt required by the US Fish & WIdife Service.

The 1983 survey did not identify any cultural resources along this high

energy beach. Wth the exception of the evidence nentioned above, mch of the
beach area appears to lack any cultural resources.
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Broad Bay

Only helicopter reconnaissance survey was done along the proposed trans-
mssion corridor between the well site and Broad Bay, because this area had
been previously ground surveyed in 1983 with negative findings. Wth the
exception of the coastal areas, the corridor has |ow potential for archaeol og-
ical sites.

On-the-ground reconnai ssance survey was conducted along the shore and
near shore area of Broad Bay between the north and south cliffs (Plate L-I).
One previously wunrecorded archaeological site, UNL-147 (Alaska Heritage
Resource Survey designation), was found. This site is a densely vegetated
mound (ca. 100 X 40 m) behind the first beach ridge. There are nunerous oval
depressions, likely house pits, in the nound. Recent burrowing by animals has
uncovered artifacts. A cast iron wood burning stove, wndow and bottle glass,
square cut and wre cut nails, whale and bird bones, rifle and shotgun
cartridges, and polished and chipped lithic artifacts were found at the
surface in one of the oval depressions.

e small test pit (1.0 X 0.5 X 0.5 n) was excavated between two surface
depressions near the «center of the nound. This test produced an assortment of
lithic artifacts (e.g.,  bifacial pieces, scrapers, retouched flakes) in a
variety of material types (obsidian, jasper, basalt); fish, bird, and namal
bones; clam and wurchin shells; nails; wndow glass and anber bottle glass; and
metal enamel cookware. Further testing wll be necessary to determne the
depth of the midden and the site linits.

UNL-147 is clearly both prehistoric and historic in age. The rifle and
shotgun cartridges suggest an occupation at the site during the late 1890s to
late 1920s (cf. Barnes 1980). The following cartridge types were recovered:

"WRA (G. .25-20 WC.F."--introduced 1893 or 1895 very
popul ar until the late 1920s/early 1930s. "WRA CO  .25-35
WC. F."--from 1895 to present. "WRA CO 30 WCF." and
“REM UMC 30-30"--c. 1895 to present.

"USE BERDAN PRIMER No 1 10A"--the Berdan type shotgun priner
(invented in 1866) has not been nanufactured in the US since the
1920s (Barnes 1980:319).

Mich nore testing wll be required in order to deternine the nunber of
components, their ages, and the significance of the site relative to the
present understanding of Unalaska culture history.

North of UNL-147 is a large, overgrown surface depression filled wth
Wrld VWar Il era garbage, e.g., tin cans and anber and clear glass bottles.
Manufacture nmarks and dates on beer bottles (Figure 1) include the followng:
Bal |l Bros. Co., Brockway--1942, Obear-Nester--1943, and Consuners. A dil api -
dated World Vér Il building is just north of the garbage pit near the cliff.

The garbage pit and building do not appear to be eligible for inclusion
on the MNational Register of Hstoric Stes. The archaeological site, UNL-147,
appears to be eligible for inclusion on the MNational Register of Hstorical

Section L -~ 4



Sites, because it is likely to vyield information inportant in local, regional,
and national prehistory and history.

A the south end of Broad Bay near the cliff is a conplex of Wrld Var I
bui I di ngs, dock, roads, radio antenna towers, and assorted trash. This
conplex of features does not appear to be eligible for inclusion on the
National Register of Historic Sites.

Quter Nateekin Bay

A brief on-the-ground inspection of this beach area revealed what appears
to be a large archaeological middemn at the north end of the bight (Pate L-I).
The site (AHRS designation, UNL-148), contains a nunber of surface depressions
that are located on a low nound behind the present beach on both sides of a
small stream The site also extends up the hillside onto a bench where
several oval surface depressions, likely house pits, are evident. Although no
sub-surface testing was done here, archaeological site UNL-148 does appear to
be eligible for inclusion on the National Register of Historical Sites,
because it is likely toyield information inportant in local, regional, and
national pre-history and history.

Sul phur M ning

There are reports that sulphur was mned on Unalaska Island for a short

time after the first \Wrld Wr. This has not been researched in detail, but
needs to be docunented. There are references to sulphur mning on Unalaska by
Russians before 1840. In his description of Mkushin volcano [Mkushinskaial,

Veni am nov (1984:84) states, "Sulphur wused to be obtained from this nountain,
gathered from the crater. (ne is able to ascend it in August or Septenber,
that is at a time when there is less snow when the weather is clear, and
approaching from the lee [navetrenoi] side." Athough the proposed project
does not appear to inpact any sites or features relating to mning, this is a
subject that should be studied for its  historical significance.

RECOMVENDATI ONS

A, The construction of a powerplant facility at the well site does not
appear to inpact any cultural resources.

B. The construction of an access road from Driftwood Bay to the
powerplant does not appear to inpact any cultural resources except at the
beach itself. Construction activity along the beach has the potential to
inpact to cultural resources (Plate L-1). Alternative construction sites for
an onshore docking facility and any related construction, such as roads and
storage yard, along the beach area at Driftwood Bay should receive arch-
aeological testing and clearance prior to construction. Wth appropriate
testing it should be possible to either (1) locate a construction site that
will not inpact any cultural resources (avoidance) or (2) if avoidance is not
possible, then develop mtigation neasures that wll aneliorate the inpact to
the cultural resource.

C. The construction of an access road and a power transmission line down
Broad Bay vall ey does not appear to inpact any cultural resources. At the
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beach area of Broad Bay, however, caution should be exercised to avoid
inpacting archaeological site UN-147 on the northern shore (Pate L-I).

D. If a power transmssion line crosses the wupland between Broad Bay and
Nateekin Bay, or if a retransmssion facility is planned here, then caution
should be exercised to avoid any inpact to archaeological sites UN-016 and
UNL-148 (Plate L-1).

E. The archaeological report prepared by Veltre et al. (1984 should be
consulted in selecting the site for a retransmssion facility on Amaknak
Island. Caution should be exercised so that any construction activity on
Amaknak Island wll avoid inpacting any of the numerous cultural resources
recorded here.

F. Both the State Hstoric Preservation Cficer, Cfice of Hstory and
Archaeol ogy, Departnent of MNatural Resources and the Refuge Mnager, US.  Fish
and Wldlife Service should be given the opportunity to comment on this
report.
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SEI SM C EXPOSURE OF THE NMAKUSHI N SI TE

John N Davies, Lorraine W WIf and Charlotte Rowe

| ntroduction

The proposed site on the flanks of Makushin Volcano is
exposed to a serious |level of seismc hazard. This shoul d
not conme as a surprise, given the setting of the site on an
active volcano in one of the world s nost active earthquake
bel ts. W have evaluated this hazard in the standard way,
essentially followwng the Cornell nethod and utilizing a set
of conputer prograns devel oped by Wodward-d yde Consultants
under contract to NOAA during the Quter Continental Shelf
Environnmental Assessnent Program

This technique independently characterizes the
seismcity on a suite of sources, specifies the attenuation
of the ground notion from earthquakes on those sources to
the site, and calculates the expected acceleration at the
site due to the conbination of all sources. Thi s
acceleration is given as a value which is not expected to be
exceeded at a specified level of probability within a
particul ar exposure period.

The best estimate of this value for the Mkushin site
is about 32%g, at a 90% probability of non-exceedence
during a 50-year exposure period. By far, the nost
significant contributions to this exposure value conme from
eart hquakes of magnitude six and seven in the crustal region
nearby the site. Larger events on the main thrust zone
contribute very little to the seismc hazard at the site
unless relatively undanped structures with long (10's of
seconds) natural periods are under consideration.

Sei snotectonic  Setting

The proposed site is on the flanks of Makushin Vol cano
in the Aleutian Arc (Figure 1). The vol canic hazards are
considered elsewhere in this report. No special seismc
hazard has been attributed to the volcano itself; we assune
that |arge volcanogenic earthquakes are relatively rare in
conparison to the crustal events surrounding Makushin.

The Aleutian Arc is one of the npbst active earthquake

zones in the world with about 11% of the world' s earthquakes
occurring there. In the past 90 years three of the ten
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| argest earthquakes in the world have occurred in the

Aleutian Arc (Davies, 1986): One of these, the Andreanoff-
Fox Islands earthquake of 1957, ruptured the plate boundary
seaward of Makushin (Sykes, 1971). It is possible, however,

that this event did not rupture the entire main thrust zone
in the vicinity of Mkushin and that a seismc gap exists
here (House and others, 1981). If this is the case, then
one the highest potentials for a great earthquake within the
Aleutian Arc in the next 20 years could exist here (Jacob,
1984).

The seismcity of the Unalaska region recently has been
described in detail by Boyd and Jacob (1986), Jacob and Boyd
(1985), and Davison and Scholz (1985). A site, design and
cost study for a runway extension at the Unal aska airport
(Danmes and Moore, 1980) includes a seismic hazard analysis
by Neville Donovan. QG her sources of earthquake data for
this region are the various cataloges conpiled and assenbl ed
by the National Earthquake Information Center (NEIC) and the
lists of Abe and Noguchi conpiled for Al aska by Davies
(1986).

W have nmade use of each of the sources |isted above
and have conpiled our own conprehensive listing of all
earthquakes of magnitude greater than or equal to four
within 300 km of Mkushi n. This file exists on tape at the
Sei snol ogy Laboratory of the Geophysical Institute,
University of Al aska, Fairbanks. A subset of those events
greater than or equal to five is listed in the appendix to
this section and is the basis for the seismc hazard
analysis which follows.

A histogram illustrating the nunber of events greater
than or equal to magnitude 5.0 per year from 1900 to 1986 is
shown in Figure 2. Here we can see that this list is

conplete back to 1958; we exclude 1957 since it is
contamnated with so nmany aftershocks of the Andreanoff-Fox
I sl ands event. Therefore, we take the data from the period
1958-1986 as our instrumental seismcity catalog for the
Makushi n region.

The distribution of these earthquakes by magnitude is
shown in Figure 3. The total nunber of events is 476. Bot h
the raw nunber of events per half-nmagnitude w ndow and the
cumul ati ve nunber larger than the lower limt for each
window is plotted in the histogram The b-value for the
data between nmagnitudes 5.0 and 7.0 is 1.1; this value is
identical to that obtained by Boyd and Jacob (1986).



Page M3

Hazard Cal cul ati on

In calculating the seismc hazard at the Makushin site
we have used the set of prograns SEI SM C EXPOSURE devel oped
by Wodward-d yde Consultants (1982) wunder the Quter
Continental Shelf Environmental Assessnment Program Wi | e
this analysis package allows the simulation of the time
dependent hazard expected in a seismc gap environnent, we
have not made use of this feature. Qur analysis, therefore,
follows in broad terms the now standard procedure devel oped
by Cornell (1968).

This procedure consists of four basic steps: (1)
describing the geonetry of the sources which may affect the
site, (2) determning the recurrence rates for earthquakes
of various nmagnitudes on each of those sources, (3)
specifying the attenuation relations which describe the
acceleration as a function of distance and nagnitude from
each earthquake, and (4) calculating the acceleration value
which is expected to be the upper limt for the site at a
specified level of probability within a particular exposure
peri od. For all of our calculations we specify a 90%
probability of non-exceedence and a SO year exposure period.

W represent the earthquake sources by four zones, all
of which are aligned along the strike of the arc (determ ned
by the positions of the major volcanic centers) and centered
on Makushin Volcano in respect to their position along the
arc (Figure 1). The geonetry of these zones in cross-
section has been nodeled using the hypocentral cross-section
given in Figure 3 of Boyd and Jacob (1986).

The main thrust zone is represented by a plane 600 km
long and 135 km wi de, dipping approximately 12 degrees
arcward from a depth of 5 km near the trench to 30 km at the
downdip edge. These dinensions are chosen so that
SEI SM C. EXPOSURE can accommobdate an event as large as Mv =
9.5.

The Wadati-Benioff zone is represented by a plane 200
km long and 150 km wide, dipping approximtely 49 degrees
arcward from a depth of 40 km near the bottom of the main
thrust zone to a depth of 150 km beneath the island arc.

This plane is divided into a shallow zone and a deep zone at
a depth of 95 km so that the intraplate seismcity can be
separately specified to better match the actual distribution
of hypocenters with depth. By far, nost of the earthquakes
of the Wadati-Benioff zone occur at depths less than 95 km
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The crustal seismicity (including the volcanogenic
events) is projected onto a‘gently dipping plane 100 km long
and 175 km wide which is 5 km deep near the trench and 15 km
deep beneath the arc.

Thus, the four seismic source zones are: (1) the main
thrust zone (MTZ), (2) the deep intraplate zone (DI1Z), (3)
the shallow intraplate zone (S1Z), and (4) the random
crustal zone (RCZ).

The seismicity of the MTZ is modeled in two basic ways.
The first is as a characteristic source; i.e., one which
ruptures only in a given size earthquake with no events of
different size. The second is as a Guttenberg-Richter
source; i.e., one on which the distribution of magnitudes is
governed by the Guttenberg-Richter relation:

logN = A - bM. (1)

In the latter case the A-value is determined by assuming
that there will be one characteristic earthquake during the
average recurrence period associated with that event. This
is a somewhat conservative assumption since the smaller
events duplicate some of the events assigned to the RCZ. In
our standard case we assume there will be one earthquake of
magnitude 8.25 per 200 km of plate boundary per 50-year
period. For the Guttenberg-Richter case we assume the b-
value to be 1.1 (see also Figure 3). These values are taken
from Boyd and Jacob (1986) and Davison and Scholz (1985).

We model the seismicity on the other three sources by
pro-rating the events given in the appendix onto each zone
according to depth (Table 1). The period 1958 to 1986 is
selected since this data set appears complete for events of
magnitude five and larger by inspection of Figure 2. We
then have the number of events with magnitude greater than
or equal to five over a 29-year period for each zone.
Assuming a b-value of 1.1, the A-value can be calculated
from equation (1) and then this relation can be used to
specify the distribution of magnitudes on these source
zones.
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TABLE 1

Nunber of events of M > 5.0, 1958-1986

Seism c Zone Depth Range (km) Nunber of Events
RCZ 0- 35 303
SIZ 35-95 173
DI Z 95- 200 0
t ot al 476

The SEI SM C. EXPCSURE progranms allow the use of two
attenuation relations which are applied depending on the
depth of the earthquake. W chose the QASES A and B
relations (Figure 4) for the present calculation, as they
are representative of the range of relations which have been
used in A aska (WIf and Davies, nms in prep.). These
relations are as follows:

type A a = [191 exp(0.823 M] / [(R+ O exp(l.56)] (2)
type B a = [284 exp(0.587 M)] / [(R + O exp(l.05)] (3)
wher e C = 0.864 exp(0.463 M, R = dist. to rupture (4)

W have made a "standard" calculation in which the
values of all of the input variables are chosen to represent
our best estimate of the actual seismc hazard at Makushin.
Then we have nade a great nunber of sensitivity calculations
in which we have varied one or two of these values to test
how sensitive the result is to the value of the input
vari abl e chosen. A selection of these results is presented
in Table 2.

TABLE 2

Accel eration values for which there is a 90% probability of
non- exceedence in 50 years at the WMkushin site

Case Description Accel (%)
1. St andard/ Char MTZ/A Atten 32
2. 2Xx8eis/Char MTZ/A Atten 37
3. Standard/ GR MTZ/A Atten 32
4, MM 6.5 RCZ/Char MTZ/A Atten 29
5. 7.5 km RCZ/Char MTzZ/A Atten 41
6. St andard/ Char MTZ/B Atten 47- 64
7. b = .67/Char MTZ/A Atten 41
8. 9.5/290 MTZ/Char MTZ/A Atten 32
9. 9.5/50 MTZ/Char MTZ/A Atten 32
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Definitions:

Standard - the source zones are as described above and
as shown in Figure 1. The seismcity on the RCZ, SlZ & DZ
are determined from Table 1, with a b-value of 1.1 and
maxi mum magnitudes of 7.5, 7.5, & 7.0, respectively.

Char MIZ - Characteristic MZ as defined above with one
M = 8.25 event every 50 years per 200 km of plate boundary.

A Atten - OASES Attenuation relation A, nean plus
three signa.

2xSeis - the standard seismcity is doubled on all four
zones.

GR MZ - CQuttenberg-Richter MZ as defined above wth
one M = 8.25 event every 50 years per 200 km of plate
boundary and snaller events distributed according to
magni tude by the Quttenberg-Richter relation.

MM 6.5 RCZ - the nmaxi num nmagnitude on the RCZ is
reduced from 7.5 to 6.5.

7.5 km RCZ - the maxi num depth of the RCZ is reduced
from 15 kmto 7.5.

B Atten - OASES attenuation relation B, nean plus one
and nean plus three signa.

b = .67 - the b-value used to calculate the standard
seismcity is reduced from 1.1 to O0.67.

9.5/290 MIZ - The characteristic earthquake on the MIZ
is changed to one M = 9.5 event every 290 years per 600 km
of plate boundary.

9.5/50 MIZ - The characteristic earthquake on the Mz
is changed to one M = 9.5 event every 50 years per 600 km of
pl ate boundary.

D scussi on

Case 1, which is our best estimate of the seismc
hazard at Mkushin yields an acceleration of 32% g. Recall
that this acceleration is an estimated value which is not
expected to be exceeded at the 90% probability level in an
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exposure period of 50 years. This case uses the source zone
geometry described above and shown in Figure 1, with the RCZ
at about 15km depth beneath the site. The seismicity is
pro-rated by depth and projected onto the source zones as
indicated in Table 1. By far the majority of the events are
assigned to the RCZ. This factor combined with the
proximity of the RCZ to the site, makes this zone the most
important source of seismic exposure for the Makushin site.
In fact, for accelerations of about 33% g the RCZ
contributes about 99% of the ground motion; at about 10% g
it contributes about 94% with the remainder more or less
evenly divided among the other source zones.

The importance of the RCZ can also be seen in the
results for cases 2, 4, 5 and 7. In case 2, doubling the
total seismicity rate (which had its effect primarily
through the increase on the RCZ) increased the acceleration
expected from 32% to 37% g. Case 4 reduces the maximum
magnitude allowed on the RCZ from M = 7.5 to M = 6.5 and the
expected acceleration is correspondingly reduced from 32% to
29% g. Case 5 decreases the depth of the down-dip edge of
the RCZ from 15 to 7.5 km and correspondingly increases the
acceleration from 32% to 41% g. Case 7 is meant to test the
sensitivity to the b-value, but what is actually done here
is to increase (unrealistically, since the actual
distribution of events with magnitude matches very closely
the b-slope of 1.1; Figure 3) the number of larger magnitude
events on the RCZ: the effect is about the same as halving
the depth to the RCZ.

In contrast to these clear results, making large
changes in the way in which the seismicity of the MTZ is
characterized (cases 3, 8 and 9) had relatively little
effect on the final acceleration values.

The most important variable of all is illustrated in
case 6. The choice of attenuation function can cause a
factor of two change in the expected acceleration, in this
case increasing it from 32% to 64% g! This is an extreme
result since we have applied the type b relation (eqn 3) at
the 3-sigma level to all of the events regardless of depth,
where as it was intended to apply only to Wadati-Benioff
zone events deeper than some cut-off depth such as 20 km.
The use of a cut-off depth which falls within the depth
range of the RCZ results in an estimate of acceleration
which falls correspondingly between 32% and 64% g.

In case 6 we have also changed the treatment of
variance of the acceleration data from using the mean plus
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3-sigma to the mean plus I-sigma case; this results in
decreasing the expected acceleration from 64% to 47% g.

Conclusions

The factors which affect the estimation acceleration at
the Makushin site in decreasing order of importance are:

1. the attenuation relation 32%
2. the treatment of variance 17%
3. the depth of the RCZ 9%
4. doubling the seismicity on the RCZ 5%
5. decreasing the max. mag. on the RCZ 3%

In our preferred solution we have made somewhat compensating
assumptions regarding the problem of the choice of
attenuation relation and the treatment of variance. The
choice of the type a relation (eqn 2) tends to produce a low
result while the choice of using the mean plus 3-sigma
treatment tends to increase it. Similarly, we have made
compensating assumptions in terms of the maximum magnitude
earthquake and the depth of that event on the RCZ. The
final result is not affected by reasonable choices of
seismicity on the MTZ, DIZ and SIZ and little affected by
that on the RCZ.

Therefore we recommend that the preferred solution of
32% g be used in the feasibility studies. This value is
reasonably conservative for relatively short period
structures. If any structures are contemplated which have a
long (about 10 second) natural period, then the low
accelerations from the larger events on the MTZ should be
re -evaluated.

We have assumed that no large events will occur on the
volcano. Given this assumption and for other reasons, it is
strongly recommended that a small network of seismic
stations be installed to monitor the activity of Makushin

Volcano.
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FI GURE CAPTI ONS

Fi gure 1. Proposed Makushin site in Aleutian Arc. Qutlined
areas represent earthquake source zones: Miin
Thrust Zone (MIZ), Shallow Intraplate Zone (SIZ2),
Deep Intraplate Zone (D Z), Random Crustal Zone

(RC2).

Figure 2. Yearly event count for earthquakes with M > 5.0
from 1900 to 1986 within 600 km of the Makushin
site.

Figure 3. Nunber of events in Makushin region with M > 5.0

for the 29-year period (1958-1986) used in
exposure cal cul ations.

Figure 4. Conparison of attenuation curves for M. = 7.5
using OASES types A and B (March, l978§ and
Joyner and Boore (1981).
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SIN48

52N 5.

52N12.
52N15

52N12.
52N 8.

52N42.

52N 8.
52N 6.

52N24.
52N24.

53N36.

53~46.
53N36.
S53N42.
53N48.
53N\46

51N O.

53~42.
52~42.
52N42.

54N12.

53N54

53N 1.
53N 6.

52N24
52N36
52N37
52N30
53N54
52N10.

.20
.00
.00
40
00
.60
00
40
00
40
00
00
00
00
80
00
00
00
20
00
00
00
00
00
00
80
00
00
00
80
.00
00
20

170wl2.
170W 6.
168wW32.
168W30.
168wW49.
168W48.
170W 0.
169wW57.
165W19.
l65w24.
171wl13.
171w 6.
165W36.
165W36.
167w 6.
167W 6.
166wW1l8.
166W18.
170w48.
169wW28.
169wW30.
169W18.
169W36.
169W30.
168Wl2.
170W37.
170wW36.
170wd2.
170W43.
163wW54.

163~42.

163wW54.
l67w4z2,
165W24.
165w24.
169wW36.
165wW36.
167w24.
167W30.
163wW24.
164w54.
167W33.
167W36.
168wW36.
168W42.
168wW29.
168wW36.
166W30.
170w32.

36.
33.
40.
60.
33.
. 00
. 00
22.
73.
17.

.00
38.
.00
33.
.00

47.
174.
224.
.00
33.
.00
36.
33.
33.
80.
80.
33.
33.
34.
34.
20.
12.
25.
28.
33.
28.
30.
33.
36.
29.
36.
33.
69.
35.
49.
33.
30.
16.

00

00

00
00
00

00

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

00
00
00
00
00

00
00

. 38
.38
.50
.50
.25
.25
. 00
.00
.20
.20
.40
.40
.00
.00
.10
.10
. 60
.50
.20
.10
.20
.30
.10
.30
.00
.10
. 60
.20
. 20
. 50
.40
.10
.00
.00
.40
.00
.10
.10

.00
. 00

70
70

.00
. 30

20

.10
.10
.10



1965
1965
1965
1965
1965
1965
1965
1965
1965
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
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4
29

23
23
30
30

20
27
19
19
11

11
11
11
11
19
19
16
16
11
11
16
16
18
18
19
19
22
22
28
28
28
28
28
28
28
28
28
28
28
28
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48

43.
26.
16.
20.
.70
52.
52.
29.
30.
16.
16.
45.
19.
.30
24.
28.
58.
12.
13.
18.
19.
58.
59.
11.
12.
21.
21.
.40
. 50
10.
11.
22.
22.
34.
34.
59.
.00
58.
58.
57.
57.
26.
26.
25.
21.
22.
32.
32.
34.

90
20
50
60

50
50
00
40
10
50
50
20

40
50
20
20
70
60
00
60
10
00
00
30
30

30
40
00
30
50
60
70

20
30
00
10
00
10
90
60
60
50
70
40

52N O.
.00
.00

52N30
52N30

52N26.
52N12.
53N54.

53N51.

54N 6.
54N 5.
54N12.
54N12.
54N12.
52N24.
54N 0.
54N 6.
54N 2.
53N30.
52N25.
52N24.
53N30.
S53N27.
52N37.
52N42.
53N36.
53N35.
54N 0.
54N 1.
.60

52N15

52N12.
52N36.

52N34
52~32.

52N33.
52N24.
52N22.
53N41.
53N33.
52N22.
52N24.
52N17.
52~18.
52N27.
52N22.
52N27.
52N19.
52N16.
52N16.
52N14.
.94

52N20

00

40
00
00
00
00
40
00
60
00
00
00
00
40
00
20
00
00
60
20
00
00
40
00
20

00
00

.80

04
00
18
20
40
00
50
00
40
06
00
56
36
20
32
20
10

170w24.
170w42.
170W36.
170w37.
169W30.
165wW18.
165W18.
164W18.
164wWl6.
164wW18.
l64waz2.
164wW24.
169wW36.
164w O.
164w 6.
164W 4.
167wW30.
170wWl8.
170w18.
167w42.
167wW39.
169wW43.
169w42.
l67w24.
167W19.
163w24.

163~25.
169w 4
169w 6

169W30.
169wW3l.
168wWl2.

168wWl14

169wW34.
l169W34.
165Wl0.

165W10
169wW30

169W32.
169W30.

169w29.
169W34
169w24
169w24

169W19
169WL8.
169W30
169w28.
169wW23

00
00
00
80
00
00
00
00
80
00
80
00
00
00
00
80
00
60
00
00
00
80
00
00
20
00
80
. 20
. 00
00
80
12
.40
80
20
14
.20
.90
40
60
28
.80
.90
66
.80
18
.00
56
.40

28.
55.
22.
59.
19.
39.
13.
19.
43.
45.
63.
14.
37.
.00
37.
57.
42.
55.
32.
32.
54.
56.
23.
24.
32.
32.
37.
40.
42.
53.
33.
33.
34.
34.
28.
30.
43.
42.
39.
45.
37.
41.
45.
32.
45.
36.
40.
45.

00
00
00
00
00

00
00
00
00
00
00
00
00

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

.30
.00
.40
.30
.00
.50
.40
.70
.50

40

.10
.30
.30

00

.10

60

.00

20

.00
.10
.00
.40
.30
.10
.10
.20
.20

50

.40

10
00
80
70
20
20
00
00
90
00
10
00
10

.10
.90

30
00

.90

70



1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1968
1968
1968
1968
1968
1968
1968
1968
1968
1969
1969
1969
1969
1969
1969
1969
1969
1969
1969
1969
1969
1969
1969
1969
1969
1969
1969
1969
1969

28 17 42 1.60 52N21.60
28 17 42 1.80 52N24.06
13 14 44 6.00 53N45.30
13 14 44 7.00 53M1. 40
2 12 14.90 52N 3.36
31 2 12 15.20 52N 4.80
12 16 58 32.80 52N39.00
1 3 36 18.00 53~36.00
1 3 36 19.00 53N42.00
6 19 17 7 45.40 52N42.00
6 19 17 7 47.10 52N45.60
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w
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6 20 7 38 44.90 52N48.00 167W 6.00
167W 3.
168wWl2.
168W 7.
169wW18.
170W 4.
168wW35.
171w O.
171w 5.
171w24.
171wW17.
171wW15.
171wl2.
163wWl4.
5 3 16 13 40.00 54N 9.60 163wWl5.60
164~31.
164~36.
170wW39.
169W56.
169w54.
169w 3.
169w 3.
167V63.
167W52.
164W 0.
164wWl2.
167W9.
167W 3.
167w O.
170W 6.
170w 3.
169W53.
.90

6 20 7 38 50.00 52N47.40
7 6 13 42 22.50 52N36.00
7 6 13 42 27.60 52N34.80
7 17 11 28 13.40 51N 6.00
8 323 17 7.20 53N37.80
9 6 17 24 39.60 52N25.80
9 28 3 0 30.50 52N12.00
9 28 3 0 31.00 52N10.80
1 14 12 40 48.50 52N48. 00
1 14 12 40 49.70 52N36. 60
1 14 17 43 6.00 52N39.00
1 14 17 43 10.00 521~42.00
3 5 0 30 58.20 53N49.80

11 7 0 48 33.00 54Ni4. 40
11 7 0 48 33.60 54N18.00
11 27 12 20 55.10 52N32.40
2 13 1 35 50.00 52N 7.80
2 13 1 35 52.40 52N 9.72
6 7 22 47 14.00 521-~28.20
6 7 22 47 15.40 52N29. 10
6 18 23 44 11.20 52N37.62
6 18 23 44 14.60 52N39.60
6 19 20 24 59.60 54N12.00
19 20 25 1.30 54N10.80
19 21 33 16.60 52N44.94
25 12 54 27.30 53N16.80
25 12 54 27.60 53N18.06
31 11 23 1.20 53N 0.24
31 11 23 2.10 53N 2.40
3 6 13 9.20 52N58.80
3 6 13 9.30 53N 3.42
10 9 7 59 39.00 52N11.40
10 9 7 59 41.30 52N18. 96
10 14 22 46 4.80 52N37.02
10 14 22 46 5.40 52MN44.40
10 22 12 11 21.30 52N12.48
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169w22.
169w23.
165W3.
165Wl5.
169w42.
169W42.
166WH6.
165~38.
165W36.
166W54.

166W54.

169wW54

169wW28.
169W30.

162vA43.
162wW37.
169wW27.

80
16
26
00
12
00
40
40
00
00
00

60
00
80
00
80
40
00
40
00
40
00
00
40

80
00
00
40
54!
60
54
58
20
00
60
98
00
78
66
60
40

80
78
98
80
00

49.

50.

21.

31.
.00
.00
36.

49.
60.
33.
44.

11. 00

45.

14.
49.
.00

184.

31.
48.
54.
44,
44.
. 00
34.
34.
17.

24.
37.
58.

16.
29.

42.

18.

42.

25.

39.

14.
40.
42.
37.
43.

52.
52.
.00
22.
15.
15.
33.

00
00
00
00

00
00
00
00
00

00
00
00

00
00
00
00
00
00

00
00
00
00
00
00

. 00

00
00
00
00
00
00
00
00
00
00
00
00
00
00

00
00
00
00

.50
60
10
.10
30
20
.00
70
70
.70
90
20
40
.90
90
.00
.00
00
10
00
60
50
40
50
10
00
. 00
.10
.10
. 20
.10
.30
20
.40
.40
00
00
.00
.10
00
.30
20
00
00
. 20
10
.10
.00
.10
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1969
1969
1969
1969
1969
1969
1969
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1971
1971
1971
1971
1971
1971

1971
1971

1971
1971
1971
1971
1971
1971
1971

1972
1972

1972
1972
1972
1972

e
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22.
14.
15.
.70
.00
19.
20.
24.
25.

29.

31.
33.
38.
13.
49.
50.
41.

16.
17.
.90
. 20
10.
11.
36.
.10
31.
44,
45.
42.
42.
44.
16.
16.
34.
35.
38.
39.
13.
13.
37.
38.
41.
42.
. 20
.50
24.
25.

90
60

00

30
10
30
00

00

00
60
30
60
80
30

00

60
30

00
80

00

40
30
40
30
80
40
30
90
30
90
80
20
40
90
70
90

50
00

90
10

52N16.
52N28.
52N27.
52N54.
52N58.

52N27

52N30.
S3N46.
53N50.

S53N45.
S53N43.
54N11.
54~13.
53~38.

54N 7.
.04

54N29
S54N25.

54N 7.

54N10.
52~25.
52N35.
52N55.

53N 5.

52N55.

53N 2.

52~51.

53N 0.

51N14.

52N 7.

52N11.
53~15.

53N21.
52N 9.
52N 9.

52N12.

52N 7.

52N11.
S51IN57.

52N 0.

S53N44.
53N48
52N39.
52N40
52N57

53N 6.

53N57

54N 0.

51N O.
51N 2.

20
08
00
00
50

.90

98
40
48
20
16
80
40
20

20
80
14
08
40
80
76
20
04
00
54
28
98
40
60
54
00
90
60
80
52
00
48
04

.60

36

.20

60
00
00
42
60
76

169W22.20
168w37. 44
168w38.40
168W19.20
168WL6. 56
168W 8. 58
168W 7. 20
163w31. 92
163wW36.00
163WB84. 56
163w36.60
164WM1. 52
164W36.60
164W13.80
166W 1. 20
164w29. 22
164w27.00
164w38.40
164wW37.68
169W 4. 86
169w 9. 60
169W42.00
169W50.94
169w49.20
169w55. 56
169wW51.60
170w 1. 14
168W26. 22
169W9. 64
169W39.60
170w31.80
170WB3. 18
169W56.40
171w 0.30
171w 4. 20
170w33.00
170WB3. 54
170w27.00
170W27.06
164wW50.34
164wW45.60
166wW58.02
166W57.00
165W87. 98
165W30.60
166W49.20
166ws1. 18
169wW29.40
169W34.02

39.
33.
34.
50.
53.
33.
37.
33.
33.
33.
36.
36.
56.
41.
89.
77.
78.
14.
27.
60.
60.
44,
48.
29.
50.
20.
54.
9.
32.
37.
150.
153.
0.
48.
48.
26.
41.
0.
18.
45.
45.
22.
0.
26.
26.
91.
103.
0.
33.

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

5. 20
5. 20
5. 30
5.50
5.40
5. 20
5. 30
5.10
5.10
5.10
5.20
5.20
5.30
5.00
5.00
5.00
5.00
5.20
5.30
5.20
5.10
5.50
5.50
5.30
5. 30
5.10
5.20
5.00
5.30
5.20
5. 80
5. 80
5. 00
5. 30
5. 20
5. 30
5. 30
5. 20
5. 20
5. 30
5.30
5.60
5.60
5.10
5.00
5. 80
5. 80
5.00
5.00



1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
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11
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. 60
. 20
.50
.40
. 00
.00
. 00
. 20
.90
.30
.00
. 60
.50
. 00
. 60
.70
.30
.30
. 80
.10
. 80
.50
.10
. 20
.10
. 20
. 20
.40
.10
. 20
.70
.30
.90
. 20
. 60
.10
.70
.50
.30
. 60
. 80
. 20
.50
.10
.40
.90
.00
.30
. 20

S53N15.

53N21.

S53N52.
S53N48.
S53N45.
52N53.
52N49.
53~47.
53~38.
52N
52N
52N
52N
54N
54N
53N58.
54N 0.
52N10.

N~woNnNO

52N11.

S3N12.
S53N12.
52N16.
52N16
52N19.

52N56.

52N58.
52N21.

52N22.

52N19.
53N47
S53N44.
521~54.
53N 0.
S53N37.
53N40.
52N24.
52N25.
52N16.
52N26.

52N28.

52~32.

52N24.
52N26.
52N18.

52N17.
S53N34.
53N36.
S53N37.
S53N41.

00
00
14
36
00
40
98
52
40

.40

34

.40
. 06

00
20
20
66
56
40
00
48
98

.80

80
16
80
42
80
80

.94

40
00
60
32
20
48
20
80
46
80
22
42
40
60
82
20
00
26
40

166wW46
l66wWd7
165wW30

164W7.

164wW40
162W58
163W 3
169W 2
169w O
169wW36
169w39.
169W33
169W36
165wW28
165WB2.

163wW42.
163wW45.
164W52.
164wW46.
169W43.
169w47.
168wd4.

168wW40
169W29
167W68.
167wW57
168~44.
168wW4l
168wW40
164wW40
164w42
166W45

166wW39.

16322

163W27

168wW49
168wW46
170W14

170WL2.

168W58
169w 1
168WL6.
168W16
168wWl7
168W18
165W 8
165W5.

163WM2.

163w42

.80
.10
.24
46
.80
.80
. 84
. 58
. 60
.60
24
.60
.30
.80
58
60
60
02
20
20
04
10
.80
.40
62
.60
40
.40
.20
.32
.00
.60
84
32
.00
.02
.20
.40
12
.20
.50
38
.20
.40
.84
.40
18
18
.00

27.
44,
23.
33.
33.
0.
38.
129.
136.
25.
44.
14.
30.
75.
81.
0.
30.
15.
15.
115.
124.
40.
0.
36.
59.
52.
36.
0.
44.
2.
7.
3.
33.
33.
0.
44.
0.
41.
46.
39.
42.
41.
0.
0.
37.
27.
57.
32.
0.

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
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. 80
. 80

00

.00

00
00
90

.10

00
10
00
40
40
20

.30
.10
.00
.40
.40
.10
.00
. 60
. 60
.00
.00

00
60
60
00
90
90
10
00
10
00
00
20
20
20

.00

00
70

.70

30
30
00
00
30

. 20



1974 12 7
1974 12 7
1975 1 6
1975 1 6
1975 1 13
1975 1 13
1975 4 8
1975 4 8
1975 4 11
1975 4 11
1975 5 1
1975 5 1
1975 5 16
1975 5 16
1975 6 26
1975 6 26
1975 11 1
1975 11 1
1975 11 30
1975 11 30
1975 12 24
1976 1 4
1976 1 4
1976 2 19
1976 2 22
1976 2 22
1976 223
1976 3 28
1976 3 28
1976 4 3
1976 4 3
1976 4 12
1976 4 12
1976 10 21
1976 10 21
1976 10 21
1977 3 26
1977 3 26
1977 5 15
1977 5 15
1977 5 30
1977 5 30
1977 7 3
1977 7 3
1977 7 7
1977 7 7
1977 11 27
1977 11 27
1977 12 17

8

[ [}
~ P~ rpocooowor N

PRPRRPRPRRPRERLPERPRLEPE R
RO OUIUIN N O U1ol Ol

34
34
12
12
19
19
32
32
47
47
47
47
57
57
59
59
48
48
30

32
44
44

58
58

55
55
26
26
41
41
54
54
13
36
36
50
50
16
16
55
55
58
58
46
46
32

11.
11.
17.
18.
. 20
10.
24.
24.
15.
15.
53.
56.
46.
47.
27.
27.
23.
26.
17.
17.
39.
10.
11.
27.
24.
27.
59.
15.
15.
54.
54.
51.
51.
35.
35.
15.
14.
18.
47.
48.
.90
. 60
41.
42.
24.
24.
43.
43.
22.

00
00
80
70

90
90
00
30
70

80
50
00
20
40
10
00

60
70
20
10
30
70
70
10
20
00
60
40
80
30
60
30
70
70
10
20

40
70
20
80
80
90
10

S51N48.
S51NG1.
54N18.
54N14.
52N 6.
52N13.
S51NG7.
S51N53.
54N 6.
54N 5.
52N40.
52N42.
54N 3.
54N 5.
52N21.
52N21.
53N39.
53N45.
52N36.
52N35.
52N25.
52N51.
52N53.
S53N28.
52N10.
52N14.
52N 2.
52N46.
52N42.
52N 9.
52N 7.
52~24.
52N19.
52N13.
52N13.
52N13.
52N17.
52N21.
52N26.
52N32.
52N25.
52N25.
52N31.
52N32.
52N18.
52N18.
51N20.
S51IN22.
52N10.

60
42
18
40
00
20
00
94
00
82
20
54
00
34
60
96
30

60
94
62

46
26
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1986 7 19 11 31 7.67 53N36.90 167We4.18 33.00 4.80
1986 7 19 22 32 36.21 53N33.42 167WL9.68 33.00 5.60
1986 7 20 1 59 9.12 53N37.08 167WL7.58 33.00 4.80



