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RECONNAISSANCE ENGINEERING GEOLOGY OF THE XETCHIKAN AREA,
ALASKA, WITH EMPHASIS ON EVALUATION OF EARTHQUAKE AND

OTHER GEOLOGIC HAZARDS

By Richard W. Lemke

ABSTRACT

The Alaska earthquake of March 27, 1964, dramatically emphasized the need
for engineering geologic studies of urban areas in seismically active
regions. A reconnaissance study of the Ketchikan area in southeastern
Alaska is part of a program to evaluate earthquake and other geologic haz-
ards in most of the larger Alaska coastal communities. These evaluations
in the Ketchikan area should provide broad guidelines useful in city and
land-use planning.

Ketchikan, which had a population of approximately 7,000 in 1970, is built
on the southwestern end of Revillagigedo Island along the northeastern
coastline of Tongass Narrows. Altitudes reach 1,000 feet (305 m) within
half a mile (0.8 km) of the coast and near-vertical cliffs characterize
the terrain in places. The climate is predominantly marine. Average
precipitation is approximately 152 inches (386 cm).

The Ketchikan area was covered by glacier ice at least once and probably
several times during the Pleistocene Epoch. The present topography,
characterized by elongate lakes, U-shaped valleys, fiords, inlets, and
passages, clearly reflects the effects of glaciation. The presence of
emergent marine deposits, at least 300 feet (91 m) above sea level, shows
that the land has been uplifted relative to sea level since the last
deglaciation of the region.

Bedrock is exposed or is near the surface throughout most of the mapped
area. The bedrock consists chiefly of metamorphic rocks. In a few places
these rocks have been intruded by igneous rocks. Exposed metamorphic
rocks are mostly thinly foliated schists and phyllites, metamorphosed to
greenschist facies. Foliation generally strikes northwest with moderate
to steep dips to the northeast. Most of the rock is fairly competent and
near-vertical cuts tend to be stable. The more indurated metamorphic rock
can be used for riprap, but more durable blocks generally can be obtained
from the igneous rock.

The surficial-deposits have been divided into the following map units on
the basis of their time of deposition, mode of origin, and grain size:
(1) undifferentiated drift (Qd), (2) elevated marine deposits (Qm),
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(3) stream alluvium (Qa), (4) fan-delta deposits (Qf), and (5) modern beach
deposits (Qb). Manmade fill (£f) also is mapped as a separate unit. Muskeg,
colluvium, and offshore deposits are not included as map units but are dis-
cussed in the report under the heading '"Surficial deposits (not shown on
map).’” The undifferentiated drift deposits consist mostly of till or other
diamictons, generally less than 25 feet (7.6 m) thick. Exposed elevated
marine deposits (Qm) generally consist of sand and gravel less than 5 feet
(1.5 m) thick. Stream alluvium (Qa) is chiefly sand, gravel, cobbles, and
boulders probably everywhere less than 15 feet (4.6 m) thick. Fan-delta
deposits (Qf) consist mostly of loose sand, gravel, and boulders as much as
50 feet (15 m) thack. Modern beach deposits (Qb) are mostly loose sand and
gravel generally less than 10 feet (3 m) thick. Two basically different
types of manmade fill are present: (1) large fills along the waterfront,
commonly 5 to 15 feet (1.5-4.6 m) thick, consisting of silt, sand, gravel,
rock, and diverse other materials, and (2) fills, generally less than

10 feet (3 m) thick and consisting of sand, gravel, or crushed rock, placed
inland from the waterfront and used as pads for buildings and parking areas.
Fairly thick deposits of muskeg may be present in the southeastern part of
the mapped area but have not been examined in the field. Colluvial depos-
its, locally 5 to 8 feet (1.5-2.4 m) thick, consist mostly of decomposing
bedrock fragments. Offshore deposits are poorly known; near-shore loose
sand and gravel rest on a sloping bedrock surface.

Southeastern Alaska lies within the circum-Pacific seismic belt that rims
the northern.Pacific Basin and has been tectonically active since at least
early Paleozoic time. Large-scale faulting has been common. The two most
prominent fault systems in southeastern Alaska and surrounding regions are
(1) the Denali fault system, and (2) the Fairweather-Queen Charlotte
Islands fault system. Of the two, the Fairweather-Queen Charlotte Islands
fault system is the more active and of most significance in relation to the
Ketchikan area. Ketchikan lies within the northwest trend of the Gravina-
Nutzotin belt of fault thrusting. The trends of at least some of the
linear fiords near the mapped area are controlled by faults. However, it
is not known whether a major fault extends up Tongass Narrows offshore from
Ketchikan.

Between 1899 and 1970, five earthquakes having magnitudes of 8 or greater
occurred in or near southeastern Alaska or in adjacent offshore areas;
three have occurred having magnitudes of between 7 and 8, at least eight
with magnitudes of between 6 and 7, 15 with magnitudes of between 5 and 6,
and about 140 have been recorded with magnitudes of less than S5 or of unas-
signed magnitudes. All of the earthquakes with magnitudes greater than 8,
and a large proportion of the others, appear to be related to the Fair-
weather-Queen Charlotte Islands fault system or to the connecting Chugach-
St. Elias fault to the northwest. Within a 50-mile (80-km) radius of Ketch-
ikan, epicenters of three earthquakes with magnitudes of 5 or less have
been recorded. Within a radius of 100 miles (160 km), 10 epicenters have
been recorded, two with magnitudes between 6 and 7 and eight with magni-
tudes of 5 or less. Although no instrumentally recorded earthquakes had
epicenters in the mapped area, at least 32 earthquakes that had epicenters
elsewhere were felt or possibly felt in Ketchikan. Most of these earth-
quakes probably had epicenters along the Queen Charlotte Islands fault.
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Ketchikan is tentatively assigned by me to seismic zone 2. This is a zone
in which magnitudes of the largest expectable earthquake would range from
4.5 to 6.0 and where moderate damage could be expected. Large earthquakes
of magnitude 8 or greater, however, can be expected to occur from time to
time along the Queen Charlotte Islands fault. Ground motion from these
earthquakes, although attenuated with distance, may still be sufficiently
strong at Ketchikan to cause substantial damage.

Possible future earthquake effects include: (1) land-level changes caused
by local faulting or by large-scale regional deformation, (2) ground shak-
ing, (3) compaction, (4) liquefaction, (5) subaerial and submarine sliding,
(6) water-sediment ejection and ground fracturing, (7) reaction of sensi-
tive and quick clays, and (8) effects of tsunamis, seiches, and other
abnormal water waves. Although land-level changes due to local faulting
are unlikely, large-scale regional deformation may cause uplift or subsid-
ence in Ketchikan. Adverse effects would be confined mainly to the water-
front area. This area also would be most heavily damaged if Ketchikan
were strongly shaken by an earthquake. Nonengineered, loose, manmade
fills and fan-delta deposits in this area probably would be subject to the
strongest shaking. These deposits probably also are most subject to com-
paction, liquefaction, sliding, and water-sediment ejection. Earthquake
effects expectably would be considerably fewer and less severe for the
paxrt of Ketchikan upslope from the harbor area because bedrock is at or
near the surface in large parts of the area. No sensitive clays have been
identified but, if present, they probably are confined to the till and
other diamicton deposits in the northeastern part of the mapped area.
Tsunami waves are not expected to have a local generation source. Those
arriving from a distant source, although potentially highly destructive,
probably would be greatly attenuated before arriving at Ketchikan. Seiche
waves may develop on lakes near the mapped area and possibly cause failure
of earth-fill dams. Destructive waves generated by earthquake-induced
local submarine sliding appear to be unlikely in the Ketchikan area.

Geologic hazards in the area that are not caused by earthquakes are
believed to be relatively minor. They include: (1) landsliding and sub-
aqueous sliding, and (2) flooding. Only minor landsliding has occurred in
the mapped area, but the potential for sliding may increase as the city
expands and heavily timbered areas are cleared, with attendant accelerated
erosion and mass wasting. The greatest potential for subaqueous sliding
is along the shoreline, where fairly thick fan-delta deposits rest on a
sloping bedrock surface. Periodic flooding has occurred on some creeks in

.the mapped area and can be expected to occur from time to time in the

future.

In order that more accurate evaluations of geologic hazards can be made in
the future, several recommendations are made for additional studies.
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INTRODUCTION
Purpose of study

The Alaska earthquake of March 27, 1964, dramatically emphasized the need
for engineering geologic studies of urban areas in seismically active
regions. A reconnaissance study of the city of Ketchikan and adjacent
areas in southeastern Alaska (fig. 1) constitutes part of an overall
program to evaluate earthquake and other geologic hazards in most of the
larger Alaska coastal communities. ‘

Methods of study and acknowledgments

Approximately 2 weeks of fieldwork were spent in the Ketchikan area during
1965 and 1 week in 1972. Recomnnaissance studies extended northwest from

- Ketchikan as far as Ward Cove and as far southeast as Saxman (fig. 2).

The area of Ketchikan Airport on Gravina Island also was studied briefly.
The main studies, however, were directed toward the city of Ketchikan,
with emphasis on delineating and studying the surficial deposits and areas
of manmade fill. The areal extent of the geologic map (fig. 3, in pocket)
is roughly the area included within the boundaries of the city limits.
Laboratory analyses of samples of surficial deposits were made in the
Denver laboratories of the U.S. Geological Survey. Bedrock samples, col-
lected by the writer, were studied by R. A. Sheppard of the U.S. Geolog-
ical Survey. Lynn A. Yehle of the U.S. Geological Survey prepared table 1
listing felt and possibly felt earthquakes at Ketchikan; he also assisted
in the compilation of the base used for the geologic map.

The evaluations presented in this report should provide broad guidelines
useful to engineers, planners, and architects; to Federal, State, and city
officials; and to the public. However, because of the short period of
study and the reconnaissance nature of mapping, assessments of the geo-
logic hazards of the area, as they affect man and his facilities, should
not be rigorously interpreted. Evaluation of a specific site for a par-
ticular use will require more detailed geologic and engineering sStudies.
A number of technical terms used have been defined in a glossary at the
end of the report. For more complete definitions of these terms or for
definitions of other terms, the reader is referred to standard textbooks
on geology, soil mechanics, 2nd seismology, and to references cited in
this report.

A report by Lemke and Yehle (1972a), entitled ''Regional and other general
factors bearing on evaluation of earthquake and other geologic hazards to
coastal communities of southeastern Alaska,' provides regional background
information for evaluating earthquake probability in southeastern Alaska.
It also cites numerous examples of effects of past large earthquakes in
different parts of the world in relation to how coastal communities in
southeastern Alaska might be similarly affected by future earthquakes.

The reader also is referred to reports on the Haines area (Lemke and
Yehle, 1972b), the Skagway area (Yehle and Lemke, 1972), the Wrangell area
(Lemke, 1974), and the Sitka area (Yehle, 1974). These reports furnish
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information on the evaluation of earthquakes and other geologic hazards
in geologic envirorments that are somewhat different from those of the
Ketchikan area.

.

GEOGRAPHY

Ketchikan, approximately 235 miles (378 km) southeast of Juneau, is built
at the southwestern end of Revillagigedo Island along the northeastern
coastline of Tongass Narrows (fig. 2). It is the largest city in south-
eastern Alaska; in 1970 it had a population of 6,994 (U.S. Bur. Census,
1971). Because of the steep and rocky nature of the terrain extending
inland from the coast, much of the development of the city is restricted
to a narrow strip about 3.5 miles (5.6 km) long bordering the coast.
Altitudes reach 1,000 feet (305 m) within half a mile (0.8 km) of the
coast, and near-vertical cliffs characterize the terrain in places.
Ketchikan Creek, Schoenbar Creek, Carlanna Creek, and Hoadley Creek are
the main drainage courses.

The climate is predominantly marine, and is characterized by mild winters,
cool summers, and very heavy precipitation. Average annual precipitation
is approximately 152 inches (386 c¢m). Because of the large amount of
rainfall, most undeveloped areas are covered with 2 heavy growth of trees
and dense underbrush.

The economy of Ketchikan depends largely upon timber processing, fishing,
and tourism. The city is served by air and water forms of transportation.
The recently completed airport on Gravina Island, directly across Tongass
Narrows from Ketchikan, offers vastly improved air transportation. The
Alaska Marine Highway System, started in 1963, connects Ketchikan with
Wrangell, Petersburg, Sitka, Juneau, Haines, and Skagway to the northwest
and with Prince Rupert (in British Columbia) to the southwest. No roads
connect Keotchikan with the mainland. On Revillagigedo Island, roads are
limited essentially to one segment extending about 16 miles (26 km) north-
westerly from Ketchikan and a second segment extending from Ketchikan
around the southeast end of the island to as far as the Beaver Falls
Power House near Silvis Lakes (fig. 2)}.

Tongass Narrows appears to be part of the glacially scoured fiord system
that characterizes southeastern Alaska. Bathymetric contours indicate a
fairly flat floor with depths ranging from about 100 to 180 feet

(30-55 m)}. On the basis of 19 years of records (1941-1959) of the U.S.
Coast and Geodetic Survey, the diurnal tidal range at Ketchikan is

15.30 feet (4.66 m). The highest tide observed was 20.8 feet (6.4 m)
above mean lower low water; the lowest tide observed was 5.2 feet (1.6 m)
below mean lower low water,



GLACIATION AND ASSOCIATED LAND- AND SEA-LEVEL CHANGES

Although the glacial geoclogy of the Ketchikan area is poorly known,
regional studies of southeastern Alaska indicate that glaciers advanced
over the area at least once and probably several times during the Pleis-
tocene Epoch. Inasmuch as glaciers attained altitudes of between 3,000
and 4,000 feet (914 and 1,219 m) in the area (Coulter and others, 196S5),
even the higher peaks in the vicinity of Ketchikan were covered by ice
at least once. The mountains on Revillagigedo Island and adjacent islands
descend steeply to a highly indented coastline. The present topography,
characterized by elongate lakes, U-shaped valleys, and deep, glacially
scoured fiords, inlets, and passages, clearly reflects the effects of
glaciation of the area.

During deglaciation, which probably was completed by 13,000 years ago, the
land was still depressed from the effects of former glacier 1loading.
Marine waters extended into law areas formerly occupied by glaciers, and
marine sediments were laid down. As load effect of the ice slowly dimin-
ished, the land began to emerge above Sea level, and shore processes began
to modify preexisting deposits.

On the basis of fossil evidence, the land in the gemeral area of Ketchikan
is indicated to have been uplifted at least 300 feet (91 m). Fossil clam
shells were reported to have been found at an altitude of about 300 feet
(91 m)L/ at the northeastern end of Revillagigedo Island (Tobin, 1969).
Marine fossils also have been found at an altitude of about 80 feet (30 m)
neaxr the southern end of Gravina Island (Chapin, 1918) and by me at an
altitude of 85 feet (26 m) in the city of Ketchikan. Other occurrences of
fossil shells at altitudes of 60 to 100 feet (18-30 m) have been reported
in the vicinity of Saxman and Mountain Point at the southeastern end of
Revillagigedo Island (fig. 2).

Parts of southeastern Alaska are presently undergoing one of the most
rapid rates of uplift of any place in the world. The fastest rate is in
the Glacier Bay area (fig. 1), where the land is being uplifted approxi-
mately 1 1/2 inches (3.9 cm) per year (Hicks and Sho¥nos, 1965). However,
the rate of uplift decreases progressively to the southeast, and is nearly
zero at Ketchikan.

DESCRIPTIVE GEOLOGY
Bedrock (bex and bc)

Bedrock is exposed or is near the surface throughout much of the mapped
area (fig. 3). Except for manmade fill (f) along the waterfront, it is
essentially the only map unit in the business district of the city.
Exposed bedrock is shown in figure 3 as bex; thinly covered bedrock or °
areas of small scattered exposures are shown as bc. The map units are
most accurarely delineated in the developed parts of the city; they are

1/
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least accurately delineated in the heavily timbered northwestern and
southeastern parts of the mapped area.

The bedrock in the mapped area consists chiefly of metamorphic rocks. In
a few places these tocks have been intruded by igneous rocks.

The metamorphic rocks of this part of Revillagigedo Island were assigned
by Buddington and Chapin (1929) to the Wrangell Revillagigedo belt of
rocks. More recently, Berg, Jones, and Richter (1972) placed these rocks
in the Gravina-Nutzotin belt and assigned an upper Mesozoic age to thenm.
Berg (1973), in mapping the geology of Gravina Island directly across
Tongass Narrows from Ketchikan, assigned the rocks of that area to the
Gravina Island Formation of Jurassic age. The rocks of this formation
are highly deformed, commonly phyllitic, and are metamorphosed to
greenschist facies (Berg and others, 1972).

As indicated from mapping by Berg (1973) on Gravina Island, the metamor-
phic rocks in the mapped area (fig. 3) of Ketchikan probably belong to
the Gravina Island Formation. Thinly foliated schists and phyllites,
metamorphosed to greenschist facies, constitute most of the exposures in
the downtown parts of Ketchikan. The general strike of the foliation
tends to be to the northwest with moderate to steep dips to the northeast,
but local variations in attitude are common. The rocks are basically
similar in composition from exposure to exposure but range substantially
in degree of weathering and competence. The critical factor affecting
these characteristics is the degree of schistosity of a rock at any par-
ticular locality, Increased schistosity tends to produce small platy
fragments upon weathering and markedly lower competence. In the main
business district of Ketchikan, most of the exposed rocks are grayish-
green phyllites -that are tough, unweathered, and competent. Fractures
tend to be widely spaced, and near-vertical cuts generally are stable.
In some other places in the mapped area, the rocks are more schistose,
fractured, and subject to weathering, but in general fairly competent
metamorphic rock prevails throughout the area.

Igneous rocks are exposed in only a few places in the mapped area. Most
are diorites; however, a sample from an outcrop at the northeast end of
town was classified as a gabbro by R. A. Sheppard (U.S. Geol. Survey,
written commun., 1965). As indicated from mapping by Smith (1973), these
igneous rocks probably are part of the Coast Range batholithic complex
and are of Cretaceous age or younger. They tend to be hard and resistant
to weathering.

" All the quarries shown in figure 3 are in metamorphic rocks, but igneous

rock can be obtained from quarries outside the mapped area. The quarried
rock is used for general purpose fill and also as riprap (armor rock)
along the shoreline.

The rock for general purpose fill, used in the construction of roads,
parking areas, and fill areas along the waterfront, generally does not
need to be as competent as that used for riprap. Therefore, rock that is
fairly schistose and weathered and that tends to break into small frag-
ments can be used. In larger fills, however, emplacement of continuous

9



layers of highly schistose or weathered rock should be avoided because
of the potential for slide failure. Also, the end dumping from trucks
of poor-quality rock should be particularly avoided in thicker fills
(Dames and Moore, 1970a).

The better quality metamorphic rock of the area is suitable for riprap,
although larger and more durable blocks generally can be obtained from
the igneous rocks. In a study of the design of the fill areas of the
Ketchikan Airport on Gravina Island, metamorphic rock was found on the
site that would break into blocks as large as 5 feet (1.5 m) in diam-
eter. This was larger than was needed, inasmuch as it was concluded
that, for an approximate design wave 7 feet (2 m) high, blocks of rock
2 feet (0.6 m) on a side, weighing no less than 1,200 pounds (545 kg)
and 2 units thick, would provide ample protection against wave attack
(Dames and Moore, 19702). In the mapped area, breakwaters for Thomas
Basin and Bar Harbor have been constructed of blocks of metamorphic
rock commonly 3 to 4 feet (0.9-1.2 m) long and 1 foot (0.3 m) thick.
Similar size or smaller blocks of Tock have been used as riprap along
the shoreline edges of some larger fills.

Surficial deposits (shown on map)

The surficial deposits have been divided on the map into the following
units on the basis of their time of deposition, mode of origin, and
grain size: (1) undifferentiated drift (Qd), (2) elevated marine
deposits (Qm), (3) stream alluvium (Qa), (4) fan-delta deposits (Qf),
and (5) modern beach deposits (Qb). Manmade fill (f) also is mapped

as a separate unit. Muskeg, colluvium, and offshore deposits are not
included as map units but are discussed in the report under the heading
"Surficial deposits (not shown on map)."

Undifferentiated drift (Qd)

The deposits consist mostly of till or other diamictons. However,
because exposures are few, and, therefore, little is known about the
area, the mapped unit may include some "Elevated marine deposits (Qm),"
or thinly concealed bedrock (bc). As mapped, the units are confined
mostly to undeveloped areas, shown in the northwest part of figure 3.

The deposits generally consist of unstratified mixtures of clay, silt,
sand, and gravel-size materials. Cobbles and boulders are sparingly
present in places.

Unoxidized material commonly is bluish gray, fairly compact and imper-
meable, and of high strength. The upper 3 to 5 feet (0.9-1.5 m)
generally is oxidized to a tan or brown color and is somewhat less
compact. Analysis of a sample taken at the Ketchikan Airport on
Gravina Island, which probably is fairly typical of the deposits in
the mapped area, showed the grain sizes to be 36 percent sand, 35 per-
cent silt, 19 percent clay, and 10 percent gravel (Dames and Moore,
1970b). The shrinkage limit of the material was 15, the liquid limit
was 19, the plastic limit was 15, and the plasticity index was 4. In
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the Unified Soil Clasgsification System, the material would be classified
CL-ML. Moisture content of the material at the site generally was in
excess of optimum moisture for compaction.

The deposits in the mapped area probably are less than 25 feet (7.6 m)
thick in most places. In all places observed, they are directly underlain
by bedrock.

Marine shells were not found in the deposits. Their absence suggests, but
does not prove, that the deposits are till laid down under subaerial con-
ditions rather than being deposited in a marine environment and subse~
quently elevated.

Because the deposits are fairly dense and are of high strength, they prob-
ably are suitable as foundations for most building purposes. They also
can be used as competent fill material, although they may have to be dried
somewhat before maximum compaction can be achieved.

Elevated marine deposits (Qm)

The map unit is interpreted to be a near-shore marine deposit that subse-
quently -has been elevated. The deposits are shown on the map as extending
up to an altitude of approximately 225 feet (69 m). Higher deposits may

be present but have not been identified because of the general absence of

-exposures.

In the western half of the map area, the deposits consist chiefly of sand
and fine gravel; in a few places, silt is the dominant size. The sand and
gravel generally are clean and fairly well sorted. Most exposures are
oxidized to a reddish-brown color. The deposits in this area generally
occur as a thin veneer less than 5 feet (1.5 m) thick overlying 'Undiffer-
entiated drift (Qd)," or ''Bedrock (bc)." Exposures are few and, because
of spotty distribution and general thinness, the deposits may not be
present everywhere as shown on the map. '

Little is known of the distribution or the nature of the deposits in the
southeastern part of the mapped area. Most of this area is heavily tim-
bered or covered with muskeg deposits (unmapped). Therefore, knowledge of
the deposits in this area is based upon those exposures near Deermont
Street and upon a few exposures outside the mapped area to the southeast.
However, it seems likely that elevated marine deposits, similar to those
in the northwestern part of the mapped area, mantle the rather conspicuous
southeast-trending topographic bench between altitudes of 80 and 100 feet
(24 and 33 m) north of Stedman Street. The deposits are inferred to be
thin, patchy in distribution, and to be underlain in most places by
“"‘Undifferentiated drift (Qd)." Bedrock probably directly underlies the
deposits along their margins.

The three exposures of deposits near Deermont Street probably typify those
inferred to be present in other places in the southeastern part of the map
area. One exposure is in a roadcut along Deermont Street, approximately
600 feet (183 m) north of Stedman Street and at an altitude of 85 feet
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(26 m). Ten feet of tannish-brown, fine-grained sand overlying bedrock is
exposed. The sand is well sorted, faintly crossbedded, and compact. Near
the top of the exposure are fairly numerous casts of marine shells. Pelec-
ypoda Hiatella arctica (Linne) and barnacles were identified from these
casts by F. S. MacNeil of the U.S. Geological Survey. The deposits at this
locality indicate a mear-shore environment. The second exposure is about
150 feet (46 m) east of Deermont Street along the road leading up the hill
to the sanitary landfill and is at an altitude of about 80 feet (24 m).
Here, 3 feet (0.9 m) of thinly bedded grayish sand overlies bedrock. No
shells were found in the deposits but near-vertical, orange, pipe-shaped
concretionary bodies, 2 to 4 inches (5-10 cm) long and approximately

1/2 inch (1.3 cm) in diameter, may represent former marine organisms. The
third exposure, farther up the hill along the road to the sanitary landfill
and at an altitude of about 200 feet (61 m), shows about 10 feet (3 m) of
stratified coarse sand and fine gravel overlying bedrock. Although no
shells were found in this exposure, the sand and gravel probably represent
deposits similar to those in the first-described exposure and indicate that
other unexposed elevated marine deposits may be present at least to this
altitude in the heavily wooded areas to the south and southeast.

The deposits probably are too thin in most places to be used as a source of
sand and gravel. Outside the mapped area, deposits 25 to 40 feet (7.6-
12.2 m) thick offer sources of sand and gravel for base course for roads
and for other purposes. Permeability of deposits generally is high and
surface and subsurface drainage is good. Slope stability probably is mod-
erate to fairly high, depending upon grain size. Erosion of finer material
on steeper slopes can be expected.

Stream alluvium (Qa)

The deposits, as mapped, consist chiefly of sand, gravel, cobbles, and
boulders deposited by Ketchikan Creek and Schoenbar Creek. Boulders, 1 to
4 feet (0.3-1.2 m) in diameter, are locally abundant along the streambed of
Ketchikan Creek. Some stream alluvium also is present along Carlanna Creek
and other creeks but has not been mapped because of spotty distribution and
thinness.

Mapped deposits probably do not exceed 15 feet (4.6 m) in thickness and
everywhere appear to rest directly on bedrock. The deposits generally are
poorly sorted but are fairly permeable. The water table is fairly high,
particularly near the creekbeds. There are no pits in the mapped deposits
and none are likely in the future because of prior land use and the gener-
ally poor quality of the deposits for most purposes.

Fan-delta deposits (Qf)

The mapped deposits have been laid down at the.mouths of Ketchikan, Car-
lanna, and Hoadley Creeks and some other smaller watercourses. Their outer
edges, which extend out into Tongass Narrows, have been reworked by wave
action and are gradational in composition with modern beach deposits (Qb).
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The deposits consist mostly of poorly sorted sand, gravel, and boulders.
The size fractions generally are coarsest near the apex of the fans and
become increasingly finer grained seaward. In most places the deposits
are less than 1S5 feet (4.5 m) thick but are considerably thicker at the
mouths of the larger streams. The thickness of the deposits near the
intersection of Mill Street and Front Street at the mouth of Ketchikan
Creek, for example, ranges from 20 to 50 feet (6-15 m) (State of Alaska
Dept. Highways, 1966a.1 The deposits are loose and permeability is high.
Their outer edges are completely saturated most of the time and the water
table is high in the remainder of the deposits. They appear to lie gener-
ally on a seaward-sloping bedrock surface and in most places are overlain
by fill of varying thicknesses. A limited amount of sand and gravel has
been excavated for commercial use from the deposits at the mouth of Car-
lanna Creek. However, most parts of the deposits are no longer accessible
for further exploitation because they are covered by buildings or fill.

Modern beach deposits (Qb)

The modern beach deposits are intertidal deposits laid down along the
shoreline of Tongass Narrows. In many places they have been covered by
manmade fill (f) and, as mentioned previously, are gradational with
fan-delta deposits (Qf).

The deposits consist chiefly of loose sand and gravel; cobbles are present
locally. They generally are less than 10 feet (3 m) thick but locally may
be considerably thicker. Inasmuch as the deposits are intertidal, they
are completely saturated part of every day. The mapped portions probably
everywhere lie on a seaward-sloping bedrock surface. Farther offshore
they may be underlain by till in places. :

The deposits are not used as a source of sand and gravel because of their
general thinness and because they are covered in most places by buildings
or manmade fill. Piles for larger wharves and other structures generally
are driven through the deposits to bedrock for greater stability.

Manmade fill (f)

Two basically different types of fill are included in this map unit:

(1) thick fills emplaced along the waterfront to elevate low-lying land
above high tide, and (2) thin fills placed some distance inland from the
waterfront and used as pads for buildings and adjacent parking areas.
Many small areas of fill, such as used in street and road construction,

- have not been differentiated on the map. Also, some larger fills may have

been placed along the waterfront and elsewhere since mapping was completed.

l-/'l'he fan-delta deposits almost everywhere underlie the manmade fill
at this locality, although exposed in only one small area.
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The fills along the waterfront, whose outer edges extend into Tongass
Narrows, consist of a variety of materials. Intermixed silt, sand, gravel,
and crushed rock are probably the most common materials, but some fills
contain tree limbs, sawdust, muskeg, concrete slabs, junked cars, and
other trash. Riprap consisting of broken rock, commonly 3 to 4 feet
(1-1.2 m) long and 1 foot (0.3 m) thick, has been placed along the seaward
side of some of the fills and also constitutes the breakwater for Thomas
Basin and Bar Harbor. Some fills are loose, whereas others are moderately
dense. Probably only a few have been compacted to maximum density during
emplacement. Most of the fills along the waterfront are S to 15 feet
(1.5-4.6 m) thick but some are considerably thicker. They have been
placed on seaward-sloping surfaces of fan-delta deposits, beach deposits,
and bedrock.

Probably the thickest fill along the waterfront is in the area of Mill
Street and the Ketchikan Spruce Mills. Here, drilling by the State of
Alaska Department of Highways (1966a) in connection with construction of a
new highway alinement disclosed that the fill is 15 to 20 feet (4.6-6.1 m)
thick and lies on 15 to 50 feet (4.6-15.2 m) of fan-delta deposits, which
in turn rest on bedrock. However, one drill hole near the alley northeast
of the intersection of Front Street and Mill Street penetrated 68 feet
(20.7 m) of £il)l and 7 feet (2 m) of bedrock. The £ill in this area is
mainly fine sandy gravel but also contains wood, glass, and boulders as
much as 4 feet (1.2 m) in diameter. The material generally is loose to
medium dense and represents at least in part hydraulic fill material
derived from dredging operations in Thomas Basin. The surface of the site
occupied by the Ketchikan Spruce Mill originally was sbout 8 feet (1.4 m)
lower than the present fill surface. The first fill consisted of a layer
of sandy gravel, wood, and sawdust; later this was covered by a layer of
sandy gravel and silt. Earlier fill in this area apparently was not. com-
pacted during placement. However, during construction of the new highway
along Mill Street and Front Street, fine-grained material first was washed
into the void spaces between the abundant boulders present and then the
fill was raised to street level in 1lifts not exceeding 8 inches (20 cm),
brought to near~optimum moisture content, and compacted to at least

95 percent of maximum dry density (State of Alaska Dept. Highways, 1966b).

Fills placed inland from the waterfront and used as pads for buildings or
for surrounding parking areas consist either of selected material (sand
and gravel or crushed rock) hauled into the area or of material obtained
on or near the site. Thicknesses generally are less than 10 feet (3 m).
Permeability varies widely, depending upon the composition of the fill.

Surficial deposits (not shown on map)
Muskeg, colluvium, and offshore deposits are described herein but are not

differentiated on the map because they are not exposed, are too poorly
exposed, or are too small in areal extent to be mapped separately.

14

EEE HNN N W By SN O EEw AER R aEm e e



L

Muskeg

As indicated from the vegetation pattern on aerial photographs, probably
the largest and thickest deposits of muskeg are present along the 80- to
100-foot (24- to 30-m) -high bench in the southeastern part of the mapped
area. Larger trees are sparse in this area as compared with adjacent
areas, and the surface drainage is poor--characteristics which in the
Wrangell area, Alaska (Lemke, 1974), and elsewhere suggest substantial
thicknesses of muskeg. However, future delineation of the deposits must
await better exposures than are now indicated. The deposits in this area
are interpreted to be underlain by elevated marine deposits (Qm)}.

Muskeg deposits, as much as 3.5 feet (1.1 m) thick and generally overlying
undifferentiated drift (Qd) or elevated marine deposits (Qm), are exposed
in a few places in the northwestern part of the mapped area. The muskeg
consists chiefly of fragmented remains of decayed vegetable matter also

~ known as peat. Its appearance is nearly identical to much thicker depos-

its described in the Wrangell area (Lemke, 1974). If similar, it probably
has an exceptionally high moisture content, high shrinkage upon drying, a
high void ratio, and an exceptionally high compressibility. Muskeg depos-
its encountered in road construction in the Ketchikan area generally are
wasted unless they are very thick (State of Alaska Dept. Highways, 1963).
In the construction of the Ketchikan Airport on Gravina Island it was
determined that muskeg would compress under the contemplated fill loads.

‘Most of the settlement would occur soon after emplacement of the fill, but

secondary compression would continue for several years. For example, a
layer of muskeg 5 feet (1.5 m) thick and a fill thickness of 20 feet
(6.1 m) probably would settrle initially 1.5 to 2.0 feet (0.5-0.6 m) and,
over a long term, 3 to 6 inches (7.6-15.2 cm) of settlement could be
expected (Dames and Moore, 1970b).

Colluvium

Colluvium is the gemeral term given to surficial material, including
rubble, that has moved downslope, principally under the influence of
gravity. Colluvial deposits, generally less than 2 feet (0.6 m) thick,
are sparingly present in the business district of Ketchikan, where they
consist chiefly of fragments of decomposing bedrock. In the northwestern
part of the mapped area, the colluvial deposits are locally 5 to 8 feet
(1.5-2.4 m) thick and, in addition to decomposing bedrock fragments, con-
sist of undifferentiated drift (Qd) and elevated marine deposits (Qm).
Farther up the slopes, where bedrock is near the surface, the colluvial
deposits consist chiefly of large blocks of detached bedrock.

Offshore deposits

Knowledge of offshore deposits within the area of figure 3 is limited to
some seismic traverses and bottom sampling by the U.S. Geological Survey,
to some information obtained offshore in the immediate vicinity of the
Ketchikan Airport, and to data related to construction along the water-
front at Ketchikan. As used here, offshore deposits are those below mean
lower low water.
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Some information is provided on the thicknesses and size fractions of
sediments in Tongass Narrows as & result of seismic traverse data and
bottom sampling done by the U.S. Geological Survey in 1967. Limited
preliminary interpretations of the records made by S. C. Wolf (written
commun., 1973) indicate that the principal sediment accumulation is in
depressions on an irregular bedrock surface. Bedrock is at or near the
surface in many places. Some steep-sided bare bedrock projections, such
as Idaho Rock and California Rock offshore from Saxman, project to within
2 fathoms (3.7 m) of the surface and constitute navigational hazards.
Bottom sampling (S. C. Wolf, unpub. data, 1867) showed that the sediments
were largely of sand and silt size with abundant shell material, Rock
fragments predominated in some samples. The greatest range in grain size
and composition was from a sample taken offshore from Thomas Basin. This
sample contained much wood and other organic debris and probably repre-
sents deposition from Ketchikan Creek, particularly during flood stage.

Offshore studies were made in Tongass Narrows by Dames and Moore (1970a, b)
in connection with construction of the Ketchikan Airport. Although these
studies were made outside the mapped area and were of limited extent, some
extrapolation of information into the mapped area seems justified. Three
sediment units were delineated in the studies by Dames and Moore:

(1) sand and angular gravel believed to overlie bedrock and to be contin-
vous throughout the study area; (2) deltaic deposits, consisting of sand
and gravel and occurring in lobes near the mouths of two creeks; and (3) &
deposit of silt, sand, and wood occurring in 2 narrow hand a short distance
offshore and probably representing clearing and stripping operations on the
site. Unit 1, the dominant offshore deposit, is dense and contains shells
in addition to the sand and angular gravel derived chiefly from bedrock.
The angular gravel is described as consisting of platy fragments of schist
that lie essentially flat on the sea floor and form a bottom ''pavement” to
at least 70 feet (21 m) below mean lower low water. Thickness of the unit
is variable, ranging from about 5 feet (1.5 m) near shore to about 20 feet
(6 m) about B0O feet (244 m) offshore. A similar pavement may character-
ize the floor of Tongass Narrows in places offshore from Ketchikan, as
indicated from some bottom samples previously described. Unit 2, which in
addition to sand and gravel consists of some silt and organic debris, is
described as not as dense as Unit 1 but nevertheless is of rather high
strength and of low to moderate compressibility. It is about 5 to 10 feet
(1.5-3 m) thick and everywhere is underlainr by Unit 1. In the buried chan-
nels at the mouths of two creeks, Unit 2 and Unit 1 also are underlain in
the more offshore part of the channels by dense till of high strength which
is essentially incompressible. The combined thickness of the three kinds
of material was shown in one drill hole to be as much as 37.5 feet (11.4 m).
Similar buried channels containing substantial thicknesses of sediments and
till may be present in the mapped area offshore from larger streams such

as Ketchikan Creek and Carlanna Creek. Unit 3 apparently results from
construction and has no significance in the mapped axea.

A limited amount of information was obtained regarding offshore deposits
along the Ketchikan waterfront in connection with construction of a new
segment of highway along Mill and Front Streets. As discussed previously,
drill-hole data indicate that 20 to 50 feet (6-15 m) of loose sand and
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gravel rests on a fairly steeply sloping bedrock surface. Because of the
indicated instability of the deposits on this surface, it was recommended
that all piles or caissons used to support the highway penetrate at least
3 feet (1 m) of bedrock to prevent lateral translation of load (State of
Alaska Dept. Highways, 1966a).

STRUCTURE
Summary of regional structure

Southeastern Alaska lies within the active tectonic belt that rims the
northern Pacific Basin. It has been tectonically active since at least
late Paleozoic time, and the bedrock outcrop pattern is the result of late
Mesozoic and Tertiary deformational, metamorphic, and intrusive events
(Brew and others, 1966). Large~scale faulting, mostly with strong right-
lateral strike-slip movement, has been common,

The trends of many linear fiords of southeastern Alaska are believed to be
controlled by major faults or fault zones (Twenhofel and Sainsbury, 1958)};
other fiords, such as the northeast-trending ones across Baranof Island

(fig. 1), are believed to be controlled by joints (Brew and others, 1963).

" The flords are formed along faults or joints chiefly as a result of outlet

glaciers scouring and deepening preglacial river valleys whose courses
followed, at least in part, the more easily erodible fault or joint planes.
Many other linear features such as straight valleys, coastlines, and
troughlike depressions reflect faults, shear planes, and joints. The more
conspicuous of these lineaments, most of which are believed to be fault
traces, are shown in figure 5.

Two of the most prominent fault systems in southeastern Alaska and surround-
ing regions are (1) the Denali fault system, and (2) the Fairweather-Queen
Charlotte Islands fault system. Also, of major tectonic importance are the
Totschunda fault system and the Chugach-St. Elias fault, which join the
northeastern end of the Fairweather fault. These major fault systems, as
well as inferred connections between individual fault segments, are shown
in figures 4 and 5. Two other prominent lineaments in southeastern Alaska,
which are near Ketchikan and which may be faults, are the Clarence Strait
lineament and the Coast Range lineament. Recency of faulting in relation
to earthquake risk is discussed under the heading "EARTHQUAKE PROBABILITY."

Denali fault system and associated faults

The Denali fault system (fig. 4) is a great arcuate series of related
faults and branches, more than 1,000 miles (1,600 km} long, subparallel to
the Gulf of Alaska (St. Amand, 1957; Twenhofel and Sainsbury, 1958; Grantz,
1966; Berg and others, 1972). The Totschunda fault system 15 indicated to
be a part of the Denali fault system (Berg and Plafker, 1973). These fault
systems, although of great regionazl importance, probably are too far away
from the Ketchikan area to be of great seismic importance to that area and
are not discussed further here.l/

l;Por additional detail regarding these tectonic elements, the reader
is referred to & regional report by Lemke and Yehle (1972a) and a report
on the Wrangell area by Lemke (1974).
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Figure 4.--Map of Alaska showing major elements of the Denali and
Fairweather-Queen Charlotte Islands fault systems. Modified from
Grantz (1966), Tobin and Sykes (1968), Plafker (1969, 1971), °
Richter and Matson (1971), Berg, Jomes, and Richter (1972), Berg
and Plafker (1973), and Page and Gawthrop (1973).
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Fieure 5,--Map of southeastern Alaskia and adjacent Cuanada showing major faults
and sclected other lincament:: interpreted to be probable or possible faulte,
shear zones, or joints, Tluken from St. Amand (1937), Ywenhotel and Satnsbury
(19S8), Gabrielse und Wheeler {(196i), Brew, Loney, and Muffler (1906), Tobin
and Sykes (19o8), Canada Geological Survey (1969a, b)Y, King (1969), Plafker
(Leey, 1971), souther {(to97n), Richter and Matson (1971}, and Berg, Jones, and
Richter (I972), with addition: and modifications by the writer.
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Fairweather-Queen Charlotte Islands fault system

The Fairweather fault and the Queen Charlotte Islands fault probably are
part of the same tectonic element but are generally described separately
(St. Amand, 1957; Grantz, 1966; Tobin and Sykes, 1968; Page, 1969; George
Plafker, written commun., 1971; Richter and Matson, 1971; Page and Gawthrop,
1973). The onland part of the Fairweather fault is a segment about

125 miles (200 km) long that extends southeastward from Yakutat Bay to Icy
Point (figs. 4, S); here, the fault lies largely in a linear valley partly
filled by glaciers and separates crystalline rocks of the Fairweather Range
from partly younger and less altered rocks of the coastal region (Miller,
1960). As mapped by Plafker (1969, 1971}, the northwestern end of the
Fairweather fault joins the eastern end of the Chugach-8t. Elias thrust
fault (figs. 4, 5). The offshore southeastern extension of the fault fol-
lows the continental slope off southeastern Alaska and, for purposes of
discussion here, joins the Queen Charlotte Islands fault at latitude S5°30°
N. The Queen Charlotte Islands fault is inferred to continue southeastward
along the southwest side of the Queen Charlotte Islands on the basis of the
configuration of offshore topography and the presence of a belt of high
seismicity (Menard and Dietz, 1951; St. Amand, 1957; Wilson, 1965; Brown,
1968; Chase and Tiffin, 1972). Because of its closer location, the Queen
Charlotte Islands fault is of greater tectonic importance to the Ketchikan
area than is the Fairweather fault.

Clarence Strait lineament

This prominent lineament (fig. 5), which probably reflects faulting along
part or all of its length, is at least 218 miles (350 km) long (Grantz,
1966) and may be more than 250 miles (400 km) long (Twenhofel and Sainsbury,
1958). It extends northwesterly from the mouth of Clarence Strait in Dixon
Entrance to at least Kupreanof Island (fig. 1). If the Clarence Strait
lineament is a fault, the northeast side is indicated to have been uplifted
(probably during late Early Cretaceous and Late Cretaceous time) at its
southeast end, with displacement decreasing to the northwest (Grantz, 1966).
Evidence for lateral slip, according to Grantz, is lacking.

Coast Range lineament

This lineament (fig. 5), according to Twenhofel and Sainsbury (1958), is
370 miles (595 km) long and extends from the southern border of southeast-
ern Alaska to Lynn Canal (fig. 1). At least part of the lineament repre-
sents faulting, but precise data on amount and type of movement on the
structure are lacking. Buddington and Chapin (1929, p. 251), in describing
a part of the lineament southeast of Juneau, noted that 'a highly mashed
overthrust fault zone is indicated by the cataclastic texture of the rocks
in a belt on the mainland adjacent to Stephens Passage."

20

|
)
\

R P T R P T o T T W R T T B N —"

g



et Mowd  Bemedd Miund B honf bt bt bund  bume  heesl  hems e mee

LU
®

Local structure

Although recent detailed mapping of the structure has been done on the
adjacent islands of Annette (Berg, 1972) and Gravina (Berg, 1973),
detailed information on the structure of Revillagigedo Island is not
availagble. Some information, however, is available from recent regional
studies (Berg and others, 1972} and some extrapolations can be made from
detailed studies made nearby.

Berg, Jones, and Richter (1972) showed that the Ketchikan area lies within
the Gravina-Nutzotin belt. This is a narrow belt of middle(?) Jurassic to
middle Cretaceous sedimentary and volcanic rocks that extends almost con-
tinuously in a northwesterly direction from southeastern Alaska to the
Alaska Range in eastern Alaska. In southeastern Alaska, rocks of late
Paleozoic and early Mesozoic age are believed to structurally overlie the
younger Gravina-Nutzotin rocks. Major imbricate thrust faulting is
assumed to have produced the inverted sequence, and it is felt that the
belt is a part of the deformed upper Mesozoic arc. On Annette and Gravina
Islands, thrust faults of this zone displace bedded rocks as young as late
Mesozoic and are offset by high~angle faults, probably mainly of middle
Tertiary age (Berg, 1972).

At least two lineaments in the area indicate major faulting. One, which
has been mapped by Berg (1973) as an alluvium-covered inferred fault on
Gravina Island, extends northwestward from Bostwick Inlet to Vallenar Bay
(fig. 2)- The other extends northwestward from the northern end of
Annette Island up Tongass Narrows on the southwest side of Pennock Island.
Along this lineament, Berg (1972) showed a fault extending northwestward
across the northern tip of Amnette Island and into Annette Bay. However,
in his mapping of Gravina Island (Berg, 1973), he did not show this fault
as continuing northwestward up Tongass Narrows. Perhaps when detailed
mapping is extended onto Revillagigedo Island additional information may
become available as to whether or not an inferred continuation appears
warranted.

Many smaller faults have been mapped by Berg (1973) on Gravina Island
across from Ketchikan, and doubtless many are present within the Ketchikan
area itself. I noted several high-angle faults in the course of my recon-
naissance studies but lack of time and poor exposures in large parts of
the area precluded a systematic examination.

EARTHQUAKE PROBABILITY

Assessment of the earthquake probability of an area is dependent upon the
determination of two factors: (1) the seismicity or historical record of
earthquakes in and adjacent to the area, and (2) the degree of tectonic
activity in the area and surrounding region.
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Seismicity -

Southeastern Alaska lies in one of the two most seismically active
zones in Alaska, a State where 6 percent of the world's shallow earth-
quakes have been recorded (St. Amand, 1957; Wood, 1966). Between 1899
and 1970, five earthquakes having magnitudes of 8 or greater have
occurred in or near southeastern Alaska or in adjacent offshore areas,
three have occurred having magnitudes of between 7 and 8, at least
eight with magnitudes of between 6 and 7, 15 with magnitudes of between
5 and 6, and about 140 have been recorded with magnitudes of less than
5 or of unassigned magnitudes (fig. 6). All of the earthquakes with
magnitudes greater than 8, and a large proportion of the others, appear
to be related to the Fairweather-Queen Charlotte Islands fanlt system
or to the connecting Chugach-St. Elias fault to the northwest.

There are no recorded epicenters of earthquakes in the Ketchikan mapped
area. Within approximately a 50-mile (80-km) radius of Ketchikan,
epicenters of three earthquakes with magnitudes of 5 or less have been
recorded (fig. 6).l/ Within a radius of 100 miles (160 km), 10 epicen-
ters have been recorded. Two of these had magnitudes between 6 and 7,
and eight had magnitudes of 5 or less. The epicenter of the closest
earthquake of magnitude 8 or greater is about 140 miles (224 km) south-
west of Ketchikan and offshore from the Queen Charlotte Islands (desig-
nated L on fig. 6). It occurred August 22, 1949, and had a magnitude
of 8.1.

Although no instrumentally recorded earthquakes had epicenters in the
Ketchikan mapped area, at least 32 earthquakes that had epicenters else-
where were felt or possibly felt in Ketchikan (table 1). Probably many
more earthquakes have been felt in the Ketchikan area, but they have not
been reported or the publication source is obscure,.

Of the earthquakes felt at Xetchikan, the one of July 30, 1972, in the
vicinity of Sitka (about 180 miles {282 km) from Ketchikan, designated
Q on fig. 6, magnitude 7.1-7.6) was the most recent and one of those
most strongly felt. It was assigned an intensity of V (Modified
Mercalli scale)} at Ketchikan (Lander, 1973). Another earthquake that
was felt fairly strongly at Ketchikan occurred November 17, 1956, about
100 miles (160 km) to the southwest (designated 0 on fig. 6) and had a
magnitude of 6.5. It was assigned an intensity of IV at Ketchikan
(Wood, 1966). The large Queen Charlotte Islands earthquake (magnitude
8.1) of August 22, 1949, 140 miles (224 km) to the southwest (designated
L on fig. 6) is inferred to have been felt at Ketchikan, but there are
no reports to substantiate this inference. However, at Ward Lake,

l/Because of the difficulty of accurately determining the location
of epicenters (particularly of early historic earthquakes), assigned
locations probably are at least 10-15 miles (l6-24 km) in error and in
some instances may be mislocated by as much as 70 miles (112 km).
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Dates and magnitudes of some earthquakes of magpitude 26

Designation Date

on map (universal time) Magnitude
A September 4, 1899 8.2-8.3
B September 10, 1899 7.8
C September 10, 1899 8.5-8.6
D October 9, 1900 8.3
E May 15, 1908 7

F July 7, 1920 6
G April 10, 1921 6.5
H October 24, 1927 7.1
1 February 3, 1944 6 1/2
J August 3, 1945 6 1/4
K February 28, 1948 6 1/2
O L August 22, 1949 8.1
M October 31, 1949 6 1/4
N March 9, 1952 6
0 November 17, 1956 6 1/2
July 10, 1958 -8.0
-7.6

July 1, 1973
July 3, 1973

oo v

7
July 30, 1972 7.
6
6

Figure 6.--Map showing locations of epicenters and
approximate magnitudes of earthquakes in southeastern
Alaska and adjacent areas, 1899-1972 and July 1, 1973.
.Data from Canada Dept. Energy, Mines and Resources,
Seismological Service (1953, 1955, 1956, 1961-1963,
1966, 1969-1973); Davis and Echols (1962); Internat.
Seismological Centre (1967-1972); Milne (1963); Tobin
and Sykes (1968); U.S. Coast and Geodetic Survey
(1930-1970, 1964-197C, 1969); Wood (1966); U.S. Natl.
Oceanic and Atmospheric Adm. (1971, 1972, 1973a, b);
Lander (1973); and Page and Gawthrop (1973; written
commun., 1973).
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S miles (8 km) to the northwest, it was reported (¥.S. Weather Bur.,
1918-1958) that 2-foot (0.6-m) -high seiche waves were generated. Water
was reported to have first rushed to the west and then upon rushing back
"the bottom of the lake began to boil, like gas or air escaping from the
lake bed"; in addition, a tsunami wave 0.3 foot (0.1 m) high was gener- -
ated in Tongass Narrows at Ketchikan (Cox and Paraxras-Cayayannis, 1969).°
The earthquake of September S, 1965, about 50 miles (80 km) southeast of
Ketchikan, had a magnitude of only 4.5 but was moderately to strongly
felt at Ketchikan. R. C. Wright, QM2 of the U.S. Coast Guard (oral com-
mun., 1965), stationed at the southeast end of Ketchikan, stated that
windows vibrated so hard that they nearly broke and that the desk he was
sitting at noticeably bounced. He further stated that a noise like a
moving truck immediately preceded the shaking. Both the large Lituya
Bay earthquake of July 10, 1958, and the large earthquake of March 27,
1964, probably were felt at Ketchikan but there are no reports at either
time of strong shaking. However, tidal records show that a tsunami wave
2 feet (0.6 m) high was generated at Ketchikan during the 1964 earthquake
(Cox and Pararas-Cayayannis, 1969).

Microearthquakes, which commonly, but probably not always, reflect small
movements along faults at depth, are not shown in figure 6 owing to their
small size and general lack of detection. Special microearthquake stud-
ies have been made in recent years in southeastern Alaska and adjacent
parts of Canada (Boucher and Fitch, 1969; Rogers, 1969, 1972a, b, 1973;
Johnson, 1972; Johnson and others, 1972). Swarms of microearthquakes
were recorded during these studies at a number of places but none were
detected in the vicinity of Ketchikan.

Relation of earthquakes to known or inferred
faults and recency of fault movement ’

All of the large and many of the moderate and smaller size earthquakes

in southeastern Alaska and adjacent areas appear to be related to the

Fairweather-Queen Charlotte Islands fault system amd the connecting

Chugach-St. Eljas fault or to their branches (figs. 4, 5). Thus, most

have epicenters close to the outer coast.

The onland segment of the Fairweather fault, as well as probably its
western extension, the Chugach-St. Elias fault (fig. S), has been very
active tectonically during Quaternary time (Grantz, 1966; Page, 1969;
George Plafker, written commun., 1971). The epicenter of the great
Yakutat earthquake of September 10, 1899 (magnitude 8.6), was not accu-
rately located. However, it is believed to have been near the head of
Yakutat Bay, where there was movement on portions of the Fairweather
fault or on one of its western extensions (Tarr and Martin, 1912).
During the Lituya Bay earthquake of 1958 (magnitude 8.0), there was
movement along the entire onland length of the Fairweather fault.
Right-lateral slip of 21 1/2 feet (6.5 m) and associated dip slip (up
on the south) of 3 1/2 feet (1.1 m) were measured in one place (Tocher
and Miller, 1959; George Plafker, written commun., 1971). From late
Pliocene or early Pleistocene to Holocene time, the land northeast of
the fault is thought to have been uplifted more than 3 miles (5 km).
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- The fault also has undergone associated right-lateral slip of unknown

magnitude (Grantz, 1966).

That the southeastern offshore extension of the Fairweather fault is also
active is indicated by the fairly large number of earthquake epicenters

in that area (fig. 6). Although the assigned epicentral locations are not
well alined, probably most of the earthquakes are related to movement

. along this fault. Lack of alinement can be explained by inaccurately

located epicenters or by the epicenters being along more than one branch
of the fault system.

Very active faulting along the entire length of the concealed Queen Char-
lotte Islands fault (as far south as Vancouver Island) is well documented
by the large number of earthquakes that appear to be related to the fault.
These earthquakes have ranged in size from the large earthquake (magni-
tude 8.1) of August 22, 1949 (L on fig. 6), through several earthquakes of
magnitude 6 to 7, to numerous earthquakes of smaller magnitude. Here,
also, the epicenters are not well alined; nevertheless, they do fall along
a fairly definite offshore northwest-southeast belt that strongly suggests
a2 relation to an active fault zone (Gutenberg and Richter, 1954; St. Amand,
1957; Wilson, 1965; Tobin and Sykes, 1968).

" No evidence of faulting during Pleistocene or Holocene time has been found

in the Ketchikan area. If there has been any fault displacement on the
Clarence Strait lineament, it probably took place during late Early Creta-
ceous or Late Cretaceous time (Grantz, 1966). Data on the amount and time
of movement on the Coast Range lineament are largely lacking. On Annette
and Gravina Islands near Ketchikan, thrust faults associated with the
Gravina-Nutzotin belt have displaced bedded rocks as young as late Meso-
zoic and are offset by -high-angle faults, probably mainly of middle Ter-
tiary age (Berg, 1972). The high-angle faults in the Ketchikan mapped
area probably also are of middle Tertiary age and represent the youngest
faulting that has been found.

Assessment 0f earthquake probability in the Ketchikan area

Only a general assessment can be made of earthquake probability in the
Ketchikan area. A more definitive assessment must await a longer record
of seismic events and a better knowledge of the tectonic framework of the
area.

Several types of maps have been prepared to show earthquake probability
that applies to the Ketchikan area. One type, prepared by the U.S. Army
Corps of Engineers (fig. 7; Warren George, written commun., 1968, 1971),
divides Alaska into three seismic zones and relates possible damage to
earthquake magnitude for each zone., On this map, Ketchikan is shown as in
zone 3, which is the highest zone, where wagnitudes of the largest earth-
quakes are expected to exceed 6 and where major damage to manmade struc-
tures can be expected. A seismic zone map (fig. 8) in the 1970 edition of
the Uniform Building Code (Internat. Conf. Building Officials, 1970)
places Ketchikan in zone 2, where moderate damage to manmade structures is
possible, corresponding to intensity VII (Modified Mercalli scale). On a
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seismic zone map of Canada (fig. 9), all the coastal region of western
Canada and all of southeastern Alaska are shown as being in zone 3, where
destructive earthquakes may occur (Hasegawa, 1971)., According to a strain-
release map (fig. 10) of Milne (1967), Ketchikan Iies on contour 1, which
indicates that a single earthquake of magnitude S5 would be necessary to
release all the energy that accumulates in 100 years. A 100-year probabil-
ity map (fig. 11) of Milne and Davenport (1969) shows that Ketchikan is in
an area in which a peak acceleration of about 8 percent of gravity is
probable. Thus, on the basis of table 2, which shows approximate rela-
tions between acceleration, magnitude, and intensity,l/ an earthquake of
magnitude 4 and with an intensity on firm ground of IV is expectable with-
in a 100-year period in the Xetchikan area according to this probability
map.

The lack of agreement between the above-described maps as to the earth-
quake probability in the Ketchikan area is due, at least in part, to the
different parameters used in making the evaluations. The difference in
assessment of seismic risk between the U.S. Army Corps of Engineers map
(fig. 7) and the Uniform Code seismic zone map (fig. 8) probably results
because the Corps of Engineers attempts to assess the overall earthquske
probability of the area in relation to maximum expectable damage whereas
the Building Code seismic zone map is used to set up minimum building
standards to be met by industry. The Uniform Building Code seismic map
and the seismic zone map of Canada (fig. 9), although similar in some
respects, apparently differ in some of their derivative factors. The
lower seismic risk indicated by the strain-release map of Milne (1967) and
the earthquake acceleration map of Milne and Davenport (1969) apparently
is due to the fact that these maps are based solely upon the seismicity of
the area since 1898. As discussed previously, the seismic record of south-
eastern Alaska is far too short to permit an assessment of earthquake prob-
ability on this basis alone. In this respect, it should be pointed out
that the earthquake most strongly felt in the Ketchikan area did not occur
until July 30, 1972, and that the one having probably the closest epicen-
ter to Ketchikan and that was also strongly felt there did not occur until
September S, 1965 (see previous discussion).

It also should be noted that the absence of known active faulting in an
area does not always indicate that the area will be earthquake free in the
future. It has been amply demonstrated by the occurrence of a number of
large earthquakes in the past that: (1) faults that long have been inac-
tive may suddenly become reactivated, and (2) large earthquakes may occur

l/Ambraseys (1973) pointed out that there appeared to be a fairly
good relationship between acceleration and magnitude when there were just
a8 few records. However, as more data became available he found that "for
all practical purposes, there is no significant correlation between magni-
tude, distance, and acceleration in the near field. At large distances or
for small accelerations, these three variables become more interdependent."
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EXPLANATION

3

Selsmic zone

®

6round acceleration, in parcant

of grovity, with o probability
of I in 100 per year

Figura 9. --Seismic zone map of western Conada, Modified from National
Rasearch Council of Canada(1970)
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Figure 10.--Strain-release map of seismic energy 1898-1960,-

inclusive, in southeastern Alaska and part of adjacent
Canada with explanation showing interpreted frequency
of energy release. Modified from Milne (1967).
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EXPLANATION FOR FIGURE 10

Map Energy Intarpreted frequency Interpreted
contour level per 100 yrs of certain magnitude
in magnitudes (M)? necessary necessary to
strain to release all of energy release all of
‘release level energy level In
unitsl/ a single event
per 100 yrs

M5 M6 M7 M 8

0 0.1 —— em—mm meem e 3.7

1 1 1 5.0

2 5 L e 5.9

3 10 10 1.8 === —— 6.3

4 20 20 3.5 == eee- 6.7

5 50 50 8.9 1.6 =—=== 7.3
( 6 100 100 17.8 3.1 e 7.7
200 200 36 6.5 1.03 8.1

500 500 90 15 2.5 8.6

700 700 © 120 21 3.5 8.7

VEnergy level, strain-release (Benioff, 1951) unit here defined
1.5(M=5)/2

in terms of energy of a magnitude 5 earthquake (10 ) per area

(10* km?) based on earthquakes 1898-1960 inclusive, extended to a 100-
year base.

2A ome-unit increase in magnitude 18 about a 30-fold increase in
energy release and a two-unit increase is a 900-fold increase
(Steinbrugge, 1968).

#Morthern area of contour 6 has a maximum energy of 700 strain-
release units; southern area of contour 6 has 236 units, Contours 7,
8, and 9 are not shown on map; tabular data for 7, 8, and 9 have been
extended by the writers.

4
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EXPLANATION

3
6
JOREIORVY, S ‘__._10 —————a
Average—value 20 Pxtreme~value
method L] method
100

Contours showing peak earthquake
acceleration a8 a percent of
gravity (about 982 em/sec? for
southeastern Alaska at gsea leval¥)

A Skagway E Petersburg
B Raines F Vrangell

C Boonah G Ketchikan
D Sitka H Metlakatla

‘See table 2 showing relations
between aceeleration units, 'energy,
6  loo  200MILES magnitude, and intenmsity.

0 (00 200 KILOMEYRES
—_l

Pigure 1! .~~One-hundred-year probability map showing peak earthquake
accelerations for southeastern Alaske and paxrt of adjacent Canada.
Modified from Milne and Davenport (1969). Based upon earthquake
strain release from 1898-1360 (extended to a 100-year interval) as
interpreted by an extreme-value method and using data from all
instrumented earthquakea. For comparison of method, another
interpretation is offered through an average-value method (dottad
contour on map) which uses only earthquakes having an acceleration
of 10 percent gravity.
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Table 2.--Approximatc rclations between earthquake mymitude, encrgy, ground
acceleration, accelcration in relatjon to rvn\qty, *\ncﬂ.nt(:nug [
Fiol from U.S. Atonic Iniergy Conrission, 1963)
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: - I F__ T -
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1 - \ ___ vibration like passing truek __ ... ____ _ |

Felt indoors by many, outdoors by a few; at night
some awaken; dishes, windows, doors disturbed;
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These relations until 1971 are believed to have applied fairly well
in southern California, where the average focal depth of earthquakes
has been about 10 miles (16 km). (See Gutenberg and Richter, 1956;
‘Hodgson, 1966.) However, revisions of these relations may be neces-
sary because of the exceptionally high accelerations resulting from
the San Fernando, Calif., earthquake of February 9, 1971, as well as
other recent earthquakes -Also see discussion by Ambraseys (1973)
-in the text. '

l-/M magnitude scale, according to Richter (1958). 2/E energy,

in ergs. éfa, ground acceleration, in cm/s?. d/a/g, ground accel-
eration shown as a percent of the acceleration of gravity (about
981 cm/s? or about 32.2 ft/s?; adopted as a standard by the Interna-
tional Committee on Weights and Measures). §—/I, Modified Mercalli °
intensity scale (abridged from Wood and Neumann, 1931); complete

description of scale units given in Richter (1958).
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in areas where there has been a record of only mimor seismicity previously
and no obvious major tectonic structure that would result in a large earth-
quake. The catastrophic Alaska earthquake of March 27, 1964, was such an
example (U.S. Coast and Geod. Survey, 1964; Eppley, 1965; Tobin and Sykes,
1966).

In summary, there is some question as to whether Ketchikan should be
placed in seismic zone 3, where earthquakes of magmitudes greater than 6
can be expected and major damage can occur, or in zone 2, where magnitudes
of the largest expectable earthquakes would range from 4.5 to 6.0 and
where moderate damage could be expected. Certainly, the seismic risk in
the Ketchikan area appears to be considerably less than for Sitka, which
was assigned to seismic zone 3 by Yehle (1974). Therefore, on this basis
and with consideration of other factors previously discussed, a tentative
assignment to seismic zone 2 seems the more reasomable to me. However,
the possibility of an earthquake of magnitude greater than 6 occurring
sometime in the future within a 50-mile (80-km) radius of Ketchikan should
not be entirely ruled out. Moreover, it should Be emphasized that large
earthquakes of magnitude 8 or greater can be expected to occur from time
to time along the Fairweather-Queen Charlotte Islands fault system. The
ground motion from these earthquakes will be attenuated with distance but
still may be sufficiently strong at Ketchikan to cause heavy damage. This
would be particularly true for those earthquakes whose epicenters are
along the closer part of the Queen Charlotte Islamds faulr.

INFERRED EFFECTS FROM FUTURE EARTHQUAKES

Because of the reconnaissance nature of this study and the sparsity of
laboratory data on physical properties, the discussion of the inferred
geologic effects from future earthquakes in the mapped area and immediately
adjacent areas must of necessity be largely empirical and generalized.
Therefore, the assumptions that follow should not be rigorously interpreted
or applied. Rather, they are intended as broad guidelines useful in assess-
ing the kind and degree of hazard that may be present in the Ketchikan area
and leading toward minimizing those hazards as they affect man and his )
structures. As such, they are directed to structural and civil engineers,
city and regional planners, public and private utility companies, and all
other public and private groups or individuals who are responsible for the
safety and welfare of Ketchikan, now and in the future.

The inferred earthquake effects described below gemerally should be consid~
ered to be expectable maximum effects. It should be emphasized, however,
that for every major destructive earthquakel that occurs anywhere, a large

l/Major damage generally is associated with earthquakes having a magni-
tude of about 7 or greater. Exceptions of lower magnitude generally are
earthquakes having a very shallow depth of focus, in which instances there
may be catastrophic damage from earthquakes with magnitudes not much
greater than 5. Earthquakes with magnitudes between 7 and 8 commonly are
referred to as major earthquakes and those with magnitudes of 8 or larger
as great earthquakes.
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number of smaller earthquakes generally occur that have little or no
effect upon man. The inferences, by and large, are based upon effects of
destructive earthquakes on similar-appearing geologic units in other
places, particularly the effects of the Alaskan earthquake of 1964 (Lemke
and Yehle, 1972a). It should be noted, though, that the geologic units
in the mapped drea (fig. 3) may not be the same as those being compared
from other areas even though they superficially may resemble them.

Surface displacement on faults and other tectonic
land-level changes

Two kinds of land-level changes caused by faulting are possible in the
Ketchikan area: (1) sudden local uplift or subsidence produced along a
reactivated fault in the area, and (2) large-scale regional deformation
resulting from a large earthquake along a more distant major fault system.

Future land-level changes due to local faulting are unlikely to occur in
the mapped area but cannot be entirely discounted. Surface faulting gen-
erally does not occur for earthquakes having magnitudes of 6 or less,
although there have been some exceptions in California in recent years
(Tocher, 1958; Brown and others, 1967; Brune and Allen, 1967; Bonilla,
1967). As discussed previously, it seems unlikely that earthquakes hav-
ing magnitudes greater than 6 will occur in or near the mapped area.

Large-scale regional deformation resulting from a large earthquake occur-
ring along the Queen Charlotte Islands fault probably offers the most
likely possibility for land-level changes in the Ketchikan area. During
the great Alaska earthquake of 1964 (magnitude 8.5), the land was warped
along a belt nearly 600 miles (965 km) long and at least 200 miles

(320 km) wide (Plafker, 1969). The maximum measured uplift was approxi-
mately 38 feet (11.6 m), and the maximum subsidence was approximately

7 1/2 feet (2.3 m). At a distance of 100 miles (approximately the mini-
mum distance from Ketchikan to the Queen Charlotte Islands fault), the
maximum uplift was more than 30 feet (9.1 m) and the maximum subsidence
exceeded 6 feet (1.8 m). It should be emphasized, however, that there is
no evidence that large-scale regional deformation has resulted from his-
toric earthquakes with magnitudes as great as 8 along the Qheen Charlotte
Islands fault, probably because movement along the fault has been chiefly
strike slip. Therefore, it probhably is not valid to try to predict
potential land-level changes resulting from movement along the Queen Char-
lotte Islands fault on the basis of that which occurred during the Alaska
earthquake of 1964.

In the unlikely probability that displacement along a fault does occur in
the mapped area, it probably will be along the Tongass Narrows lineament,
This is the only inferred major tectonic feature, although, as has been
discussed previously, the existence of a major fault along this segment
of the lineament has not been documented.
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If there were tectonically induced land-level changes in the mapped area,
the shoreline area probably would be most affected. Here, owing to the
fairly steep slopes adjacent to the shoreline, the extent of land affected
would be small. Adverse effects of land uplift or subsidence of less than
a foot (less than 0.3 m) probably would be limited mostly to places where
there is a critical relation between height of land and sea level. Uplift
or subsidence of as muc™ as 5 feet (1.5 m), however, would produce adverse
effects throughout a I..ge part of the waterfront area. Particularly
affected would be boat harbors, docks, piers, and related buildings;
streets and bridges; sewer, water, and other pipelines; and other miscel-
laneous structures. An uplift of 5 feet (1.5 m) would result in shoaling
of Thomas Basin, Bar Harbor, and other docking areas, with attendant navi-
gational problems. Higher projecting offshore rocks also would create
additional navigational hazards. Some docks and piers would be too high
to permit normal loading and unloading operations. A subsidence of 5 feet
(1.5 m) would result in some docks and piers being too low to be operative
at high tide and of flooding of some manmade fill areas, as well as inunda-
tion of some waterfront buildings and streets. Subsidence of this amount
would result in wave erosion extending to a correspondingly greater height,

which in some instances would render present protective riprap embankments

ineffectual,
Ground shaking

The direct effects of ground shaking during an earthquake generally cause
most of the damage to manmade structures. The intensity 05 ground shaking
at any one location is governed by a number of variables.l: However, the
variable most responsible for the degree of shaking from a particular
earthquake at any epicentral distance is the type of ground (Barosh, 1969).
A surficial deposit amplifies the shaking of underlying bedrock when one
or more of the natural vibrational frequencies of the deposit coincide
with the predominant frequencies of bedrock shaking (H. W. Olsen, written
commun., 1973). Maximum amplification usually occurs when the fundamental,
or lowest, vibrational frequency of a deposit coincides with the predomi-
nant frequency of bedrock shaking. On the other hand, no amplification
occurs when all the natural vibrational frequencies of the deposit are
appreciably higher than the predominant frequencies of bedrock shaking.
This condition exists when the thickness of the unit is less than one-
fourth the length of the shear waves entering the unit from the bedrock.
The variables that govern the natural frequencies of a surficial unit, and
hence the potential for ground amplification, are (1) the thickness of the
unit, and (2) the stiffness of the unit. Stiffness, in turn, varies with
the physical properties and degree of saturation of the materials. Gener-
‘ally, the finer the grain and the looser the deposit, the lesser the stiff-
ness. Water saturation has a more pronounced effect upon fine-grained
cohesive deposits such as clays than upon noncohesive deposits such as
clean sands because of the much greater range in stiffness between wet and

Yseo Lemke and Yehle (1972a) and Lemke (1974) for more detailed
discussion of factors affecting ground shaking.
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dry clay. Instrumental records show that an area of unconsolidated
deposits -may have as much as a 10- to 15-fold greater acceleration than
an adjoining rock outcrop such as granite (Neuman and Cloud, 1955).
Gutenberg (1957), also, for cx'mple, found that the ratio of amplitudes
at sites on fairly dry alluvium more than 500 feet (152 m) thick to those
on crystalline rock was S5:1 or more for earthquake waves having periods

of 1 to 1 1/2 seconds. Moreover, amplitudes of earthquake waves on water-

saturated alluvium or other soft ground may be 10 times or more greater
than those in bedrock.

Considerably more geological and seismological data are needed to accu-
rately assess the amount of shaking of the different geologic units in

the Ketchikan area during a particular earthquake. However, it is felt
that reasonable inferences can be made on relative variations in inten-
sity between the geologic units. Toward this end, the units have been

tentatively divided into the following three categories on the basis of
their expectable comparative shaking:

Category 1. Strongest expectable shaking:

a. Manmade fill, f (part of unit).
b. Fan-delta deposits, Qf.

c. Modern beach deposits, Qb.

d. Stream alluvium, Qa.

e. Muskeg (not shown on map).

Category 2. Intermediate expectable shaking:

a, Manmade fill, f (part of unit).
b. Elevated marine deposits, Qm.
c. Undifferentiated drift, Qd.

Category 3. Least expectable shaking:
a. Bedrock, bex and bc.

Geologic units in category 1 (strongest expectable shaking)

Mammade fill, f (part of unit).--As described previously, two basically

different types of fill are included in the map unit: (1) thick fills
placed along the waterfront to elevate low-lying land above high tide,
and (2) thin fills placed some distance inland from the waterfront and
used as pads for buildings and ag;acent parking areas. The first type
of fill is placed in Category 1.~

1/w°od's study (1908) of the San Francisco earthquake of 1906 showed

that the most severe damage was on manmade fill, generally being S to
10 times greater on fill thar on hard bedrock. During the Chilean earth-
quake of 1960, damage to buildings constructed on manmade ground was
conspicuously greater than to those on any other type of ground (Barozzi
and Lemke, 1966).
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The first type of fill consists of materials that generally are suscepti-
ble to large amplification of ground motion unless the fill is engineered
(properly compacted according to standard engineerin; methods) or 1s not
thick enough to amplify underlying bedrock motions.2/ The thick fill
along the waterfront in the area of Mill Street and the Xetchikan Spruce
Mills probably is particularly subject to large ground-motion amplifica-
tion, for two reasons: (1) the generally loose nature and composition of
the fill, and (2) the fill in most places overlies fan-delta deposits
that themselves are subject to considerable ground-motion amplification.
Other large fill areas probably having similar characteristics and where
large amplification of ground motion can be expected are at. Bar Point and
in the vicinity of Charcoal Point. Large amplification of ground motion
also should be expected in smaller fill areas, especially where logs,
sawdust, and other miscellaneous debris have been dumped. A number of
smaller €ills, however, have been placed directly on bedrock and may be
too thin to amplify ground motion from the bedrock.

Fan-delta deposits, Qf.--The deposits at the mouths of Ketchikan, Carlanna,
and Hoadlev Creeks probably are most likely to amplify ground motion to a
considerable extent, They generally are loose, largely water saturated,

-and in most places are thick enough to amplify ground motion arriving from

the underlying bedrock. They also are overlain nearly everywhere by sub-
stantial thicknesses of manmade fill--the two units together causing a
composite amplification greater than would result from a thinner single
unit.

Modern beach deposits, Qb.--The deposits in most places are less than

10 feet (3 m) thick and may be generally too thin to amplify ground motion
arriving from the underlying bedrock. Locally, however, they probably are
of sufficient thickness, which together with their looseness and high
degree of water saturation would make them susceptible to considerable
ground amplification,

Stream alluvium, Qa.--Probably only the deposits along Ketchilkan and
Shoenbar Crecks are thick enough to amplify ground motion from the under-
lying bedrock. Amplification in these areas may not be as great as for
other units in Category 1 because of the general coarseness of the depos-
its. However, their water table is fairly high, and thus they probably
are more subject to shaking than deposits assigned to Category 2.

Z-/No amplification occurs when the deposits are sufficiently thin so
that all the natural vibrational frequencies of the deposit are higher
than the predominant freguencies of bedrock shaking. H. W. Olsen of the
U.S. Geological Survey prepared a chart (see Yehle, 1974) showing the
relation of fundamental frequency to thickness for three types of depos-
its, in increasing order of firmness. This chart is used as a very gen-
eral guide for the Ketchikan area, but it canpot be interpreted rigorously
because of the considerable number of unknown variables.
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Muskeg (not shown on map).--It is not known whether there are muskeg

deposits in the mapped area that are thick enough to amplify ground
motion. Probably the only area where they may be sufficiently thick is
along the 80- to 100-foot (24- to 30-m) -high bench in the southeasterm
part of the mapped area. If sufficiently thick there, they can be
expected to shake very strongly in relation to most other deposits
because of very low rigidity. In addition, large lateral deformation
of the deposits can be expected, which could be particularly damaging
to buildings or other structures built on muskeg-covered slopes.

Geologic units in Category 2 (intermediate expectable shaking)

Manmade fill, £ (part of unit).--Most of the fills placed inland from
the waterfront and used as pads for buildings or for surrounding parking
areas probably are too thin to significantly amplify ground motion of
underlying material or are too coarse textured to provide large amplifi-
cation. Some additional total amplification may be expected, however,
where the fill rests on surficial deposits that themselves may amplify
the ground motion, thus providing a minimum thickness necessary for
amplification.

Elevated marine deposits, Qm.--Where sufficiently thick, the deposits,
because of their looseness, could be expected to moderately amplify
ground motion. However, except perhaps locally, they probably are too
thin to cauvse amplification.

Undifferentiated drift, Qd.--Although these deposits generally are
considerably thicker than the elevated marine deposits (Qm) that strat-
igraphically overlie them, they also atre much firmer and have higher
vibrational frequencies. Therefore, in most places they also may be
too thin to amplify ground motion from the underlying bedrock.

Geologic units in Category 3 (least expectable shaking)

Bedrock, bex and bc.--Damaging intensities on bedrock in the Ketchikan
area probably can be reached only during the unlikely probability of a
major nearby earthquake or a distant great earthquake such as along the
Queen Charlotte Islands fault. Inasmuch as bedrock is exposed at the
surface or lies at shallow depth throughout much of the mapped area,
overall damage from shaking of an earthquake of certain size can be
expected to be comparatively small in relation to most other cities
studied in southeastern Alaska. Also, most of the bedrock is fairly
hard and little weathered. However, somewhat stronger shaking can be
expected on topographic highs and steep slopes (Davis and West, 1973),
8s well as where the rocks are characterized by closely spaced joints
and shear zomnes.
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Compaction

When loose cohesionless soils (those containing no significant clay
content) are shaken during a major earthquake, the materials tend to
compact with associated settlement of the ground surface. The resulting
densification of the materials may be accompanied by liquefaction and
water-sediment ejection. Only the effect of settlement will be discussed
here.

The greatest compaction in the Ketchikan area probably would occur in
thick nonengineered fills (f) where large amounts of loose cohesionless
materials have been emplaced. Fills in the areas of the Ketchikan Spruce
Mills, Bar Point, and Charcoal Point, as well as in several other areas of
smaller extent, might be subject to settlement and possible damage to
structures placed thereon. Likewise, fan-delta deposits (Qf) underlying
the £ills in these same areas could be expected to compact and settle dur-
ing strong ground motion. The resulting combined settlement from compac-
tion of both types of materials present could be considerable. Piers,
docks, and other harbor works would be the facilities most affected. Some
settlement resulting from compaction of thicker deposits of stream allu-
vium (Qa) might be expectable, but it probably would be considerably less
than for the generally looser and thicker £ill and fan-delta deposits.
Settlement of the modern beach deposits (Qb) and elevated marine deposits
(Qm), both of which are loose and ordinarily are susceptible to compara-
tively large amounts of compaction, probably would be small to negligible
in the mapped area because of their general thinness. Undifferentiated
drift (Qd) is of comnsiderable thickness in some areas, but little settle-
ment is expectable because of the general cohesiveness and firmness of the
deposits. Because of the unknown thickness and nature of the muskeg,
assessment of amount of potential settlement can only be surmised. How-
ever, it probably is reasonable to assume that if the muskeg is loaded,
for example, with fill for roads and parking areas, comparatively large
amounts of differential settlement and resultant damage can be expected.

Liquefaction in cohesionless materials

Loose to medium-dense materials that are saturated and virtually cohesion-
less tend to compact when subjected to strong ground shaking. As a result
of the closer packing of the solid particles, there is an increased pore-
water pressure and the load is transferred from the solids to the fluid.
The resulting transformation of a granular material from a solid state
into a liquid state is known as liquefaction (Youd, 1973). Other factors
being equal, fine sands and coarse silts are most subject to liquefaction
(Terzaghi and Peck, 1948). Also, the higher the void ratio the greater is
the tendency for the material to liquefy. Three basic types of ground
failure are associated with liquefaction (Seed, 1968): (1) flow land-
slides, (2) landslides with limited displacement, and (3) quick-condition
failures. Examples of these three types of failures were described in
more detail by Youd (1973). Ejection of water and sediment (discussed
later) also may occur in conjunction with liquefaction during an
earthquake. :
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In the Ketchikan area, the fan-delta deposits (Qf) and some of the off-
shore deposits (not shown on the map) near the shoreline probably are
most subject to liquefaction and resulting damage to manmade structures.
These deposits are loose, mostly of a grain size favorable for liquefac-
tion, and are nearly ox completely sSaturated, The inferred effects of
liquefaction of these deposits, as well as of other units, are discussed
under the headings ''Earthquake-induced slides and slumps'" and 'Watex-
sediment ejection and associated subsidence and ground fracturing.'' Some
manmade fill (f) may be sufficiently loose and of favorable grain size to
liquefy. Beach deposits (Qb) probably are subject to liquefaction in
many places but generally are too thin to be significant in respect to
damage. Stream alluvium (Qa) may be subject to liquefaction in places
but probably is too coarse grained in most places. Elevated marine
deposits (Qm} are too well drained and too thin in most places to be sig-
nificantly affected. Undifferentiated drift (Qd) is unlikely to liquefy
in most places because of its small grain size and fairly high density.
Muskeg deposits (not shown on map) probably are not subject to liquefac-
tion because of their composition and internal structure.

Earthquake-induced slides and slumps

Earthquake-induced slides and slumps may occur both on land and under
water. Most are confined to steep slopes, but some take place on moder-
ate to nearly flat slopes if the underlying deposits liquefy. Larger
submarine slides commonly occur along the foreslopes of deltas, expecially
when sliding is due to liquefaction. Slide material, as a result of
liquefaction, may travel considerable distances as liquefied flows or as
intact materials riding on liquefied flows. Numercus examples of this
kind of ground failure, accompanied by heavy destruction of property aleng
waterfront areas, occurred during the great Alaska earthquake of 1964
(Hansen, 1965; Coulter and Migliaccio, 1966; Lemke, 1967).

In the Ketchikan area, the fan-delta deposits (Qf) and the manmade fill
(f) overlying these deposits probably are most susceptible to earthquake-
generated sliding. If the fan-delta deposits liquefy, the slide material
probably will travel some distance out into Tongass Narrows, partly as
liquefied flows representing the fan-delta deposits and partly as debris
flows representing unliquefied portions of the overlying manmade fill.
Sliding of this nature could cause exceptionally heavy damage to piers,
wharves, and other facilities along the waterfront. Modern beach deposits
(Qb) and elevated marine deposits (Qm} probably would be little affected
(except for minor slumping) because of their general thinness. Also,
other than mwinor slumping along walls of larger stream channels, stream
alluvium (Qa) is not expected to be affected. Some minor slumping and
sliding may occur in undifferentiated drift (Qd), particularly on steeper
slopes from which timber has been cleared. Also, debris flows may occur
on some colluvium-covered steep slopes. Rockfalls probably would be
limited to small areas where bedrock exposures are near vertical and the
rock is jointed or otherwise fractured.
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Water-sediment ejection and associated subsidence
and ground fracturing

Water and sediment commonly are ejected from surficial deposits during
strong ground motion. The ejection phenomena, which are a consequence of
liquefaction of the deposits (Ambraseys and Sarma, 1969%), have been
called fountaining, sand spouts or sand boils, mud or sand craters, and
blowouts. The ejecta may range from clear water to material as large as
coarse gravel, but sand is a common size fraction. The ejections are
associated with surface or near-surface deposits where there is a high
water table or a confined water condition. Associated fractures commonly
form an intricate mosaic pattern of ground breakage, and generally range
in width from hairline cracks to 1 or 2 feet (0.3 or 0.6 m). The water-
sediment ejecta and ground fractures can cause damage by filling of base-
ments and other low areas with ejected material and by surface collapse
owing to removal of material from beneath the surface by ejection.

In the Ketchikan area, the fan-delta deposits (Qf) probably are most
likely to be affected if ground motion is sufficiently strong to produce
water-sediment ejection and ground fracturing. The manmade £ill (f) that
overlies the fan-delta deposits probably would not itself be greatly sub-
ject to water-sediment ejection. However, some of the fill material would
tend to provide a confined water condition for the underlying deposits and,
hence, increase the probability of ejection and ground fracturing in these
deposits, which in turn would be manifested in the fill. Ground fracturing
along the outer edges of both kinds of material would be expectable owing
to lateral seaward translation of the fan-delta deposits upon liquefaction.
Some water-sediment ejection and ground fracturing might occur in the
thicker stream alluvium (Qa) deposits. Ground fracturing in these areas
probably would be limited to fractures paralleling the walls of the larger
stream channels. Modern beach deposits probably would not be greatly
affected because of their general thinness and because, in most places,
they do not have a confined water condition. Thicker deposits, however,
may undergo a ''quick" condition (Youd, 1973), where upward-percolating
water during liquefaction tends to reduce the sand to a liquefied material.
Loss of bearing strength results, causing settlement or tilting of struc-
tures built on the deposits. Little or no effects from water-sediment
ejection and associated ground fracturing are expected in other.deposits

in the Ketchikan area.

Reaction of sensitive and quick clays

Sensitive clays lose a considerable part of their strength when shaken.
During an earthquake, such clays may fail and become rapid earthflows that
can cause heavy damage and loss of life. Sensitivity of a clay is defined
as the ratio of undisturbed shear strength of a clay to remolded shear
strength of the same specimen (Terzaghi and Peck, 1948). The term 'quick"
clay denotes a clay of such high sensitivity that it behaves as a viscous
fluid in the remolded state (Mitchell and Houston, 1969).
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Sensitive or quick clays are not known to be present in the mapped area.
However, - some portions of the undifferentiated drift (Qd) may contain
sensitive clays but have not been recognized because of the relative lack
of exposures. No clay probably is sufficiently sensitive to be classed
as a quick clay.

Effects of tsunamis, seiches, and other
abnormal water waves

Abnormal water waves associated with large earthquakes have caused vast
property di?age and heavy loss of life in a number of places throughout
the world.~/ Tsunami effects can be highly damaging to coastal areas
many thousands of miles from the generation source. Seismic seiche
effects generally are confined to inland bodies of water or to relatively
enclosed coastal bodies of water. Other abnormal waves, generated by sub-
marine sliding or by subaerial landsliding into water, generally produce
only local effects; nevertheless, they may be highly devastating.

Inasmuch as the magnitwude of an earthquake generally has to be 7 or
greater to produce a moticeable tsunami and 8 or greater to produce a
disastrous tsunami (Wiegel, 1964), it is highly unlikely that a genera-
tion source for a large tsunami would be closer to Ketchikan than the
Queen Charlotte Islands fault. Tsunami waves originating from the area
of this fault or from a2 more distant source expectably would be greatly
attenuated during travel up the straits and inlets before reaching
Ketchikan. It should be noted, however, that under certain conditions
tsunami waves can travel up long narrow inlets and attain runups of 5 to
10 feet (1.5-3 m). (See discussion in Lemke and Yehle (1972a).) Height
of tsunami wave runup and resultant damage at Ketchikan would depend in
large part upon the arrival time of the waves in relation to the phase
of the tide. For example, a wave 15 feet (4.5 m) high could crest during
lower low tide and still not have a tunup above normal higher high water.
On the other hand, a 5- to 10-foot (1.5- to 3-m) -~high wave arriving at
Ketchikan during high tide could cause devastating damage to the harbor
area, particularly if it came crashing into shore as a breaker. It
should be noted, however, that only two tsunamis with low wave heights
have been recorded on mareograms for the Ketchikan area: (1) a 0.3-foot
(0.1-m) -high wave resulting from the Queen Charlotte Islands earthquake
of August 22, 1949, and (2) a 2-foot (0.6-m) -high wave resulting from
the great Alaska earthquake of March 27, 19642/ (Cox and Pararas-
Cayayannis, 1969). Therefore, on the basis of past known wave heights,

l-/See Lemke and Yehle (19728), Lemke (1974), and Yehle (1974) for

more detailed descriptions of wave types and effects from them. Also
see ""GLOSSARY" for definitions of "tsunami” and ''seismic seiche."

g/J. Barry of Ketchikan reported (oral commun., 1965) that the U.S.
Coast Guard stationed at the southeastern end of Ketchikan recorded
abnormal surges of the tide up to a maximum of 7 feet (1.2 m) above
normal tide level.
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it seems unlikely that a tsunami wave as much as 10 feet (3 wm) high would
arrive at Ketchikan.

There are no bodies of water in the Ketchikan mapped area where seismic
seiches are likely to develop. However, seiching upon nearby lakes, such
as upon Ketchikan No. 1 and No. 2 Lakes, Carlanna Lake, and Ward Lake
(fig. 2) could affect water supplies by causing failure of earth-filled
dams impounding these lakes. Power facilities possibly also could be
affected by seiching upon Upper and Lower Silvis Lakes, about 5 miles

(8 km) northeast of Ketchikan. Height of seiche waves that might be gen-
erated upon these lakes during an earthquake cannot be estimated with any
degree of assurance. The highest seiche wave reported in the Ketchikan
area was during the earthquake of August 22, 1949, when a 2-foot (0.6-m)
~high seiche wave was generated on Ward Lake (U.S. Weather Bur., 1918-
1658). However, seiche waves as much as 6 feet (1.8 m) high were

recorded during the great Alaska earthquake as far away from the epicenter
as the coastal regions of Louisiana and Texas (McGarr and Vorhis, 1968).
Also, 20- to 30-foot (6- to 9-m) -high Tunups from seiche waves were docu-
mented on Kenai Lake, about 60 miles (48 km) from the earthquake epicenter
(McCulloch, 1966). Because the seismic waves travel so much faster than
tsunami waves, they can cause damage in an area before any tsunami waves
could arrive.

It is unlikely that destructive waves will be generated in the Ketchikan
area by earthquake-induced local submarine sliding or by subaerial land-
sliding into water. Other than the fan-delta deposits (Qf) and associated
manmade fill (f), no masses of slide-prone material large enough to gener-
ate significant wave action are known to be present in the area, Even
these deposits are believed to be fairly small, and sudden displacement of
large volumes of water by slide material, with subsequent wave generation,
seems unlikely. The potential for slide-generated waves from a somewhat
more distant source cannot be fully evaluated. However, no slide-prone
foreslopes of large deltas, such as are believed to exist in the Wrangell
area (Lemke, 1974), are known to be present in the general area of
Ketchikan. Any waves that might be generated, though, can be highly
destructive, because they generally hit the shore suddenly during or imme-
diately after an earthquake and because their occurrence and runup height
at any particular locality are largely unpredictable.

Effects on ground water and streamflow

It is well known that large earthquakes can affect ground and surface
water regimens. Waller (1966) noted several short-term effects of the
great Alaska earthquake of 1964 on ground water. Surface-water changes
included diminished or increased streamflow. Changes in streamflow com-
monly were controlled by ground fracturing in or near streambeds and by
snow and rock avalanching. Most landslides blocked streams for only
short periods, but effects from some persisted for months (Waller, 1966;
Lemke, 1967).
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Inasmuch as Ketchikan obtains its entire water supply from surface
sources, any changes in ground-water flow or quality are not presently
pertinent. It seems unlikely that the quantity of the surface supply
would be significantly affected unless large-scale landsliding occurred
along the valley walls of the stream channels or the slopes above the
reservoirs and either temporarily blocked the streamflow or diminished
the holding capacities of the reservoirs. Earth dams impounding the
reservoir waters might also fail as a result of landsliding above or
onto the dams.

Sumrary of inferred effects from future earthquakes

Land-level changes due to local faulting are unlikely in the Ketchikan
area. However, large-scale regional deformation resulting from a large
earthquake along the Queen Charlotte Islands fault could possibly result
in land-level changes at Ketchikan. Uplift or subsidence of as much as

5 feet (1.5 m) could produce adverse effects throughout a large part of
the waterfront area. If Ketchikan were strongly shaken by an earthquake,
it seems likely that the harbor and other waterfront facilities would be
most heavily damaged. Nonengineered loose manmade fills (f), which have
been placed along the shore to elevate low-lying areas above high tide,
are expected to be subject to comparatively strong shaking; they also

may be subject to settlement, possible liquefaction, and to sliding. The
fan-delta deposits (Qf) also are expected to be subject to comparatively
strong ground shaking, as well as to settlement, liquefaction, water-
sediment ejection and associated ground fracturing, and sliding. Off-
shore deposits probably are subject to liquefaction and on sloping
bedrock surfaces are subject to submarine sliding. Modern beach deposits
(Qb) probably are too thin in most places to be significantly affected.

Earthquake effects expectably would be considerably fewer and less severe
for the part of Ketchikan upslope from the harbor area. Ground shaking
would be much less strong for most of this part of the city because bed-
rock is at or near the surface in large parts of the area; in most otherx
places ground motion would be less amplified by the surficial deposits
present than by those along the shoreline. Ground motion, however, prob-
ably would be amplified in thicker stream alluvium (Qa) and possibly in
some muskeg deposits; some settlement, liquefaction, water-sediment
ejection, and slumping may occur in these deposits.

Effects from abnormal water waves are not expected to be large. Tsunami
waves are not expected to have a local generation source. Those arriving
from a distant source, although potentially highly destructive, probably
would be greatly attenuated in traveling up inlets to Ketchikan from the
open ocean. There are no bodies of water in the mapped area where seis-
mic seiche waves are likely to develop. Seiching upon some nearby lakes,
however, may affect water supplies if earth-filled dams impounding these
lakes should fail. 1It is unlikely that destructive waves will be gener-
ated by earthquake-induced local submarine sliding because no masses of
slide~-prone material large enough to generate significant wave action
are known to be present in the area.
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INFERRED FUTURE EFFECTS FROM GEOLOGIC HAZARDS
OTHER THAN THOSE CAUSED BY EARTHQUAKES

Geologic hazards other than those cauysed by earthquakes are believed to
be minor in the Ketchikan area. They probably are restricted primarily
to (1) nonearthquake-induced landsliding and subaqueous sliding, and
(2} flooding.

Landsliding and subaqueous sliding

Other than a few small debris slides on some colluvium-covered steeper
slopes and minor local slumps in some manmade cuts, no landsliding has
been found in the mapped area. However, in addition to the large land-
slide that buried the hydroelectric power plant in the Lake Silvis area
(fig. 2) in 1970, several fairly large debris-type slides have occurred
in nearby areas.i As pointed out by Swanston (1969), most landslides
of this type in southeastern Alaska are the direct manifestation of
natural mass wastage and slope reduction; some, however, result from
logging and logging-road construction.

No significant cutting of trees on steeper slopes is presently being done
in the Ketchikan mapped area. However, as the city expands, additional
heavily timbered areas on moderately steep slopes will be:cleared. Denu-
dation of these areas, together with street and road construction, will
tend to accelerate erosion and produce mass wasting and debris slides
where surficial deposits mantle the bedrock. Bedrock, however, forms the
steepest slopes and, other than minor rockfalls, little or no slope fail-
ures are anticipated in those areas.

Although no sliding is known to have occurred, the greatest potential for
nonearthquake-triggered sliding probably is along the shoreline, where
fairly thick fan-delta deposits (Qf) rest on a sloping underwater bedrock
surface. Of special consideration is the area in the vicinity of the
intersection of Mill Street and Front Street, where 20 to 50 feet (6.1-

15 m) of fan-delta deposits, overlain by 15 to 20 feet (4.6-6.1 m) of fill,

lies on a moderately steep seaward-sloping bedrock surface. In recogni-

tion of the potential instability of this area, the State of Alaska Depart-
ment of Highways (1966a) recommended that all piling and caissons placed in
connection with street construction in this area should penetrate at least

3 feet (0.9 m) of bedrock. Other fan-delta areas, such as at Bar Point
and Charcoal Point as well as at other shoreline areas where surficial
deposits may lie on a moderate to steeply sloping bedrock surface, should

be carefully investigated before major construction is undertaken. Shore-

line slopes, now stable, may become unstable as a result of constructing
heavy structures and adding to the surcharge of the area.

1/

~'Large slides were observed from a distance or seen on aerial
photographs.
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Flooding

The potential for damage from flooding appears to be limited chiefly to
floods that may occur along Ketchikan, Schoenbar, and Carlanna Creeks.
Ketchikan Creek, which is fed by two earth-dammed.lakes, has been subject
to periodic flooding, and on at least one occasion in 1963 floodwaters
topped Stedman Street (State of Alaska Dept. Highways, 1966b). On
October 26, 1974, the earth dam impounding Carlanna Lake ruptured follow-
ing heavy rains, sending a torrent of water, mud, and logs down Carlanna
Creek (Alaska Magazine, 1974). The force of the water destroyed the
bridge along the main highway, disrupting traffic between Ketchikan and
the area to the northwest for several days. Floodwaters also surged
through a mobile home court built on fan-delta deposits (Qf) near the
mouth of Carlanna Creek. Drinking water was temporarily cut off for part
of the city, and electrical utilities were damaged. City officials esti-
mated loss of the dam and damage to other utilities at $1.2 million and
private property losses at more than $300,000.

Future flooding in the Ketchikan area may occur because of: (1) periods
of exceptionally heavy rainfall, such as have occurred in the past;

(2) failure of upstream earth dams; (3) construction of stream channels
(flood plains)} by emplacement of manmade fill or other obstructions; or
(4) by increased surface runoff due to cutting of timber upstream or of
paving of large surface areas. It should be noted that the last three
are in large part man induced and can be controlled.
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RECOMMENDATIONS FOR ADDITIONAL STUDIES

Because of the reconnaissance nature of the studies, there was insufficient
time to make many of the geologic studies necessary to fully evaluate the
geologic hazards of the area. Listed below, in approximate order of impor-
tance, are some of the additional studies that I believe should be made by
geologists or specialists in other disciplines to more fully make these
evaluations:

1.

In order to permit a more adequate assessment of the earthquake
probability of the area, studies should be made to locate more
accurately all the major regional and local faults and to deter-
mine if possible the degree of activity along their lengths.
Sophisticated instrumentation studies, particularly, should be
made on the Queen Charlotte Islands fault. Also, it would be
important to determine whether the known fault along the south-
eastern end of the Tongass Narrows lineament on Annette Island
extends northwestward up Tongass Narrows offshore from Ketchikan
and, if so, the time of latest movement on it.

Additional analyses are needed to more adequately determine the
physical properties of the surficial deposits in order to better
evaluate their behavior in respect to earthquake and other haz-
ards. Onshore and offshore drilling and geophysical work are
needed to determine thicknesses of geologic units and the topo-
graphic relations of the units to bedrock, especially of shore
and nearby offshore areas.

Geologic mapping and related studies should be made of additional

areas outside the city of Ketchikan where future development can
be expected, such as the area of Ward Cove and Saxman.

52

!

I | L I I B -ll- PN N BEER NN PN BN  fEmm MR @EE E—m



I By B B e aw B b gy

s ‘i;lll Busl e b b e

GLOSSARY

Technical terms that are used extensively in this report are defined here
for readers who may not be familiar with them.

Acceleration: The time rate of change of velocity in either speed or

direction. The force imposed on structures by ground shaking varies
with the acceleration of ground shaking. The acceleration reaches a
maximum during each shaking cycle when the direction of ground movement
reverses. The maximum acceleration varies with the change in velocity
that occurs and the elapsed time during which the change in velocity
takes place. Maximum accelerations are commonly expressed as z percent-
age of the acceleration of gravity. For example, an acceleration of
16.1 feet (4.9 m) per second per second may be expressed as S50 percent g
where g is the acceleration of gravity, 32.2 feet (9.8 m) per second per
second.

Amplitude: In relation to ground motion caused by earthquakes, refers to
the maximum value of the displacement in an oscillatory motion.

Diamicton: A nonsorted or poorly sorted sediment that consists of parti-
cles larger than sand in a matrix of sand, silt, and clay-size particles.
The term is noncommittal as to how the deposit was formed.

Dip: The angle which a bed, layer, dike, fault, fissure, or similar planar
geologic feature forms with an imaginary horizontal surface when
measured at right angle to the strike.

Epicenter: The point on the earth's surface directly above the origin
point of an earthquake.

Fault: A fracture or fracture z0ne along which there has been displacement
of the two sides relative to one another parallel to the fracture.
There are several kinds of faults: a normal fault is one in which the
hanging wall (the block above the fault plane) has moved downward in
relation to the footwall (the block below the fault plane); on 2 verti-
cal fault, one side has moved down in relation to the other side. A
thrust fault is a Jow-angle fault on which the hanging wall has moved
upward relative to the footwall. A strike-slip fault is a fault on
which there has been lateral displacement approximately parallel to the
strike of the fault. (If the movement is such that, when an observer
looks across a fault, the block across the fault has moved relatively
to the right, then the fault is a right-lateral strike-slip fault; if
the displacement is such that the block across the fault has moved
‘relatively to the left, then the fault is a left-lateral strike-slip
fault.) The term active fault is in common usage in the literature,
but there is no general agreement as to the meaning of the term in

" relation to time. In general, am active fault is one on which contin-
uous or, more likely, intermittent movement is occurring. As used in
this report, an active fault is defined as one that has displaced the
ground surface during Holocene time.

53



Foliation: Banding or lamination of crystalline rock that resulted from
segregation of minerals during metamorphism or lamellar flow.

Ground amplification: The amount by which the amplitude of ground motions
at the surface of a surficial unconsolidated deposit exceeds the ampli-
tude of ground motions at the surface of the underlying bedrock. Ampli-
fication arises from the multiple (successive) reflection of seismic
waves between the ground surface and the bedrock surface underlying the
unconsolidated deposit. Maximum amplification occurs when the internal
deformations induced by the reflected waves augment the deformations
induced by the incoming waves from underlying bedrock; in other words,
when the reflected waves are in phase with the incoming waves.

Ground shaking: The severity of ground shaking at a specific location dur-
ing an earthquake is defined qualitatively in terms of intensity scales
(see Intensity) and quantitatively in terms of instrumental observations
of ground motions. The latter permits ground shaking to be character-
ized by three factors: (1) the amplitude of the strongest ground
motions which may be expressed in terms of accelerations, velocities, or
displacements; (2) the predominant frequency or period of the strongest
motions; and (3) the duration of strong shaking. '

Holocene: The most recent epoch in geologic time; it includes the present.
Used interchangeably with the term Recent. As used in this report, the
Holocene Epoch consists of approximately the last 10,000 years of
geologic time.

Intensity: Refers to the severity of ground motiom (shaking) at a specific
location during an earthquake and is based on the sensations of people
and visible effects on natural and manmade objects. The most widely
used intensity scale in the United States is the Modified Mercalli
intensity scale. (See table 2.)

Lineament: A linear feature of the landscape, such as alined valleys,
streams, rivers, shorelines, fiords, scarps, and glacial grooves which
may reflect faults, shear zones, joints, beds, or other structural
geological features.

Liquefaction: The transformation of a granular material from a solid state
into a liquefied state as a consequence of increased pore-water pressure
(Youd, 1973).

Liquid limit: The water content in percent of dry weight at which soil

passes from the liquid state into the plastic state (Terzaghi and Peck,
1948, p. 32-36).

Magnitude: Refers to the total energy released at the source of an earth-
quake. It is based on seismic tecords of an earthquake as recorded on
seismographs. Unlike intensity, there is only one magnitude associated
with one earthquake. The scale is exponential in character and where
applied to shallow earthquakes an increase of 1 unit in magnitude signi-
fies approximately a 32-fold increase in seismic energy released.
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Microearthquake: An earthquake that generally is too small to be felt by
man and can be detected only instrumentally. The lower limit of magni-
tude of felt earthquakes generally is between 2 and 3; many microearth-
quakes, on the other hand, have magnitudes of less than 1.

Moisture content: The loss in weight when a material is dried to a
.constant weight:and expressed as a percentage of the dry material,

Muskeg: Muskeg is a term commonly used to designate organic terrain.
However, for purposes of this report the term '"muskeg'" will be used in
more or less of an engineering sense and with the material itself being
emphasized more than the landform. Thus, muskeg is defined here as
"Organic-rich deposits consisting of peat and other decaying vegetation
that are commonly found in swamps and bogs.' The term ''peat” is used
more Oor less interchangeably with the word "muskeg'" in this report.

Plasticity index: The numerical difference between the liquid limit and
the plastic limit. Represents the range of moisture content within
which a soil is plastic (U.S. Bur. Reclamation, 1968, p- 8, 28).

Plastic limit: The water content of a soil in percent of dry weight at
the boundary between the plastic state and the solid state (Terzaghi
and Peck, 1948, p. 32-36). '

Pleistocene: An epoch of geologic time characterized by worldwide cooling
and by major glaciations; also called "glacial epoch' or Ice Age. The
Pleistocene Epoch denotes the time from about 2 million to 10,000 years
ago.

Schistosity: The property of a foliated rock to split into thin layers or
flakes.

Seismicity: A term used to denote the historical frequency of earthquakes
occurring in a certain area.

Seismic seiche: Waves set up in a body of water by the passage of seismic
waves from an earthquake, or by sudden tilting of a water-filled basin.

Shrinkage limit: The water content below which further loss of water by
evaporation does not result in a reduction of volume of a soil (Terzaghi
and Peck, 1948, p. 33).

Strike: The compass direction of a line formed by the intersection of a
bed, bedding surface, fracture, fault, foliation, or other essentially
planar geologic feature with a horizontal plane.

Till: An unstratified and unsorted mixture of clay, silt, sand, gravel,
cobbles, and boulder-size material deposited by glacier ice on land.

Tsunami: A sea wave, otherwise known as a seismic sea wave, generated by
sudden large-scale vertical displacement of the ocean bottom as a result
of submarine earthquakes or of volcanic action. Tsunamis in the open
ocean are long and low, and have speeds of 425-600 miles (680-960 km) an
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hour.

As they enter shallow coastal waters they can greatly increase

in height and also in height and distance of runup onto land.

solids.

Void ratio: The yatio of the volume of the voids to the volume of the

56



1
||

REFERENCES CITED

Alaska Magazine, 1974, Rupturing of Carlanna Lake Dam on October 26:
Alaska Magazine, v. 40, no. 1, p. 14.

Ambraseys, N. N., 1973, Dynamics and response of foundation materials in
epicentral regions of strong earthquakes: Earthquake Eng. World
Conf., 5th, Rome 1973, 24 p. [preprint].

Ambraseys, N. N., and Sarma, S., 1969, Liquefaction of so0ils induced by
earthquakes: Selsmol, Soc. America Bull., v. 59, no. 2, p. 651-664.

Barosh, P. J., 1969, Use of seismic intensity data to predict the effects
of earthquakes and underground nuclear explosions in various geologic
settings: U.S. Geol. Survey Bull. 1279, 93 p.

Barozzi, R. G., and Lemke, R. W., 1966, El suelo de foundacion de Valdivia:
Chile Inst. Inv. Geol., Estudios Geotecnicos, no. 1.

Benioff, Hugo, 1951, Earthquakes and rock creep: Seismol., Soc. America
Bull., v. 41, no. 1, p. 31-62.

Berg, H. C., 1972, Thrust faults, Annette-Gravina area, southeastern
Alaska, in Geological Survey research 1972; U.S. Geol. Survey Prof.
Paper 800-C, p. C79-C83.

1973, Geology of Gravina Island, Alaska: U.S. Geol. Survey
Bull. 1373, 41 p.

Berg, H. C., Jones, D. L., and Richter, D. W., 1972, Gravina-Nutzotin
belt--Tectonic significance of an upper Mesozoic sedimentary and
volcanic sequence in southerm and southeastern Alaska, in Geological
Survey research 1972: U.S. Geol. Survey Prof. Paper 800-D, p. D1-D24.

Berg, H. C., and Plafker, George, 1973, Possible thrust link between
Chatham Strait and Denali faults, Alaska-British Columbia: Geol.
Soc. America Abs. with Programs, v. S, no. 1, p. 9.

Bonilla, M. G., 1967, Historic surface faulting in Continental United
States and adjacent parts of Mexico (A factor in nuclear facility
siting and design): U.S. Geol. Survey, U.S. Atomic Energy Comm.
Reactor Tech. TID-24124; available only from U.S. Dept., Commerce,
Natl. Tech. Inf. Service, Springfield, Va. 22161, 36 p.

Boucher, Gary, and Fitch, T. J., 1969, Microearthquake seismicity of the
Denali fault: Jour. Geophys. Research, v. 74, no. 27, p. 6638-6648.

Brew, D. A., Lomey, R. A., and Muffler, L. J. P., 1966, Tectonic history
of southeastern Alaska, in A symposium on the tectonic history and
mineral deposits of the western Cordillera, Vancouver, B.C., 1964:
Canadian Inst. Mining and Metallurgy Spec. Vol. 8, p. 149-170.

57



Brew, D. A., Loney, R. A., Powmeroy, J. §., and Muffler, L. J. P., 1963,
Structural influence on development of linear topographic features,
southern Baranof Island, southeastern Alaska, ingeological Survey
research 1963: U.S. Geol. Survey Prof. Paper 475-B, p. B110-Bl13.

Brown, A. S., 1968, Geology of the Queen Charlotte Islands, British
Columbia: British Columbia Dept. Mines and Petroleum Resources Bull.,
226 p.

Brown, R. D., Jr., and others, 1967, The Parkfield-Cholame, California,
earthquakes of June-August 1966--Surface geologic effects, water
Tesources aspects, and preliminary seismic data: U.S. Geol. Survey
Prof. Paper 579, 66 p.

Brune, J. N., and Allen, C. R., 1967, A low-stress-drop, low-magnitude
earthquake with surface faulting--The Imperial, California, earthquake
of March 4, 1966: Seismol. Soc. America Bull., v. 57, no. 3,
p. 501-514.

Buddington, A. F., and Chapin, Theodore, 1929, Geology and mineral deposits
of southeastern Alaska: U.S. Geol. Survey Bull. 800, 398 p.

Canada Department of Energy, Mines and Resources, Seismological Service,
1953, 1955, 1956, 1961-1963, 1966, 1969-1972, 1973 [Canadian earth-
quakes, 1841-1967]: Dominion Observatory Ottawa Pubs.

Canada Geological Survey, 1969%9a, Geological map of Canada: Canada Geol.
Survey Map 1250-A, scale 1:5,000,000.

1969b, Tectonic map of Canada: Canada Geol. Survey Map 1251-A,
scale 1:5,000,000.

Chapin, Theodore, 1918, The structure and stratigraphy of Gravina and
Revillagigedo Islands, Alaska: U.S. Geol. Survey Prof. Paper 120-D,

p. 83-100.

Chase, R. L., and Tiffin, D. L., 1972, Queen Charlotte fault zone, British
Columbia: Internat. Geol. Cong., 24th, Canada 1972, Tectonics,
sec. 3, 659 p.

Coulter, H. W., Hopkins, D. M., Karlstrom, T. N. V., Péwé, T. L.,
Wahrhaftig, Clyde, and Williams, J. R., 1965, Map showing extent of
glaciations in Alaska: U.S. Geol. Survey Misc. Geol. Inv. Map I-41S.

Coulter, H. W., and Migliaccio, R, R., 1966, Effects of the earthquake of
March 27, 1964, at Valdez, Alaska: U.S. Geol. Survey Prof.
Paper 542-C, 36 p.

Cox, D. C., and Pararas-Cayayannis, George, 1969, Catalog of tsunamis in

Alaska: Environmental Sci. Services Adm., U.S. Coast and Geod.
Survey, Worid Data Center A, Tsunami, 69-1, 39 p.-

58



®

Y by bew  Mam

Dames § Moore, 1970a, Report of soils engineering studies, offshore rock
f£ill- areas, proposed Ketchikan airport, Gravina Island, Alaska:
Dames & Moore, 13 p., p. A-1 - A-4, June 25.

1970b, Report of soils investigations, runway and taxiway areas,

etc.: Dames § Moore, 12 p., Oct. 6.

Davis, L. L., and West, L. R., 1973, Observed effects of topography on
ground motion: Seismol. Soc., America Bull., v. 63, no. 1, p. 283-298.

Davis, T. N., and Echols, Carol, 1962, A table of Alaskan earthquakes,
1788-1961: Alaska Univ. Geophys. Inst. [Rept. Ser.] UAG-R13l1
(Geophys. Research Rept. 8), 44 p.

Davis, T. N., and Sanders, N. XK., 1960, Alaska earthquake of July 10,
1958--Intensity distribution and field investigation of northerm
epicentral region: Seismol., Soc. America Bull., v. 50, no. 2,
p. 221-252.

Eppley, R. A., 1965, Earthquake history of the United States--Pt. 1,
~ Stronger earthquakes of the United States (exclusive of California
and western Nevada): U.S. Coast and Geod. Survey Spec. Pub., 41-1
(through 1963), 120 p. [revised ed.; originally pub. 1938].

Gabrielse, H., and Wheeler, J. 0., 1961, Tectonic framework of southern
Yukon and northwestern British Columbia: Canada Geol. Survey
Paper 60-24, 37 p.

Grantz, Arthur, 1966, Strike-slip faults in Alaska: U.S. Geol. Survey
open-file report, 82 p.

Gutenberg, Beno, 1957, Effects of ground on earthquake motion: Seismol.
Soc. America Bull., v. 47, no. 3, p. 221-250.

Gutenberg, Beno, and Richter, C. F., 1954, Seismicity of the earth and
associated phenomena [2d ed.]: Princeton, New Jersey, Princeton
Univ. Press, 310 p.

1956, Earthquake magnitude, intensity, energy, and acceleration:

Seismol. Soc. America Bull., v. 46, no. 2, p. 105-145.

Hansen, W. R., 1965, Effects of the earthquake of March 27, 1964, at
Anchorage, Alaska: U.S. Geol. Survey Prof. Paper 542-A, 68 p.

Hasegawa, H. S., 1971, Seismology in Canada: Earthquake Inf. Bull., v. 3,
no. 5, p. 10-15.

Heck, N. H., 1958, Continental United States and Alaska (exclusive of
California and western Nevada), pt. 1 of Earthquake history of the
United States: U.S. Coast and Geod. Survey [Pub.] 41-1 (through
1956), 80 p. [revised by R. A. Eppley, 1958; originally pub. 1938].

59



Hicks, 8. D., and Shofnos, William, 1965, The determination of land emer-
gence from sea level observations in southeast Alaska: Jour. Geophys.
Research, v. 70, no. 14, p. 3315-3320,

Hodgson, J. H., 1566, Elementary seismology and seismic zoning, in Sympo-
sium on earthquake engineering, Univ. British Columbia 1965, Proc.:
Vancouver, B.C., Univ. British Columbia, Civil Eng. Dept., p. II1-II12.

International Conference of Building Officials, 1970, Uniform building

code--1970 edition: Pasadena, Calif., Intermat. Conf. Bldg. Officials,

v. 1, 651 p.

International Seismological Centre, 1967-1872, Regional catalogue of earth-
quakes [1964-1968}: Edinburgh, Scotland.

Johnson, S. H., 1972, Crustal structures and tectonism in southeastern
Alaska and western British Columbia from seismic refraction, seismic
reflection, gravity, magnetic, and microearthquake measurements:
Oregon State Univ, Ph. D. thesis, 139 p.

Johnson, Stephen, Couch, Richard, Gemperle, Michael, and Banks, Robey,
1972, Microearthquakes in southeastern Alaska: Am. Geophys. Union
Trans., v. 53, no. 3, p. 273.

King, P. B., compiler, 1969, Tectonic map of North America: U.S. Geol.
Survey map, scale 1:5,000,000.

Lander, J. F., 1973, Seismological notes, July-August 1972: Seismol. Soc.
America Bull., v. 63, no. 2, p. 745-749.

Lemke, R. W., 1967, Effects of the earthquake of March 27, 1964, at Seward,
Alaska: U.S. Geol. Survey Prof. Paper 542~E, 43 p. .

1974, Reconnaissance engineering geology of the Wrangell area,
Alaska, with emphasis on evaluation of earthquake and other geologic
hazards: U.S. Geol. Survey open-file report, 103 p.

Lemke, R. W., and Yehle, L. A., 1972a, Regional and other general factors
bearing on evaluation of earthquake and other geologic hazards to
coastal communities of southeastern Alaska: U.S. Geol. Survey open-
file report, 99 p.

1972b, Reconnaissance engineering geology of the Haines area, Alaska,
with emphasis on evaluation of earthquake and other geologic hazards:
U.S. Geol. Survey open-file report, 109 p.

McCulloch, D. S., 1966, Slide-induced waves, seiching, and ground fractur-
ing caused by the earthquake of March 27, 1964, at Kenai Lake, Alaska:
U.S. Geol. Survey Prof. Paper 543-A, 41 p.

McGarr, Arthur, and Vorhis, R. C., 1968, Seismic seiches from the March
1964 Alaska earthquake: U.S. Geol. Survey Prof. Paper 544-E, 43 p.

60

i e MEm TR MW FRu PR PR eem peen R e P pumy  pumn  pmmn  pumy P Wy R




L

L

Menard, H. W., Jr., and Dietz, R. S., 1951, Submarine geology of the Gulf
of Alaska: Geol. Soc. America Bull., v. 62, no. 10, p. 1263-128S.

Miller, D. J., 1960, Giant waves in Lituya Bay, Alaska: U.S. Geol. Survey
Prof. Paper 354-C, p. 51-86.

Milne, W. G., 1956, Seismic activity in Canada, west of the 113th meridian,
1841-1951: Canada Dominion Observatory Pub., v. 18, no. 7,
p. 119-146.

1963, Seismicity of western Canada: Bol. Bibliog. Geofisica y
Oceanografia Am., v. 3, pt. Geofisica, p. 17-40.

1967, Earthquake epicenters and strain release in Canada: Canadian
Jour. Earth Sci., v. 4, no. 5, p. 797-814.

Milne, W. G., and Davenport, A. G., 1969, Distribution of earthquake risk
in Canada: Seismol. Soc. America Bull., v. 59, no. 2, p. 729-754,

Mitchell, J. K., and Houston, W. N., 1969, Causes of clay sensitivity:
Am. Soc. Civil Engineers Proc., Jour. Soil Mechanics and Found. Div.,
v. 95, no. SM3, p. 845-871.

National Research Council of Canada, 1970, Climatic information for build-
ing design in Canada--Supp. 1, National Building Code of Canada:
Natl. Research Council Canada, Associate Comm. Natl. Bldg. Code,

NRC 11153, 48 p.

Neumann, Frank, and Cloud, W. X., 1955, Strong~motion records of the Kern
County earthquakes: California Div. Mines Bull. 171, p. 205-210.

Page, Robert, 1969, lLate Cenozoic movement on the Fairweather fault in
southeastern Alaska: Geol. Soc. America Bull., v. 80, no. 9,
p. 1873-1877.

Page, R. A., Jr., and Gawthrop, W. H., 1973, The Sitka, Alaska, earth-
quake of 30 July 1972 and its aftershocks [abs.]: Earthquake Notes,
v. 44, no. 1-2, p. 16-17.

Plafker, George, 1969, Tectonics of the March 27, 1964, Alaska earthquake:
U.S. Geol. Survey Prof, Paper 543-1, 74 p.

1971, Possible future petroleum resources of Pacific-margin Tertiary
Basin, Alaska, in Cram, I. H., ed., Future petroleum provinces of the
United States--their geology and potential: Am. Assoc. Petroleum
Geologists Mem. 1S, v. 1, p. 120-135.

Richter, C. F., 1958, Elementary seismology: San Francisco, W. H. Freeman
§ Co., 768 p.

Richter, D. H., and Matson, N. A., Jr., 1971, Quaternary faulting in the
eastern Alaska Range: Geol. Soc. America Bull., v. 82, no. 6,
p. 1529-1539. '

61




Rockwood, C. G., Jr., 1881, Notices of recent American earthquakes, No., 10:
Am. Jour, Sci., v. 21, 3d ser., p. 198-202.

Rogers, G. C., 1969, An earthquake swarm in northern British Columbia [abs.}:
Earthquake Notes, v. 40, no. 2, p. 13.

1972a, A microearthquake survey in northwest British Columbia and
southeastern Alaska {abs.]: Geol. Soc. America Bull., v. 4, no. 3,
P. 226.

1972b, The study of a microearthquake swarm: Hawaii Univ. M.S.
thesis, 104 p.

1973, Microearthquakes and glaciers [abs.]: Earthquake Notes, v. 44, -
no. 1-2, p. 68.

St. Amand, Pierre, 1957, Geological and geophysical synthesis of the tec-
tonics of portions of British Columbia, the Yukon Territory, and .
Alaska: Geol. Soc. America Bull,, v. 68, no. 10, p. 1343-1370.

Seed, H. B., 1968, Landslides during earthquakes due to s0il liquefaction:
Am. Soc. Civil Engineers Proc., Jour. Soil Mechanics and Found. Div.,
v. 93, no. SM5, p. 1053-1122.

Smith, J. G., 1973, A Tertiary lamprophyre dike province in southeastern
Alaska: Canadian Jour. Earth Seci., v. 10, no. 3, p. 408-420.

Smith, W. E. T., and Milne, W. G., 1969, Canadian earthquakes--1964:
Dominion Observatory Pub. 1964-2, p. 1-28.

1970, Canadian earthquakes--1965: Dominion Observatory Pub. 1965-2,
38 p.

Souther, J. G., 1970, Volcanism and its relationship to recent crustal
movements in the Canadian Cordillera: Canadian Jour. Earth Sci.,
v. 7, no. 2, pt. 2, p. 553-568.

State of Alaska Department of Highways, 1963, Route reconnaissance report,
North Tongass Highway S-0920(2), Ketchikan North City limits, north
length 4.73: Alaska Dept. Highways, 29 p., June.

1966a, Foundation report on the Front Street viaduct, F-095-2(3),
Mission-Deermont Street, Ketchikan, Alaska: Alaska Dept. Highways,
Juneau Dist. Materials Sec., S p., April.

1966b, Materials report on project number F-095-2(3), Mission to
Deermont Street, Ketchikan, Alaska: Alaska Dept. Highways, Juneau
Dist. Materials Sec., 21 p., April.

Steinbrugge, K. V., 1968, Earthquake hazard in the San Francisco Bay area--
A continuing problem in public policy: Berkeley, Calif., California
Univ. Inst. Governmental Studies, 80 p.

*

62

N



—

~
i

Swanston, D. N., 1969, Mass wasting in coastal Alaska: U.S. Dept. Agri-
culture, Forest Service Research Paper PNW-83, 15 p.

Tarr, R. S., and Martin, Lawrence, 1912, The earthquakes at Yakutat Bay,
Alaska, in September 1899: U.S. Geol. Survey Prof. Paper 69, 135 p.

Terzaghi, Karl, and Peck, R. B., 1948, Soil mechanics in engineering prac-
tice: New York, John Wiley & Sons, 566 p.

- Tobin, D. G., and Sykes, L. R., 1966, Relationship of hypocenters of

earthquakes to the geology of Alaska: Jour. Geophys. Research, v. 71,
no. 6, p. 1659-1667.

1968, Seismicity and tectonics of the northeast Pacific Ocean Jour.
Geophys Research, v. 73, no. 12, p. 3821-384S5.

Tobin, E. F., 1969, Six for Wilson Lake: Alaska Sportsman, May, p. 32-34,
51-53,

Tocher, Don, 1958, Earthquake energy and ground breakage: Seismol. Soc.
America Bull., v. 48, no. 2, p. 147-153.

Tocher, Don, and Miller, D. J., 1959, Field observations on effects of
Alaska earthquake of 10 July 1958: Science, v. 129, no. 3346,
P. 394-39S.

Twenhofel W. S., and Sainsbury, C. L., 1958, Fault patterns in southeast-
ern Alaska Geol. Soc. America Bull., v. 69, no. 11, p. 1431-1442.

U.S. Atomic Energy Commission, 1963, Nuclear reactors and earthquakes:
U.S. Atomic Energy Comm., Div. Reactor Devel., TID 7024, 415 p.

U.S. Bureau of the Census, 1971, Number of inhabitants, Alaska: 1970
Census of Population, PC(1)-A3, 23 p.

U.S. Bureau of Reclamation, 1968, Earth manual--A guide to the use of soils
as foundations and as construction materials for hydraulic structures
[lst ed., revised]: ODenver, Colo., U.S. Bur. Reclamation, 783 p.

U.S. Coast and Geodetic Survey, 1964, Prince William Sound Alaskan earth-
quakes, March-April 1964: U.S. Coast and Geod. Survey, Seismology
Div. Prelim. Rept., 83 p.

1930-1963, United States earthquakes [annual volumes for the years
1928-1967]: Washington, D.C., U.S. Dept. Commerce.

1969, Hypocenter data file [computer printout sheets for the period

January 1961-July 1969 covering lat 48°-75° N., long 120°-145° W.):

Washington, D.C., U.S. Dept. Commerce.

____ 1930-1970, United States earthquakes [annual volumes for the years
T 1928-1968]: Washington, D.C., U.S. Dept. Commerce.

63



e

U.S. Coast and Geodetic Survey, 1964-1970, Preliminary determination of
epicenters--Monthly listing, January 1964-Decembexr 1969: Washington,
D.C., U.S. Dept. Commerce.

U.S. National Oceanic and Atrospheric Administration, 1971, 1972, United
States earthquakes [1969, 13970}: Washington, D.C., U.S. Dept.
Commerce.

1973a, Hypocenter data file [computer printout sheets for 1970~1972,
geographic and seismic regions 18-23]: Washingtom, D.C., U.S. Dept.
Commerce.

1973b, Preliminary determination of epicenters, 42-73: Washington,
D.C., U.S5. Dept. Commerce.

1973c, Prelimipary determination of epicenters, 43-73: Washington,
B.C., U.S. Dept. Commerce.

U.S. Weather Bureau, 1918-1958, Climatological data, Alaska Section
[(monthly], 1917-19S7: Washington, D.C., U.S. Dept. Commerce.

Waller, R. M., 1966, Effects of the March 1964 Alaska earthquake on the
hydrology of south-central Alaska: U.S. Geol. Suxvey Prof.
Paper 544-A, 28 p.

Wiegel, R. L., 1964, Oceanographical engineering: New Jersey, Prentice-
Hall, Inc., 532 p.

Wilson, J. T., 1965, Transform faults, oceanic ridges, and magnetic anom-
alies southwest of Vancouver Island: Science, v. 150, no. 3695,
p. 482-485.

Wood, F. J., ed.-in-chief, 1966, The Prince William Sound, Alaska, earth-
quake of 1964 and aftershocks, v. 1l: U.S. Coast and Geod. Survey
Pub. 10-3, 263 p.

Wood, H. 0., 1908, Distribution of apparent intensity in San Francisco,
in Lawson, A. C., chm., The California earthquake of April 18, 1906:
Carnegie Inst. Washington Pub. 87, State Earthquake Inv- Comm. Rept.,
v. 1, pt. 1, p. 220-245.

Wood, H. 0., and Neumann, Frank, 1931, Modified Mercalli intensity scale
of 193): Seismol. Soc. America Bull., v. 21, no. 4, p. 277-283.

Yehle, L. A., 1974, Reconnaissance engineering geology of Sitka and vicin-
ity, Alaska, with emphasis on evaluation of earthquake and other
geologic hazards: U.S. Geol. Survey open-file report, 103 p.

Yehle, L. A., and Lemke, R. W., 1972, Reconnaissance engineering geology
of the Skagway area, Alaska, with emphasis on ewaluation of earth-
Quake and other geologic hazards: U.S. Geol. Survey open-file report,
107 p.

gy



1
’
!
1

Youd, T. L., 1973, Liquefaction, flow, and associated ground failure:
U.S.. Geol. Survey Circ, 688, 12 p,

e e ——— e

—

65




