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GEOLOGIC EFFECTS OF THE MARCH 1964 EARTHQUAKE AND 
ASSOCIATED SEISMIC SEA WAVES ON 

KODIAK AND NEARBY ISLANDS, ALASKA 

Kodiak Island and the nearby islands 
constitute a mountainous landmass 
with a n  aggregate area of 4,900 square 
miles t h a t  lies a t  the western border of 
the Gulf of Alaska and from 20 to 40 
miles off the  Alaskan mainland. Igne- 
ous and metamorphic rocks underlie 
most of the area except for a narrow 
belt of moderately to poorly indurated 
rocks bordering the Gulf of Alaska 
coast and local ac'cumulations of uncon- 
solidated alluvial and marine deposits 
along the streams and coast. The area 
is relatively undeveloped and is sparse- 
ly  inhabited. About 4,800 of the 5,700 
permanent residents in the area live in 
the  city of Kodiak or  a t  the Kodiak 
Naval Station. 

The grea t  earthquake, which occur- 
red on March 27, 1964, a t  5:36 p.m. 
Alaska standard time (March 28,1964, 
0336 Greenwich mean time), and had a 
Richter magnitude of 8.4-8.5, was the 
most severe earthquake felt  on Kodiak 
Island and i ts  nearby islands in modern 
times. Although the epicenter lies in 
Prince William Sound 250 miles north- 
east  of Kodiak-the principal city of 
the area, the areal distribution of the 
thousands of aftershocks tha t  followed 
it, the local tectonic deformation, and 
the estimated source area of the sub- 
sequent seismic sea wave, all suggest 
tha t  the Kodiak group of islands lay 
immediately adjacent to, and northwest 
of, t h e  focal region from which the 
elastic seismic energy was radiated. 
The duration of strong ground motion 
in the area was estimated a t  2%-7 
minutes. Locally, the  tremors were pre- 
ceded by sounds audible to  the human 

By George Plafker and Reuben Kachadoorian 

ABSTRACT 

ear  and were reportedly accompanied 
in several places by visible ground 
waves. 

Intensity and felt  duration of the 
shocks during the main earthquake and 
aftershock sequence varied markedly 
within the area and were strongly in- 
fluenced by the local geologic environ- 
ment. Estimated Mercalli intensities in 
most areas underlain by unconsolidated 
Quaternary deposits ranged from VIII  
to a s  high a s  IX. In contrast, intensities 
in areas of upper Tertiary rock ranged 
from VII to VIII, and in areas of rel- 
atively well indurated lower Tertiary 
and Mesozoic rocks, from VI to VII. 

Local subsidence of a s  much a s  10 
feet was widespread in noncohesive 
granular deposits through compaction, 
flow, and sliding tha t  resulted from vi- 
bratory loading during the earthquake. 
This phenomenon, which was largely 
restricted to saturated beach and allu- 
vial deposits or artificial fill, was 
locally accompanied by extensive 
cracking of the ground and attendant 
ejection of water  and water-sediment 
mixtures. 

Numerous landslides, including a 
wide variety of rockfalls, rockslides, 
and flows along steep slopes, were trig- 
gered by the long-duration horizontal 
and vertical accelerations during the 
earthquake. The landslides a re  most 
numerous in a narrow belt along the 
southeast coast of Kodiak Island and 
the nearby offshore islands. Their 
abundance appears to be related to  a n  
area underlain predominantly by Terti- 
a r y  rocks. 

Temporary and permanent changes 

of level occurred a f te r  the earthquake 
in some wells, lakes, and streams 
throughout the  area; ice was cracked, 
and the salinity of a few wells increas- 
ed. Permanent change of water level a t  
some localities appears to be related to  
readjustments of fracture porosity by 
earthquake-induced movements of bed- 
rock blocks. Increased salinity of wells 
in coastal areas resulted from en- 
croachment of sea water into aquifiers 
af ter  subsidence during the earth- 
quake, and to flooding of watersheds 
by seismic sea waves. 

Vertical displacements, both down- 
ward and upward, occurred throughout 
the area a s  a result of crustal warping 
along a northeast-trending axis. Most 
of Kodiak and all of Afognak, Shuyak, 
and adjacent islands a re  within a re- 
gional zone of subsidence whose trough 
plunges gently northeastward and ap- 
proximately coincides with the moun- 
tainous backbone of Kodiak Island. 
Subsidence in excess of 6 feet occurred 
throughout the northern par t  of the 
zone--a maximum subsidence of 6%-7 
feet having occurred on Marmot and, 
eastern Afognak Islands. Southeast of 
the axis of tectonic tilting, uplift of a t  
least 2% feet  occurred in a narrow 
zone tha t  includes most of the south- 
easterly capes of Kodiak Island, the 
southeastern half of Sitkalidak Island, 
and Sitkinak Island. The uplift is in- 
ferred to  extend offshore over much or  
all of the continental shelf adjacent to  
the Kodiak group of islands. Within the 
affected area, tectonic subsidence, 
which was locally augmented by sur- 
ficial subsidence of unconsolidated 
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deposits, caused widespread inunda- 
tion of shorelines and attendant dam- 
age to intertidal organisms, near- 
shore terrestrial v e g e t a t i o n  , and 
salmon-spawning areas. 

The most devastating effect of the 
earthquake on Kodiak Island and near- 
by islands 'esulted from seismic sea 
waves tha t  probably originated along 
a linear zone of differential uplift in 
the Gulf of Alaska. A train of a t  least 
seven seismic sea waves, having initial 
periods of 50-55 minutes, struck along 
all the southeast coast of the island 
group from 38 to 63 minutes a f te r  the 
earthquake. The southeast shores were 
repeatedly washed by destructive 
waves having runup heights along ex- 
posed coasts of perhaps a s  much a s  40 
feet  above existing tide level, and of 
8-20 feet along protected shores. Run- 
up heights of the waves were much less 
on the northwest and southwest sides 
of the  islands, and no wave damage 
was incurred there. Locally, high- 
velocity currents tha t  accompanied the 
waves caused intense erosion and re- 
distribution of unconsolidated natural 

The great earthquake of March 
27, 1964 was  s t rongly  fe l t  
throughout Kodiak Island and the 
nearby islands. Earth tremors 
triggered numerous landslides 
and avalanches, caused the ground 
to crack and subside in some areas 
of unconsolidated deposits, and 
affected water levels of streams, 
lakes, and wells. The earthquake 
was accompanied by regional tec- 
tonic warping that resulted in 
both extensive subsidence and 
local uplift of the land relative 
to sea level. I t  was followed 
after about half an hour by a 
train of a t  least seven destruc- 
tive large-amplitude seismic sea 
waves that repeatedly inundated 
low-lying segments of the shore. 

The loss of 18 lives and most of 
the property damage were due to 
seismic sea waves that battered 
the southeastern coast of the 
islands. Additional heavy losses 

and artificial shore deposits and of 
shallow sea-floor deposits. 

The Alaska earthquake was the 
greatest natural  catastrophe to befall 
the Kodiak Island area in historic time. 
The combination of seismic shock and 
the  earthquake-related tectonic de- 
formation and seismic sea waves took 
18 lives, destroyed property worth 
about $45 million, and resulted in  esti- 
mated losses of income to the  fishing 
industry of a n  additional $5 million. 

Most of the damage and all of the 
loss of life were directly attributable 
to  the seismic sea waves that  crippled 
the city of Kodiak, wiped out the vil- 
lage of Kaguyak, and destroyed most 
of the village of Old Harbor and parts 
of the  villages of Afognak and Uzinki. 
Bridges and segments of the highways 
in the vicinity of the city of Kodiak 
were washed out, and parts of the Ko- 
diak Naval Station were inundated 
and damaged. Especially serious to  all 
the damaged communities was the loss 
of fishing boats, seafood processing 
plants, and other waterfront installa- 
tions, which had been the mainstay of 
the economy. 

INTRODUCTION 

resulted from inundat ion of 
coastal lowlands and waterfront 
installations as a result of the 
combined tectonic and local sub- 
sidence. structural damage di- 
rectly attributable to seismic 
shock during the earthquake was 
light and was largely due to foun- 
dation failure of varying degrees. 
Total earthquake-related proper- 
ty damage in the area is esti- 
mated a t  about $45 million (table 
I ) ,  and income losses to the fish- 
ing industry amount to an addi- 
tional $5 million. 

PURPOSE AND SCOPE OF 
INVESTIGATION 

This report presents the re- 
sults of a reconnaissance study of 
the earthquake effects over the 
vast uninhabited parts of the 
islands. The regional setting of 
the islands, and the effects of the 
earthquake a t  localities other than 

Additional heavy losses resulted 
from the combined regional tectonic 
and local surficial subsidence tha t  oc- 
curred during the earthquake. Wide- 
spread shoreline flooding by high tides 
necessitated raising, protecting, o r  re- 
moving many installations otherwise 
undamaged by the earthquake or 
waves. 

Structural damage attributable t o  
seismic shock during the earthquake 
was relatively light and was restricted 
t o  areas underlain by saturated uncon- 
solidated deposits. The chief structural 
failure in  the area a s  a result of shak- 
ing was the collapse of par t  of a can- 
nery built on saturated beach deposits 
tha t  were partially liquefied during the 
earthquake. Minor structural damage 
resulted from differential settlement 
and cracking of the ground on natural 
granular deposits and artificial fills. 
The overwhelming majority of struc- 
tures a r e  constructed on indurated bed- 
rock; none of these sustained damage 
other than small losses resulting from 
shifting about and breakage of their 
contents. 

the urban areas are described. 
Detailed accounts of specific dam- 
age a t  the communities will be 
given in a separate volume of this 
series on earthquake effects on 
Kodiak and other communities on 
the Kodiak Islands. 

An effort was made to evaluate 
the local geologic factors that con- 
trol the distribution and charac- 
ter of the shock-induced effects 
because these factors have poten- 
tial significance in the design and 
construction of engineering works 
in seismically active areas. A re- 
connaissance of the tectonic 
changes in land level was made to 
delineate the areal extent and na- 
ture of these movements on the 
islands, and their relationship to 
the deformation that occurred 
elsewhere in south-central Alas- 
ka. These data are pertinent to 
any critical interpretation of the 
mechanics of the earthquake and 
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TABLE 1.- Estimated property losses on Kodiak and nearby islands 

Location I 
............ Kodiak City 

Afognak; village 
site abandoned. 

Nature of damage 

Losses of private, 
commercial, and 
public property. 

Losses of private 
and public 
property. 

Station. 

Old Harbor 
Kaguyak; village 

site abandoned. 
Uzinki ...................................... 
Entire  area ex- 

cept d t y  of 
Kodiak. 

Ent ire  area ............ 

Kodiak Island 
exclusive of 
Kodiak Naval 
Station. 

Kodiak Naval 
equipment includ- 
ing bridges and  
highway. 

.............................. do ................ 
.................. do ................. 

do ................ 
Commercial .............. 

Vessels damaged 
and lost. 

Bridge and highway 
damage. 

Structures and 

Estimated 
replacement 

eost 
Source of data 

Tudor (1964). 

Bur. Indian Af- 
fairs  (written 
commun., Sept. 
25,1964). 

Do. 
Do. 

Do. 
Alaska Dept. Fish 

and Game 
(1965). 

Do. 

Alaska Dept. High- 
ways (written 
commun., April 
1, 1964). 

Tudor (1964). 

to the origin of the seismic sea was obtained from the numerous 
waves that followed. Incidental to individuals and organizations list- 
the geologic studies enumerated ed in the acknowledgments. Kach- 
above, information was also ob- adoorian wrote the section on 
tained on the arrival times, runup damage to the highways ; the re- 
heights, and characteristics of the mainder of the report was written 
seismic sea waves and the damage by Plafker. 
caused by them. 

The present report is based 
largely on studies made by Plaf- 
ker from float-equipped fixed- 
wing aircraft and helicopter dur- 
ing the periods July 14-20, 1964, 
and July 15-21, 1965; on studies 
made by Kachadoorian a t  Kodiak 
and vicinity July 14-18, 1964; 
and on observations on earth- 
quake effects made by G. W. 
Moore May 13-21, 1964. Moore 
also provided unpublished data on 
the geology of the islands. These 
observations were supplemented 
with studies of U.S. Coast and 
Geodetic Survey vertical aerial 
photography by the writers and 
W. H. Condon. Additional data 

We are greatly indebted to nu- 
merous individuals who provided 
us, in interviews and on form 
questionnaires, with eyewitness 
accounts of their experiences dur- 
ing and immediately after the 
earthquake. 

Personnel of the Fleet Weather 
Central, Kodiak Naval Station 
(Comdr. A. L. Dodson, Cornrnand- 
ing Officer), obtained critical data 
on the seismic sea-wave sequence 
and the change in tide levels a t  the 
Naval base in Womens Bay and 
furnished helicopter transporta- 
tion to an otherwise inaccessible 
area of Narrow Cape. Dexter Lall 

and other biologists of the Alaska 
Department of Fish and Game 
provided unpublished data and nu- 
merous photographs of the earth- 
quake effects on coastal lakes and 
streams. June Brevdy of the U.S. 
Navy Radiological Laboratory 
furnished photographs,  news- 
paper clippings, and published 
data on structural damage from 
seismic sea waves in the Kodiak 
area. Lt. Comdr. W. D. Barbee, 
of the U.S. Coast and Geodetic 
Survey, provided tide records and 
data on changes in land level at  
tide-gage s ta t ions  on Kodiak 
Island. The U.S. Coast and Geo- 
detic Survey and the U.S. Army 
furnished postearthquake aerial 
photographs. Pierre St. Amand, 
of the U.S. Naval Ordnance Test 
Station, made available data ob- 
tained during an aerial recon- 
naissance of the area irnrnediate- 
ly after the earthquake. Fred 0. 
Jones, consulting geologist, pro- 
vided photographs and data on 
earthquake effects in the 'Terror 
River drainage basin. 

Pilots Bob Leonard and  A1 
Cratty flew Plafker around the 
islands and freely shared with 
him their intimate knowledge of 
the Kodiak Islands area and of 
earthquake-induced changes that 
had occurred there. 

GEOGRAPHIC SETTING 
The group of islands described 

in this report, of which Kodiak 
lsland is the largest, lies a t  the 
western border of the Gulf of 
Alaska in the north Pacific Ocean 
between lat 56O30' and 58O40' N. 
and long 150°40' and 154'50'W. 
(fig. 1). The group has an ag- 

gregate land area of 4,900 square 
rniles, extends for a distance of 
177 miles in a northeast direction, 
and is 67 miles wide a t  its great- 
est width. The largest islands of 
the group are shown on figure 2. 
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1. -Physiographic map of south-central Alaska showing location of the  Kodiak group of islands with respect t o  the epi- 
center of the March 27 earthquake and its zone of major aftershocks (lined pattern). Submarine contours in  meters. 
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2. - Physiographic map of Kodiak and nearby islands. 
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The population of the Kodiak 
group of islands is sparse, only 
about 3,600 permanent residents 
being reported in the 1960 cen- 
sus, in addition to 2,160 person- 
nel at  the Kodiak Naval Station. 

The city of Kodiak and nearby 
Kodiak Naval Station have the 
only large concentrations of pop- 
ulation on the islands. The re- 
maining settlements are small 
fishing villages. Permanent pop- 
ulation of these settlements in 
1960 was as follows: 

Community 

A f agnak ................ 
Akhio'k .................. 
Kaguyak ................ 
Karluk .................... 
Kodiak .................... 
Larsen Bay ............ 
Old Harbor ............ 
Uzinki .................... 

Population 

190 
72-75 
36 

129 
2,628 

72 
193 
214 

Of the total of some 5,700 per- 
sons living on these islands, more 
than 5,300 live within 20 miles 
of the city of Kodiak. Throughout 
the rest of the area the popula- 
tion is concentrated in the vil- 
lages with the exception of a few 
remote cattle ranches and Gov- 
ernment communications facili- 
ties. Several large canneries on 
the island employ numerous work- 
ers during the summer; at  the 
time of the earthquake none of 
the canneries were in operation 
and their only occupants were the 
winter watchmen. 

Kodiak and the nearby islands 
are the structural extension of 
the Kenai-Chugach Mountains 
(fig. 1). This group of islands, 
and the Barren Islands that lie 
between the group and the Kenai 
Mountains, have been named the 
Kodiak Mountains section of the 
Pacific Border Ranges province 
(Wahrhaftig, 1965, p. 39). As 
a whole, the islands are mountain- 
ous, being lowest on the islands 
at the extreme north and south 
and highest in the middle (fig. 2).  

TABLE 2. - Tidal constants at selected stations along the 
coasts of Kodiak and nearby islands 

Istation: A, on the Gulf of Alaska; B, on Shelikof Strait. Predicted time and height 
of tides from U.S. Coast and Geodetic Survey (1964a). Local (Alaska standard) 
time; tide measurements in feet above lower low water] 

I Annual tide 1 Predicted tide, March 27-28.1964 

Perenosa Bay (A)  
.................... Izhut Bay (A)  

Kizhuyak Bay ( A )  ........... 
........ Kodiak Harbor (A)  

.................... Ugak Bay (A)  
Sitkalidak Island ( A ) .  
Alitak Bay (AB) .............. 

.................. Uyak Bay (B)  
Uganik Bay (B)  ................. 
Malina Bay (B)  ................. 

Station 
(fig. 2)  

I 

The wes tern  p a r t  of Kodiak 
Island has many broad alluvi- 
ated valleys and coastal low- 
lands that are underlain by thick 
glacial deposits. Sitkinak Island, 
at  the south end of the group, has 
a maximum altitude of 1,470 feet. 
The surface of nearby Tugidak 
Island is a marine terrace that 
rises only about 100 feet above 
sea level. Shuyak Island and the 
northern part of Afognak Island 
are hilly lowlands. 

The coastline is extremely steep 
and irregular and is character- 
ized by many deep narrow fiords 
and rocky islets. Narrow marine 
terraces occur at  intervals on the 
oi~ter capes along the southeast 
coast of Kodiak and Sitkalidak 
Islands. Bars and spits have 
formed across the mouth of many 
of the bays and inlets. Numerous 
shallow lagoons and lakes occur 
behind low barrier beaches along 
the shore. 

There is a marked difference 
in the range of tides on the ocean 
side and on the Shelikof Straits 
side of the islands. Mean annual 
tide range is 13 to 14% feet along 
Shelikof Strait in contrast to 8.2 
to 11.3 feet at  most places on the 
ocean coast. Furthermore, the 
difference in maximum annual 
tide height on the two sides of 

the island may be as much as 7 
feet. These differences are signifi- 
cant to this study because they 
strongly influenced the amount 
and distribution of the damage 
caused by seismic sea waves and 
by tectonic subsidence along the 
coast. Table 2 shows the tidal 
constants at  selected localities, 
and the time and height of high 
and low tide during the period 
when seismic sea waves struck 
the coast on the night of March 
27. 

On March 27, 1964, the weath- 
er was mild; highest and lowest 
reported temperatures were 37" 
F. and 20" F. ; there was little or 
no snow on the ground at sea 
level, but traces of snow fell dur- 
ing the day a t  Kodiak Naval Sta- 
tion and Larsen Bay (U.S. 
Weather Bureau, 1964). Winds 
were light with scattered high 
overcast. All the lakes were froz- 
en over. 

Mean Highest D'''''l 1 1 
--- 

GEOLOGIC SETTING 

The oldest rocks in the area lie 
along the northwest coast of KO- 
diak Island and consist chiefly 
of metavolcanic and marine sedi- 
mentary rocks of Triassic and 
Jurassic age that are cut by mafic 
intrusives.  Younger Mesozoic 

Low, evening, 
March 27 

Time 1 Height 

High, morning, 
March 28 

Time 1 Height 
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marine sedimentary rocks of prob- 
able Cretaceous age, complexly 
deformed and extensively intrud- 
ed by granitic rocks, underlie the 
axial part of the Kodiak Moun- 
tains. Northeast-trending belts of 
downfaulted lower Tertiary rocks 
make up the southeast side of 
.Kodiak Island, Sitkalidak, Tugi- 
dak, and Sitkinak Islands. These 
belts are composed of a sequence 
of highly inclined and intensely 
folded sandstone, shale, conglom- 
erate, and altered volcanic rocks 
that are locally cut by felsic in- 
trusive~. Overlying the older 
rocks are poorly consolidated up- 
per Tertiary marine sedimentary 
rocks that have been gently to 

moderately folded. Fold axes and 
major faults strike northeast, the 
northwest blocks of the faults 
generally being upthrown. Dis- 
tribution of the major lithologic 
units is shown in figure 3 (next 
page). 

On Kodiak and the nearby is- 
lands, unconsolidated deposits as 
a rule are thin and discontinuous. 
They consist mainly of glacial 
debris, alluvial and delta deposits, 
and beach deposits. Local thick 
accumulations of colluvium occur 
along the bases of the steeper 
slopes, particularly in areas un- 
derlain by Tertiary rocks. Most 
of the coast consists of rugged 
rocky bluffs ; extensive and well- 

developed beaches are uncommon. 
A significant proportion of the 

alluvial deposits in an east-west 
belt across the central part of the 
islands consists of virtually un- 
compacted volcanic ash and pum- 
ice deposited in the spring of 
1912 during the eruption of Kat- 
mai Volcano, on the Alaska Pen- 
insula to the west (Capps, 1937, 
p. 170-171). 

The thickest and most exten- 
sive alluvial and glacial deposits 
are delineated on figure 3. Areas 
where bedrock is covered by thin 
deposits of soil, colluvium, glacial 
debris, stream gravel, marine 
beach deposits, or artificial fill 
are not shown. 

THE EARTHQUAKE AND ITS AFTERSHOCKS 

LOCATION AND MAGNITUDE 

The earthquake began at 
5 :35 :12.15+0.25 p.m. Alaska  
standard time (S. T. Algermis- 
sen, U.S. Coast and Geodetic Sur- 
vey, oral commun., April 22, 
1965) ; its hypocenter is 12-31 
miles deep (20-50 km) ; and the 
epicenter is located a t  lat 61.1" 
N., long 147.7" W. in northern 
Prince William Sound, 250 miles 
northeast of the Kodiak group of 
islands (fig. 1 ) .  Estimates of 
Richter magnitude, based upon 
surface wave amplitudes (M,) 
are in the range of 8.4 to 8.5 
according to the U.S. Coast and 
Geodetic Survey. The focal re- 
gion, or zone of probable fault 
breakage during the earthquake, 
is approximately outlined by the 
spatial distribution of after- 
shocks. As shown by figure 1, this 
zone extends 400 miles south- 
westward from the epicenter in 
a broad belt that includes much 
of the continental shelf and south- 

eastern margin of the Kodiak 
group of islands. 

Perhaps related to the earth- 
quake was an apparent instantan- 
eous increase in the magnetic 
field by about 100 gamma on a 
continuously recording magnet- 
ometer in the city of Kodiak 
(Moore, 1964, p. 508). I t  is pos- 
sible, however, that the anomaly, 
which occurred 1 hour and 4 min- 
utes before the tremors were first 
felt, was caused by a local sur- 
face disturbance unrelated to the 
earthquake. 

During the first month after 
the earthquake, more than 7,500 
aftershocks were recorded a t  
seismograph stations in the focal 
region (S. T. Algermissen, oral 
commun., April 22, 1965). Loca- 
tions of the larger aftershocks 
(magnitudes of 5.0 or greater) 
with epicenters in the vicinity of 
the Kodiak group of islands are 
indicated on figure 4. Except for 
two aftershocks centered in the 
western part  of the islands (p. 

D9) they all lie along the south- 
east coast of Kodiak, Sitkalidab, 
and Sitinak Islands and on the 
adjacent continental shelf. The 
largest aftershock recorded in the 
mapped area had a magnitude of 
6.1. Focal  d e p t h s  r a n g e  from 
about 9 to 19 miles (15-30 km) . 

GROUND MOTION IN THE 
INITIAL SHOCK 

Strong ground motion that 
lasted from 2v2 to 7 minutes was 
experienced throughout the study 
area. However, marked variations 
in the duration, intensity, and na- 
ture of the shaking were reported 
in different parts of the islands. 
According to most observers, the 
earthquake started with a gentle 
rolling motion for a period of 20 
seconds to 1 minute, shook hard 
for about 2y2 minutes, and then 
gradually subsided. The ground 
motion was generally described 
as rolling like sea waves, or  as a 
strong horizontal oscillation. The 
jarring motion that was felt in 
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3. - Geologic sketch map of Kodiak and nearby islands. Geology generalized a f te r  Capps (1937) and from unpublished da ta  
by G. W. Moore. 
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5. - Reported ground motion, sounds, ground waves, and assigned Mercalli intensities on Kodiak and nearby islands. The 
directions of reported ground motion a re  shown by arrows; localities at which sound was  reported a r e  shown by solid circles, 
localities a t  which ground waves were reported by open circles, and assigned Mercalli intensities by Roman numerals. 
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DROWNED STREAM ESTUARY AT EAGLE HARBOR ALONG SOUTH SHORE OF UGAK BAY 
Extensive brown area of terrestrial vegetation has been killed by salt-water immersion after 4 feet of tectonic subsidence and an unknown amount of surficial subsidenoe. 
The Bray ridge of beach gravel in the left part of view (arrows) has been eroded back and built up in adjustment to the new higher h e  level of depoaitian. The fact that 
the effects of inundation are scarcely visible along the steep bedrock shore in the background suggests that much of the subsidence at the estuary deposits was surficiel 
rather than teetonic. 
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DEBRIS AVALANCHE ON THE PENINSULA BETWEEN UGAK AND KILIUDA BAYS 
A slide of Tertiary rocks from the 1,500.fodt-hiih peak at upper tight flowed into the uninhabited valley below at about 300-foot aItitude where it sgread out as a debris 
lobe roughly 1500 feet aorws. Thc nrirmw streak of light-oelored debris in the lower right corner is part of the slide mass t h t  ovdowed the near flank of the landslide scar. 

. . 
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SURFACE WAVES 

Reliable data on the amplitude 
and period of the ground waves 
that accompanied the earthquake 
in the area are unavailable. Long- 
period surface waves set bodies 
of surface water, trees, radio an- 
tennas, and hanging objects such 
as lighting fixtures and wall pic- 
tures into violent oscillation 
throughout the islands but caused 
only minor damage to manmade 
structures. The period of an oscil- 
lating antenna pole about 50 feet 
high on a bedrock site was timed 
by one observer as "slightly less 
than one second." 

Visible traveling undulations of 
the ground surface in areas un- 
derlain by unconsolidated depos- 
its were reported a t  the villages 
of Uzinki and Afognak. The 
wavelength at Uzinki was de- 
scribed as 30 feet; estimates of 
amplitude could not be made. 
Similar progressive linear earth 
waves having estimated ampli- 
tudes as great as 3 feet were ob- 
served at numerous localities un- 
derlain by unconsolidated deposits 
in the part of south-central Alas- 
ka where the earthquake was 
strongly felt. Such waves have 
been frequently noted in compar- 
able geologic environments dur- 
ing other g r e a t  ear thquakes 
throughout the world. The waves 
may correspond to the large am- 
plitude "hydrodynamic" waves 
discovered by Leet (1946, p. 209- 
211) on seismograph recordings 
of underground explosions. It  is 
conceivable that such waves, 
which have particle orbits com- 
parable to those of water waves, 
may be propagated in ground 
that has become semifluid as a 
result of ground vibration. 

Elsewhere in areas underlain 
by consolidated deposits and in 
areas of poorly consolidated Ter- 

tiary rock, there was minor 
cracking of interior plaster, con- 
crete and concrete-block walls 
and floors, and a few concrete- 
block chimneys, and rupture of 
buried pipelines. In some of these 
areas slight damage was incur- 
red when heavy objects such as 
generators, appliances, and fur- 
niture were shifted about or over- 
turned. In areas underlain by un- 
consolidated deposits it was gen- 
erally difficult or impossible for 
people to stand or walk during 
the earthquake. 

Ground motion in areas of pre- 
Tertiary bedrock or bedrock man- 
tled by thin unconsolidated de- 
posits-areas where most com- 
munities and canneries of Kodiak 
and the adjacent islands are lo- 
cated-was not strong enough 
to cause structural damage. Some 
small light objects or heavier ob- 
jects in precarious positions were 
thrown down, although in most 
places inanimate objects were not 
disturbed. People report that, al- 
though difficult, it was possible 
to stand and move about during 
the earthquake. 

Estimates of the Mercalli in- 
tensity of ground shaking in the 
area, based on the reported ef- 
fects on people and inanimate ob- 
jects, are shown on figure 5. 
Ground-water effects, landsliding, 
and avalanching,  which were 
widely distributed and bore no 
clearcut relationship to structural 
damage, were not considered as 
suitable criteria for intensity esti- 
mates. Except as noted, assigned 
intensity ratings are according to 
the abridged Modified Mercalli 
Intensity scale of 1931, in which 
the violence of ground motion is 
separated into 12 categories of 
increasing destructiveness from I 
to XI1 (Hodgson, 1964, p. 58-59). 

With one exception, assigned 
Mercalli intensities range from 

VI to VIII throughout the area. 
They are lowest in areas of pre- 
Tertiary bedrock or bedrock man- 
tled with thin well-drained un- 
consolidated deposits and highest 
in areas of poorly consolidated 
'Tertiary rocks and thick uncon- 
solidated deposits. Significantly, 
the highest intensity experienced, 
which is estimated as VIII to IX 
on the scale, was at  the Kadiak 
Fisheries cannery-the only large 
structure in the entire area that 
is founded wholly on unconsolid- 
ated, saturated, granular de- 
posits. 

AFTERSHOCKS 

Many of the numerous after- 
shocks that followed the main 
shock were felt as short, sharp, 
jarring shakes. They reportedly 
occurred at intervals of a few 
minutes to an hour throughout 
the night of the earthquake and 
a t  increasingly longer intervals 
for a period of several weeks 
thereafter. One aftershock, a t  
12:55 p.m. on April 14th, was 
especially noted throughout the 
islands. Its epicenter was about 
20 miles northwest of the city of 
Kodiak (fig. 4 ) ,  the magnitude 
is given as 5.4, and the focal 
depth as about 19 miles (30 km) . 
Oddly enough, although this af- 
tershock was the strongest one 
felt in the area, its magnitude 
was less than many of the other 
nearby aftershocks. It reportedly 
hit with a short jarring motion 
equal to the intensity of the main 
shock, after which it quickly sub- 
sided. Although it caused major 
consternation, it resulted in no 
noteworthy damage on Kodiak 
Island except for three broken 
pipelines a t  one cannery on the 
northwest coast of Kodiak Island, 
and a cracked roof at  another 
cannery in Alitak Bay on the 
southwest coast of the island. 
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SOUNDS weeks after the earthquake, many before every f e l t  a f t e r shock .  

The initial shock was heard as people hearcl aftershocks as deep Richter (1958, p. 128) postulated 

a low-pitched rumble by two in- rumbles a second or so before that such noise may be produced 

dividuals in the area. one of them they were felt. Some individuals, during passage of the body waves, 

reportedly heard the rumbling both in the area and elsewhere in but that the shaking is felt only 
an estimated 5 seconds before the south-central Alaska, said they upon arrival of the slower mov- 
tremors were felt. During the heard warning rumbling sounds ing surface waves. 

SURFICIAL SUBSIDENCE AND ASSOCIATED GROUND CRACKS 

Vibratory loading of noncohe- 
sive granular deposits during the 
earthquake resulted in local sur- 
ficial subsidence through compac- 
tion, flow, and sliding. Areas of 
greatest subsidence were in thick, 
unconsolidated, saturated marine 
or lacustrine deposits and uncom- 
pacted manmade fills. Subsidence 
in some of these areas was ac- 
companied by cracking of the 
ground and ejection of water or 
water-sediment mixtures. By the 
time this reconnaissance stucly 
was initiated 4 months after the 
earthquake, however, much of the 
evidence of ground cracking was 

cusp that juts out into Shearwa- 
ter Bay-a small bay on the 
north side of Kiliuda Bay (figs. 
5, 6 ) .  Before the earthquake, the 
buildings shonm in the foreground 
of figure 6 extended on piling 
slightly beyond the water's edge, 
as sho~~rn in the photograph. Be- 
yond this nras a pier 170 feet 
long. The piling had been driven 
to I-efusal, that is, 10-15 feet into 
the beach deposits. The piles were 
originally vertical and the tops 
were level. 

After the earthquake, measur- 

ed subsidence was 5% feet a t  
the shipway piling to the right 
(north) of the cannery buildings. 
This subsidence, 2 feet more than 
that a t  a bedrock site 1 mile to 
the south, indicates surficial set- 
tlement of about 2 feet relative 
to bedrock. Furthermore, meas- 
urement of the difference in 
height of the tops of the piling 
that previously supported the de- 
stroyed part of the cannery indi- 
cates that an additional 7.8 feet 
of surficial settlement occurred 
towards the tip of the cusp (fig.7). 

obliterated. 
Surficial subsidence of uncon- 

solidated beach and delta deposits 
along the coast was most clearly 
manifested in the relatively great- L- + 

er amount of inundation of shore- 
line areas as compared to nearby 
rock outcrops. Virtually all areas 
underlain by such deposits, both 
in the zone of tectonic subsidence 
and slight uplift, show some indi- 
cation of salt water immersion in 
the form of dead brown terres- 
trial vegetation (pl. 1). 

BEACH DEPOSITS 

At the Kadiak Fisheries can- 
nery along the north shore of '7. - Timber plle foundation a t  Kadiak Fisheries cannery site. Pronounced tilting 
Kiliuda Bay, local subsidence of of unbroken piling is indicative of lateral motion of the piling through 10-15 
beach deposits was 2-10 feet feet of beach gravel. Piling tops formerly level a re  now 7.8 feet lower a t  the 

seaward end of the cannery site than in the foreground owing to local settle- than that of the adjacent 
ment of the distal par t  of the beach cusp. Rent dr i f t  pins in  the piling tops 

bedrock areas. The cannery is indicate t h a t  the cannery moved southward (away from the observer) off the 
on a broad, roughly triangular piling. 
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8. -Road near the head of Lake Rose Tead submerged by about 6 feet of surficial subsidence of inlet-stream deltaic 
deposits. Ugak Bay is visible in  the background. Photograph by Alaska Department of Fish and Game. 
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The site is now submerged at 
high tides, and the facilities have 
been replaced by a floating can- 
nery. Ground cracks as much as 
a foot wide reportedly criss- 
crossed the cusp after the earth- 
quake. Mr. Edward Pestrikoff, 
the cannery watchman, saw 
cracks form in the ground during 
the earthquake and saw water 
ejected as high as 6 feet. Reduc- 
tion of shear strength of the un- 
consolidated deposits through par- 
tial liquefaction is suggested by 
the manner in which the founda- 
tion pilings shown in figure 7 
were tilted without being broken 
when the cannery building col- 
lapsed. 

Elsewhere,  local differential 
subsidence of unconsolidated beach 
deposits relative to nearby bed- 
rock amounted to an estimated 
1-2 feet a t  Old Harbor and per- 
haps 5 feet near the McCord cat- 
tle ranch on Sitkalidak Island. 

ALLUVIAL AND 
LACUSTRINE DEPOSITS 

Mr. Joe Beaty, a long-time 
cattle rancher at  Narrow Cape, 
observed that during the earth- 
quake his truck and other heavy 
machinery settled as much as 2 
inches into alluvial deposits on 
the flood plain of a small stream 
on the cape. He also noted much 
cracking a t  a bog between two 
lakes near the tip of the cape, 
and extrusion of gravel that had 
been buried beneath 20 feet of 
fine-grained surficial alluvial de- 
posits; thus the cracks evidently 
extended to at  least that depth. 

Local subsidence of lacustrine 
delta de~os ik  was noted a t  three 

1965, p. 3-21). Several feet of 
subsidence occurred on deltas of 
three streams that enter Buskin 
Lake near the city of Kodiak 
and at the inlet stream deltas of 
two large lakes-Lake Rose Tead 
and Saltery Lake-along the 
north shore of Ugak Bay. Surfi- 
cia1 subsidence has resulted in lo- 
cal flooding of shoreline vegeta- 
tion of these lakes and inundation 
of a segment of road along the 
shore of Lake Rose Tead (fig. 8). 
Mr. Ron Hurst, a rancher at  
Saltery Lake, reports that several 
acres along the lakeshore sank as 
much as 3 feet, and large amounts 
of subsurface pumice was pump- 
ed up into Saltery Lake and 
caused excessive turbidity early 
in the summer of 1964. 

Slumped lake deltas, ground 
cracks, and spectacular sand-vent 
deposits were examined and pho- 
tographed by I?. 0. Jones, con- 
sultant geologist to the Chugach 
Electric Association, in the up- 
per Terror River drainage, on 
Kodiak Island between Ugak and 
Viekoda Bays a t  about 1,250- 
1,400 feet altitude. The inlet del- 
ta of Terror River at the head of 
Terror Lake slumped and sub- 
sided during the ear thquake ; 
near-shore vegetation there was 
put under 2-3 feet of water (fig. 
9, next page). Lateral extension 
of the slumped delta margin 
caused it to be cut by a system 
of rectilinear cracks as much as 
1 foot wide (fig. 9) .  Large vol- 
umes of light-colored fine- to me- 
dium-grained pumice were eject- 
ed to the surface from many of 
these cracks, and the pumice 
forms elastic dikes that fill the 

and sand-vent deposits in a par- 
tially filled lake basin 3 miles up- 
stream from Terror Lake. 

Drowning of shoreline vegeta- 
tion was noted from the air along 
the margins of numerous lakes 
throughout the area. Undoubtedly 
shoreline subsidence, cracking of 
the ground, and extrusion of sedi- 
ment similar to that noted above 
also occurred in comparable geo- 
logic environments a t  the numer- 
ous other lakes on the island that 
were not examined in detail. 

ARTIFICIAL FILLS AND 
EMBANKMENTS 

In addition to the subsidence of 
natural \inconsolidated deposits, 
damage was caused to engineer- 
ing works by surficial subsidence 
and cracking of filled ground and 
by settling of engineered fills and 
breakwaters into underlying un- 
consolidated na tu ra l  deposits. 
Most of these effects, which oc- 
curred in the Kodiak area and 
along the highway east of Kodiak, 
will be discussed separately in 
the section of this report that de- 
scribes effects on highways and 
in the companion report on dam- 
age to communities. The only 
other noteworthy examples of 
subsidence of artificial fill oc- 
curred a t  the U.S. Coast Guard 
Loran facility on Sitkinak Island 
where measured differential set- 
tlement of 4% inches occurred at 
one corner of a reinforced-con- 
crete structure that was reported- 
ly built on a 12-foot-thick fill. 
At Narrow Cape the approach fill 
of a ranch road on alluvial de- 
posits sank about 2 feet below the 
level of a bridge deck. 

localities by personnel of the cracks below the surface (fig. 
Alaska Department of Fish and 10 13. D17). Jones noted similar 

CAUSES OF SIJRFICIAL 

Game who carried out studies of slumped and cracked deltas else- SUBSIDENCE 

the earthquake's effects on sal- where along the margin of Terror From the foregoing descrip- 
mon spawning and sport fishing Lake and saw from the air an tions it should be apparent that 
(Alaska Dept. Fish and Game, extensive area of reticulate cracks surficial subsidence of unconsoli- 
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9. -Inlet delta at the head of Terror Lake showing inundation of slumped and cracked delta margin and linear c ~ a c k s  
defined by light-colored pumiceous ejecta. Photograph by F. 0. Jones. 
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lO.-Sectioned extension crack 1 foot wide at head of Terror Lake showing light-colored fine- to medium-grained 
pumiceous sand ejecta a t  surface and subsurface dast ic  dike. Photograph by F. 0. Jones. 
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dated deposits and attendant 
ground cracking occurred under 
a variety of geologic conditions 
over a vast area. Causes of the 
subsidence are probably diverse 
and are related to the physical 
properties of the materials com- 
posing each deposit, as well as to 
the configuration of the deposit. 

Subsidence of natural granular 
materials and uncompacted fills 
under vibratory loading may re- 
sult from: (1) compaction, or 
voIume reduction due to closer 
packing of the grains that com- 
pose the deposit; (2) varying 

Long-duration horizontal and 
vertical accelerations during the 
earthquake triggered numerous 
landslides and avalanches on the 
slopes of Kodiak and the adja- 
cent islands. The landslides in- 
cluded a wide variety of falls, 
slides, and flows involving bed- 
rock, unconsolidated deposits, and 
snow in varying pr~port ion.~ 
Landslides of rock and soil pre- 
sumably loosened by shaking dur- 
ing the initial shock were unusu- 
ally abundant in the months 
after the earthquake. Some of 
them may have been triggered by 
the larger aftershocks or by sum- 
mer thaw of frozen ground. None 
of the landslides or avalanches in 
the area caused property damage 
or human casualties. 

The following general descrip- 
tions of the distribution and na- 
ture of the landslides and aval- 
anches are based almost entirely 
on aerial observation, interpreta- 
tion of postearthquake aerial pho- 
tographs, and accounts by local 

-- 

1 The classification and nomenclature for 
landslides used herein correspond to those of 
Vames (1958).  

degrees of liquefaction of satu- 
rated incoherent material with 
resu l tan t  l a t e r a l  spreading  
through flow or sliding; (3) shear 
failure causing downward and 
outward movement of the slide 
mass; and (4) combinations of 
(11, (2) ,  and (3) .  

Details of the physical proper- 
ties and configuration of the af- 
fected materials before and after 
the earthquake are unavailable so 
that the specific cause, or causes, 
of subsidence are generally not 
known. Compaction of some of 
the deposits is suggested by sur- 

LANDSLIDES 

residents. Only a few of these 
features were examined on the 
ground. 

DISTRIBUTION AND NATUR,E 

Most of the landslides occurred 
along the southeast coast of Ko- 
diak Island and on the islands 
offshore from Kodiak Island. A 
few o the r  landslides-mainly 
l a rge  rock fa l l s -occu r r ed  a t  
widely scattered sites on Kodiak 
Island and on Afognak and Mar- 
mot Islands. The generalized ar- 
eal distribution of the larger land- 
slides that occurred during or 
after the earthquake and before 
August 1964 is shown in figure 
11. Many of these slides were re- 
activated older slides. In some 
places-most notably along steep 
coastal bluffs-rockfalls are so 
closely spaced that a single sym- 
bol on figure 11 necessarily rep- 
resents several slides. No attempt 
was made to map the smaller 
rockfalls and soil slips, although, 
as might be expected, their fre- 
quency is roughly proportional to 
that of the large slides. 

face ejection of water and water- 
sediment mixtures. Reduced shear 
strength through liquefaction is 
indicated at  the Kadiak Fisher- 
ies cannery, where piling embed- 
ded 10-15 feet in beach deposits 
was dragged laterally and tilted 
to angles of as much as 20" with- 
out failure. Reduced bearing 
strength and compaction of some 
ground is suggested by the mass 
sinking of compacted fills, break- 
waters, structures, and heavy ob- 
jects into underlying aIIuvial de- 
posits and a r t i f ic ia l ly  filled 
ground. 

Numerous snow avalanches and 
debris avalanches of snow-rock 
mixtures are visible on aerial 
photographs of the steep slopes 
a t  higher altitudes along the rug- 
ged backbone of Kodiak Island. 
They are not shown on figure 11 
because the postearthquake aerial 
coverage was inadequate to per- 
mit photogeologic mapping of 
their distribution. Furthermore, 
most of the avalanches at  high 
altitudes were obscured by new 
snowfall by the time this study 
was initiated 3v2 months after 
the earthquake. 

In approximate order of abund- 
ance, the landslides in the area 
may be divided into the following 
general categories : ( 1 ) rock- 
slides and rockfalls in areas of 
consolidated rock, (2) debris 
slides and avalanches of Tertiary 
and Quaternary deposits, (3) 
earthflows and soil slips of un- 
consolidated surficial materials, 
and (4) rotational slumps in both 
consolidated rock and soil. Many 
of the landslides observed are 
complex features that probably 
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11. - Generalized distribution of the larger landslides and soil slips triggered by the March 27, 1964, earthquake on 
Kodiak and nearby islands. Areas underlain by rocks of Tertiary or  probable Tertiary age a r e  shaded. 
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12. - Rockslides in  tightly folded blocky sandstone along north shore of Ugak 
Bay, Kodiak Island. Bluff is  about 1,000 feet high and is exposed to surf from 
Gulf of Alaska. 

13. - Reactivated large debris slide in sedimentary rocks of middle Tertiary age 
along the south shore of Sitkinak Island. Note the characteristic steplike trans- 
verse scarps, displacing surface vegetation a t  head of the slide. A small rockfall 
covers par t  of the beach in lower left of photog~,aph. Vertical height of slide 
mass is approximately 300 feet. 

involve varying combinations of basis of their most characteristic 
falling, sliding, and flowage, but features as interpreted mainly 
in the descriptions that follow from the aerial photographs and 
they have been classified on the from aerial observation. 

Rockfalls and rockslides are 
locally very numerous along steep 
coastal bluffs (fig. 12). Common- 
ly, the bluffs are partially under- 
cut by wave erosion and have 
surf-cut sea caves near the high- 
tide line that .lead to precipitous 
failures of large rock masses. 
The rock falls and slides are par- 
ticularly numerous where blocky 
massive sandstone and basalt of 
Tertiary age, or older igneous 
intrusive rocks, form the steep 
bluffs along the shore. They are 
relatively rare in areas underlain 
by the well-indurated bedded and 
slaty rocks of pre-Tertiary age 
that compose the central part of 
Kodiak Island and most of Afog- 
nak and Shuyak Islands (fig. 3 ) .  
Many rockfalls, too small to be 
plotted on the landslide distribu- 
tion map, were seen in areas un- 
derlain by the blocky granitic 
rocks that compose much of the 
rugged drainage divide on Kodiak 
Island. 

Debris slides and debris aval- 
anches were sporadically distrib- 
uted along the southeastern coast 
of Kodiak Island, on Sitkalidak 
Island, and on Sitkinak Island. 
They apparently occurred mostly 
in areas underlain by bedded 
rocks of Tertiary age or by 
Quaternary deposits. Such slides 
are especially numerous on deeply 
weathered,  moderately steep 
slopes underlain by rocks of mid- 
dle to late Tertiary age. The de- 
bris slide shown in figure 13 is 
typical of many throughout the 
area. 

The slide illustrated on plate 
2 is probably the largest that oc- 
curred in the area and is anoma- 
lous in that it spread as a rela- 
tively thin sheet over the valley 
below the slide source. The areal 
distribution and irregular surface 
characteristics of the slide debris 
suggest that it was emplaced by 
high-velocity viscous flow. 
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Earthflows and soil slips of un- 
consolidated materials occurred 
throughout the area, but were es- 
pecially common along the moder- 
ately steep slopes that were deep- 
ly weathered and mantled with 
thick deposits of one or more of 
the following: (1) glacial till, 
(2) volcanic ash, (3)  colluvium. 
Typically, the flows and slips are 
manifested at  the head as a series 
of transverse "wrinkles" or scarps 
stepped downslope, below which is 
a subtle bulge of debris (fig. 14).  
All gradations occur between the 
earthflows and soil slips that in- 
volve thin surficial layers of un- 
consolidated debris and the debris 
slides that are characterized by 
relatively coherent slide units. 

Rotational slumps were rather 
rare in the study area. This type 
of landslide was recognized only 
a t  Narrow Cape on Kodiak Island 
and along the southeast cape of 
Sitkalidak Is land.  P i e r r e  St. 
Amand of the U.S. Naval Ord- 
nance Test Station ancl George 
W. Moore of the U.S. Geological 
Survey directed our attention to 
these features, which were stud- 
ied with special care because their 
long linear scarps bore a super- 
ficial resemblance to fault breaks. 

The Narrow Cape landslide in- 
volved moderately dipping, poor- 
ly indurated sedimentary rocks of 
late Tertiary age. It occurred on 
slopes of 15"-35" along a struc- 
turally controlled northeast-trend- 
ing linear valley that is incised 
125-150 feet into a flat-lying ero- 
*;ion surface. The main scarp of 
the slide (fig. 15) broke at  the 
top of the southeast valley wall 
along a distance of roughly 1,400 

14. - Earthflow lesulting from soil slip or slump in deeply weathered Tertiary 
sedimentary deposits along the north shore of Sitkinak Island. The head of the 
slide is marked by nuinerous small scarps; the foot is the hummocky bulbous 
mass in the lower left corner. 

I feet. The slide Inass slumped 15. -.\lam scarp a t  the head of a large rotational slump in Tertiary deposits 
down on the northwest side as on Narrow Cape, Kodiak Island. The landslide is  approximately 1,400 feet long 
much as 15 feet with headwarcl and 125-150 feet high. The rock mass a t  the left slid 8-15 feet downslope along 

tilting along a surface of rupture a surfac'e of rupture, the main scarp of which trends diagonally across the 

I photograph. Note the headwarcl ti l t  of the original surface on the upper part 
that intersected the On of the sllde mass and draping of the vegetation mat  over the crown of the 
the valley floor 125-150 feet be- main slide. 
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low. Open tension cracks and 
shallow grabens are abundant on 
the erosion surface headward 
from the main scarp. The slide 
toe is characterized by transverse 
pressure ridges and small over- 
thrusts in the surface mat of 
muskeg vegetation. The brush- 
covered hummocky topography of 
the lower part of the slide sur- 
face and the chaotic internal 
structure suggest that earlier 
gravity movement has taken 
place. 

At the southeast end of Sit- 
kalidak Island, a discontinuous 
zone of landslides occurs along 
the base of a moderately steep 
southeast-facing ridge that fronts 
on a broad, gently sloping terrace. 
The landslides have exposed a 
series of southeast-facing scarps 
that can be traced along the base 
of the ridge for about 1% miles. 
They die out both to the north- 
east and the southwest. As seen 
from the air, the freshly exposed 
scarps are estimated to be as 
much as 15 feet high and appear 
to be largely in unconsolidated de- 
posits. The slide masses consist of 
both headward-tilted blocks and 
irregular hummocky earthflows 
along the downslope sides of the 
scarps. 

The relatively s t r a i g h t  and 
abrupt break in slope along which 
the sliding occurred on Sitkalidak 
Island strongly suggests the pos- 
sibility that the topographic fea- 
ture is controlled by a preexisting 
fault and that the line of slumps 
may have been related to renewed 
displacement along this inferred 
fault during the earthquake. For- 
tunately, it was feasible to check 
this possibility by measuring ver- 
tical displacement of the shore 
relative to sea level both to the 
northeast and southwest of the 
line of landslides. No changes in- 
dicative of vertical fault displace- 

ment during the earthquake were 
detected within the limits of pre- 
cision of the method (estimated 
to be +1y2 f t  in this area). On 
the contrary, the measurements 
showed a slight northwest tilting 
of the island which is opposite in 
sense to the down-to-the-south- 
east movement along the landslide 
scarps. 

CAUSES 
Elastic ground vibrations dur- 

ing the 1964 earthquake trig- 
gered most of the fresh land- 
slides (and avalanches), or so 
loosened large masses of rock that 
they slid shortly thereafter. A 
contributory factor may have 
been ground accelerations related 
to the observed permanent verti- 
cal displacements, together with 
possible horizontal displacements, 
that occurred during the earth- 
quake. The effect of transitory 
horizontal accelerations is to in- 
crease temporarily the shear 
stress on slope-forming mate- 
rials; this increase may result in 
failure (Varnes, 1958, p. 43) .  In 
some instances slope failure may 
have occurred because of loss of 
shear strength through partial 
liquefaction of saturated granular 
materials below the layer of sea- 
sonal frost. 

Although the earthquake was 
clearly the trigger, it was not the 
ultimate cause of the slides. In 
a topographically rugged and geo- 
logically complex area such as 
Kodiak and the nearby islands, 
many rock masses are in a state 
of unstable equilibrium as a re- 
sult of local topography, lithol- 
ogy, structure, weathering, and 
water saturation. Even without 
earth shocks to act as a trigger, 
numerous landslides continually 
occur. 

Of particular interest is the 
concentration of earthquake- 
induced slides along the southeast 

coast of Kodiak Island and the 
nearby offshore islands (fig. l l ) ,  
in contrast to their relative scarc- 
ity elsewhere. This distribution 
appears to be controlled primar- 
ily by local lithology and struc- 
ture but may also be related to 
proximity to the earthquake focal 
region. Steepness of slope prob- 
ably is not an important factor in 
controlling the overall distribu- 
tion, inasmuch as maximum slope 
angles in the area of few slides 
are, in general, equal to, or great- 
er than, those in the zone of many 
landslides. 

The strong coincidence of max- 
imum landslide frequency and 
outcrop areas of bedded Tertiary 
rock is shown in figure 11. I t  is 
also noteworthy that the land- 
slides in Tertiary rock are ex- 
ceedingly diverse and complex in 
character and include all the 
types that were described above, 
whereas those in pre-Tertiary 
outcrop areas are almost exclu- 
sively rockfalls. 

'The predominance of landslid- 
ing in areas underlain by Terti- 
ary rock seems to be largely con- 
trolled by the physical properties 
of the rocks in at  least five ways : 
(1) The Tertiary sequence locally 
contains inherently weak mate- 
rials such as clay, siltstone, and 
tuff along which sliding may oc- 
cur. ( (2) The rocks, as a rule, 
are complexly folded and are 
broken by numerous discontinui- 
ties such as faults, joints, and 
bedding planes, which reduce 
shear strength. (3) The relative 
ease of weathering has resulted 
in local thick accumulations of 
landslide-prone soil and colluv- 
ium. (4) More rapid erosion has 
produced numerous steep-sided 
s t r eam valleys and wave-cut 
cliffs, and attendant slope insta- 
bility has resulted from removal 
of lateral support. (5) Intensity 
of the tremors during the earth- 
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quake (fig. 5)  suggests that the 
horizontal ground accelerations 
and amplitudes in some areas un- 
derlain by Tertiary rock were 
greater than in areas underlain 
by pre-Tertiary rock. Such dif- 
ferences in intensity would re- 
sult in proportionately larger 
transient increases in shear stress 
and attendant reductions in shear 
strength of slope-forming mate- 
rials in the Tertiary outcrop belt 
during the earthquake. 

In summary, the distribution 
of landsliding shown in figure 11 
appears to be closely related to 
local geologic conditions, the slides 
being most abundant in areas 
underlain by the least competent 
Tertiary rocks, and relatively few 
and widely scattered throughout 
the remainder of the region. The 
five factors enumerated above 

apply especially to units of mid- 
dle and late Tertiary age. Rocks 
of early Tertiary age, as a rule, 
are well indurated, can be distin- 
guished from preiTertiary bed- 
ded rocks only with difficulty, and 
probably have physical properties 
and susceptibility to sliding that 
are intermediate between those of 
the late Tertiary and pre-Terti- 
ary sequences. 

Although it appears that land- 
slide frequency is largely con- 
trolled by the underlying rock 
units, the possibility must also 
be considered that proximity of 
the southeastern coast to known 
faults (fig. 3)  or to the focal re- 
gion (as defined by aftershock 
distribution shown on figs. 1 and 
4) may have resulted in a higher 
intensity of ground motion and 
attendant susceptibility to slid- 

ing. The limited available data, 
however, do not indicate that 
either proximity to faults or to 
the focal region had a discernible 
influence on landslide distribu- 
tion. Geologic study of the defor- 
mation in the area of highest 
landslide frequency failed to re- 
veal active faults having signifi- 
cant surface displacement along 
which landslides might be con- 
centrated. Furthermore, if the 
landsliding were controlled main- 
ly by proximity to the focal re- 
gion rather than by lithology and 
structure, there should be a pro- 
gressive decrease in landslide fre- 
quency n o r t h w e s t w a r d ,  away 
from the focal region, instead of 
the abrupt change that occurs be- 
tween the belt of Tertiary rocks 
and the remainder of the area 
studied. 

EFFECTS ON GROUND AND SURFACE WATER 

E a r t h q u a k e  - induced fluctua- 
tions in level and (or) flow of 
some wells, lakes, and streams 
occurred a t  numerous localities 
throughout Kodiak and the adja- 
cent islands. Temporary and per- 
manept fluctuations of water 
level and flow that were recorded 
after the earthquake throughout 
much of Alaska, Canada, and con- 
terminous United States, Hawaii, 
and Puerto Rico (Waller and 
others, 1965) are to be detailed in 
a separate volume of this series 
of reports that deals with earth- 
quake-induced changes in the hy- 
drologic regime and, consequent- 
ly, will be described only briefly 
in the following paragraphs. 

OBSERVA'TIONS 

Reported effects of the earth- 
quake on the few water-supply 
wells on the islands varied mark- 

edly. Some wells went dry or de- 
creased yield and a few had in- 
creased yield, but most reportedly 
had no perceptible change. Many 
wells were muddied, and some 
along the coast became saline. Be- 
cause none of the wells on the 
islands were equipped with wa- 
ter-level recorders, all the avail- 
able data on earthquake-induced 
changes are, of necessity, based 
on observations by local residents 
reported in questionnaires and 
personal interviews. 

The only wells in the area 
known to have gone completely 
dry during the earthquake were 
shallow hand-dug wells on a small 
island near the Port Bailey can- 
nery on the south side of Kup- 
reanof Strait (fig. 2) .  A cannery 
worker, Mr. Rudy Lorenson, re- 
ported that after the earthquake 
the wells were dug 2 feet deeper 

without finding water. The wells 
were still dry 4 months later. 
Ranch wells a t  Narrow Cape (fig. 
2 )  became muddy immediately 
after the earthquake. Although 
the yield of some wells reportedly 
increased, i t  is not known wheth- 
er  this increase was accompanied 
by a permanent change of level. 
Wells along the shore at Afognak 
village were also muddied after 
the earthquake. These wells, and 
the school well a t  Old Harbor, 
became salty and unusable. There 
was no change in quality or level 
of water a t  the Coast Guard sta- 
tion near Cape Chiniak on Kodi- 
ak Island, or a t  the Federal Avia- 
tion Agency radio station at the 
north end of Shuyak Island. 

Observers throughout the  area 
report that  ice on virtually all 
lakes and reservoirs a t  low alti- 
tudes was cracked during the  
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earthquake-particularly around 
the margins. At  higher altitudes 
pilots noted cracking of ice on 
some large lakes, but many of the 
smaller lakes showed no percept- 
ible changes. A small cabin along 
the shore of a pond near Cape 
Chiniak was destroyed when 
se ich ing  drove t h e  ice cake 
over the bank and into the struc- 
ture. According to eyewitnesses 
at Afognak village, ice on the 
lakes began cracking as soon as  
the earthquake was felt. Marginal 
cracking of lake ice probably can 
be attributed to the inertial effect 
of the water and ice cakes in re- 
sisting horizontal ground oscilla- 
tions during the earthquake. In 
other parts of south-central Alas- 
ka  it was noted that  pressure 
ridges built up in the ice and 
snow along the shorelines in re- 
sponse to repeated pounding of 
the  ground against the ice cakes. 
Although similar pressure ridges 
undoubtedly formed along lake- 
shores in the area, they were not 
specifically noted by local resi- 
dents. 

In general, lake levels were 
either unaffected by the earth- 
quake or were lowered. R. M. 
Waller has pointed out that  er- 
roneous reports of lowered lake 
levels may have been made in 
places where earthquake-induced 
seiching stranded cracked ice 
along the shore, or  where the 
tremors have caused collapse of 
peripheral ice and snow bridges 
that commonly form by normal 
lowering of lake levels during 
the winter. Two shallow lakes 
between 3 and 3% feet deep on 
Shuyak Island reportedly went 
dry during the earthquake. One 
filled up soon afterward but the 
other remained dry. Numerous 
shallow lakes on Kodiak Island 
that had gone dry during the 
earthquake were still dry or had 
lower water levels 4 months 

afterward. A cirque lake 2,000 
feet long by 1,000 feet wide, a t  
an altitude of 500 feet 5 miles 
northwest of Narrow Cape, re- 
portedly was lowered 20 feet dur- 
ing the earthquake, although 
nearby lakes showed no percept- 
ible change of level. 

A few local changes in stream- 
flow-involving both  decreases 
and increases in volume-were 
reported in the area after the 
earthquake. Abnormally reduced 
water flow a t  two important sal- 
mon-rearing streams was noted 
by Dexter La11 of the Alaska De- 
partment of Fish and Game. 

A particularly interesting se- 
quence of changes was noted by 
Mr. Rudy Lorensen in a small 
stream that  flows across Meso- 
zoic bedrock near the Port  Bailey 
cannery on n o r t h e r n Kodiak 
Island. According to Mr. Loren- 
son, the creek flow was reduced 
to about half i ts  normal volume 
after the earthquake. The re- 
maining flow was cut off entirely 
during the jarring aftershock of 
April 14th, the epicenter of which 
was located within 10 miles of the 
cannery (fig. 4). The stream re- 
mained dry for two months until 
another sharp aftershock in June 
started the normal volume of flow 
once again. 

The flow of streams a t  Afog- 
nak village and springs a t  a ranch 
on the north shore of Ugak Bay 
on Kodiak Island reportedly in- 
creased for a period of one week 
after the earthquake. Four larger 
streams on which U.S. Geological 
Survey w a  te r - l eve l  recording 
gages were installed showed no 
significant flow changes following 
the earthquake. 

CAUSES OF FLUCTUATIONS 

Lack of detailed data on the 
pre- a n d  p o s t e a r t h q u a k e  flow 
records of wells, streams, and 
springs for which earthquake-in- 

duced changes are reported pre- 
cludes analysis of the origin of 
these changes. 

'Elsewhere in the part of Alas- 
ka strongly affected by the earth- 
quake, where adequate data are 
available, the widespread lowered 
well and lake levels and reduced 
streamflow in granular materials 
has been attributed by H. E. 
Thomas of the U.S. Geological 
Survey to temporary increases in 
the porosity of saturated materi- 
als (in Grantz and others, 1964, 
p. lo ) .  This mechanism could be 
the reason for lowered well levels 
in the islands, and, in conjunction 
with increased opportunity for 
water seepage from lakes and 
streams into earthquake-cracked 
frozen banks, and through crack- 
ed ice dams at lake outlets, could 
also explain some of the lowered 
lake and stream levels. 

In  many places, however, low- 
e r e d  w a t e r  l eve l s  i n  wel ls ,  
streams, and lakes appear to be 
permanent. The reported se- 
quence of abrupt changes in dis- 
charge of the small stream near 
Port Bailey suggests that, in 
areas underlain by bedrock, frac- 
ture porosity may be abruptly in- 
creased or decreased by slight 
shock-induced adjustments of 
bedrock blocks. Similar changes 
may have resulted from tectonic 
deformation within the area, es- 
pecially if significant horizontal 
extension accompanied the verti- 
cal subsidence. Retriangulation 
within the zone of subsidence 
near Anchorage has revealed hor- 
izontal extension roughly normal 
to the trend of the zone amount- 
ing to as much as 8 X 10-5 or 
roughly one-half foot per mile 
(U.S. Coast and Geodetic Suivey, 
1965, p. 17).  If comparable ex- 
tension occurred on Kodiak and 
the nearby islands, where sub- 
sidence is equal to or greater than 
that of the Anchorage area, near- 
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surface fracture porosity may The permanently increased sa- water into aquifers after tectonic 
h a v e  increased sufficiently to linity of a few wells in highly subsidence. Temporarily increas- 
cause  some of t h e  r e p o r t e d  permeable beach and alluvial de- ed salinity of most of the shallow 
changes in water regimen, and posits a t  Afognak and the school dug wells, however, resulted from 
particularly in areas of fracture well a t  Old Harbor probably was flooding of watershed areas by 
porosity. the result of encroachment of sea the seismic sea waves. 

VERTICAL TECTONIC DEFORMATION 

The March 27 earthquake was 
accompanied by tectonic defor- 
mation that  resulted in vertical 
crustal movements, both upward 
and downward throughout the 
report area. Anomalous tide lev- 
els soon after the earthquake 
made coastal residents aware of 
the vertical displacement of the 
land. 

The isobase contours of figure 
16 (next page) show the amount 
and direction of vertical displace- 
ment that accompanied the earth- 
quake. Directions and relative 
amounts of change were deter- 
mined a t  four localities from 
coupled pre- and postearthquake 
tide-gage readings, a t  about 25 
localities from estimates made by 
local residents, and at 95 locali- 
ties from measurements of the 
displacement of the upper growth 
limit of sessile intertidal organ- 
isms along the seashore. Data- 
point locations are shown on 
figure 16. 

Determinations of vertical dis- 
placement a t  tide gages is prob- 
ably accurate to within a few 
tenths of a foot. Most of the es- 
timates made by fishermen, mar- 
iners, and other coastal residents 
who have had long experience 
with the local tides are probably 
correct to  within a foot. The tech- 
nique used for estimating vertical 
displacements from the height of 
the upper growth limit of marine 
organisms above tidal datum 
planes has been outlined else- 
where (Plafker, 1965, p. 1675- 

1679.) It will also be described in 
detail in a forthcoming volume on 
tectonic deformation, to be pre- 
pared for this series of publica- 
tions on the earthquake. Such 
measurements were carried out 
in 1964 and 1965 on a reconnais- 
sance basis in the area. Those 
based on difference in pre- and 
postearthquake altitudes of up- 
per growth limits of barnacles 
and algae are thought to be gen- 
erally accurate to about 1 foot. 
Most of the measurements, how- 
ever, are based only on the post- 
earthquake altitude of these or- 
ganisms above sea level; they 
contain inherent errors due to 
(1) deviation of sea level from 
predicted heights and (2) local 
variations in the  growth limits of 
the organisms resulting from lo- 
cal factors of exposure, rock type, 
and water characteristics. They 
are estimated to be accurate to 
within 1y2 feet in sheltered bays 
on the eastern side of the islands. 
Along segments of the coast ex- 
posed to heavy surf or swells, and 
especially in areas of high and er- 
ratic tides such as the Shelikof 
Strait side of the islands (see 
table 2),  the measurements may 
be in error by as much as 2q2 
feet. In these areas, more reliance 
was placed on estimates made by 
coastal residents and on the 
measured difference in upper 
growth limits of pre- and post- 
earthquake organisms than on 
those measurements that  require 
use of tide level as a datum. 

DISTRIBUTION 

Almost all of Kodiak Island, 
and all of Afognak, Shuyak, and 
Marmot Islands have undergone 
tectonic subsidence (fig. 16). The 
zone of subsidence consists of a 
broad trough that  plunges gently 
northeastward along an axis that  
approximately coincides with the 
axis of the Kenai Mountains be- 
tween Alitak Bay and the city of 
Kodiak. The limbs of the trough 
are strongly asymmetric, the 
steepest limb being southeast of 
the axis. Subsidence in excess of 
6 feet has occurred in the vicinity 
of northern Kodiak Island, on 
Afognak Island, and on Shuyak 
Island. Maximum subsidence of 
6y2-7 feet was measured on 
eastern Afognak Island and on 
Marmot Island. 

Uplift has occurred in a narrow 
zone that  includes Narrow Cape 
on Kodiak Island, the southeast- 
ern half of Sitkalidak Island, all 
or part of Sitkinak Island, and 
some small islands off the south- 
eastern coast of Kodiak Island. 
Maximum uplift of 2% feet was 
measured on Sitkalidak Island. 
Mr. Joe Beaty (see p. D15) reports 
that  a t  the tip of Narrow Cape on 
Kodiak Island a surf-cut platform 
about 200 feet wide is now ex- 
posed a t  stages of tide that com- 
pletely inundated the platform 
before the earthquake. Uplift of 
a t  least 2 feet, and possibly in ex- 
cess of 3 feet, is suggested near 
this locality by postearthquake 



16.-Areas affected by tectonic deformation on Kodiak and nearby islands. 
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incision of streams and the  con- 
sequent partial draining of two 
small beach-barred lakes. How- 
ever, the outlet streams may 
have become incised through 
scouring action of the seismic sea 
waves that  entered the lakes 
after the earthquake. At  Sitkinak 
Island, another rancher, Mr. Hal 
Nelson, noted 1-2 feet of shoal- 
ing a t  the entrance to a lagoon 
immediately after the earth- 
quake-probably the result of a 
slight crustal uplift. Evidence of 
as much as 2 feet of uplift in the 
coastal area and small offshore 
islands between Narrow Cape, 
Sitkalidak Island, and Sitkinak 
Island suggests that the zone of 
uplift is probably continuous be- 
neath intervening water-covered 
areas. 

As fa r  as could be determined 
during the brief reconnaissance 
of the area, changes of land level 
associated with the earthquake 
resulted from regional warping 
rather than faulting. A diligent 
search was made for surface 
faults, particularly in the vicinity 
of the zero isobase between the 
areas of uplift and subsidence, a 
zone roughly paralleling numer - 
ous known faults (fig. 3). No evi- 
dence of s i g n i f i c a n t  surface 
faulting was found, nor were 
there any anomalous abrupt 
changes in amounts of uplift or 
subsidence along the coast sug- 
gestive of measurable displace- 
ment along concealed faults. 

Past movements on the major 
faults in this zone have been 
mainly dip slip with the north- 
west blocks upthrown (fig. 3). 
Consequently, if any of these 
faults were reactivated during 
the earthquake only a reverse 
displacement could produce the 
observed pattern of deformation 
along the southeast coast of the 
islands. 

EFFECTS ON SHORELINES inundated by tides for distances 

Tectonic subsidence, augment- 
ed locally by surficial subsidence 
of unconsolidated deposits, has 
had a profound effect on shoreline 
morphology, intertidal marine or- 
ganisms, and terrestrial vegeta- 
tion. Virtually all shorelines that  
subsided more than 3 feet show 
clear physical evidence of the 
change, and the changes were lo- 
cally noticeable where the subsi- 
dence was as little as 1 foot. 

The effects were most pro- 
nounced in areas of lowest mean 
annual tidal range (table 2) ,  inas- 
much as both the frequency and 
duration of shoreline immersion 
for a given amount of subsidence 
vary inversely with the tidal 
range. The conspicuous effect of 
subsidence is the fringe of dead 
brown t e r r e s t r i a l  vegetation 
along the shore that  has been 
killed by salt-water inundation a t  
periods of high tides (pls. 1, 3) .  

Beach berms and stream deltas 
in subsided areas are shifted 
landward and are building up to 
the new higher sea levels. The 
lower reaches of streams are now 

of as much as 4,500 feet inland 
(table 3).  The striking effect of 
subsidence in the estuarine part 
of Olds River at Kalsin Bay is il- 
lustrated by plate 3. Many former 
beach-barred lakes a t  stream 
mouths or bay heads have become 
tidal lagoons. Wave action a t  the 
higher sea levels is rapidly erod- 
ing shorelines composed of paorly 
consolidated deposits that  are 
now brought within reach of the 
tides (pl. 4). An irreparable loss 
resulting from accelerated ero- 
sion of such deposits is the de- 
struction of many coastal archae- 
ological sites situated on them. 
Former reefs and low-lying 
islands along the coast are now 
submerged, and some tombolo- 
tied points or capes have become 
islands. 

Effects of the small and local- 
ized uplift along the shore are 
minor compared to  those due to 
subsidence. At  Narrow Cape a 
new surf-cut rock terrace 200 
feet wide reportedly is exposed a t  
zero tide, and nearby beach- 
barred lakes have been partially 
drained by incision of the outlet 

TABLE 3. - Tidal inundation resulting from tectonic and surficial subsidence 

Stream Location 
(fig. 2)  

Approximate 
tectonic 

subsidence 
(feet ) 

Length of 
stream 

newly inun- 
dated by 

tides 
(feet)l 

...... Danger Bay Creeks 

................ Marka Creek 

Back Bay Creeks .......... 
Afognak River .............. 

Kiliuda Creeks .............. 
Eagle Harbor Creek .... 
Saltery Cove Creek ....... 
Olds River ................... ... 

Afognak Island 
14 miles northeast of 

A fognak. 
5 miles northeast of 

Af ognak. 
... 5 miles north of Afognak 

4% miles north-northeast 
of Afognak. 

Kodiak Island 
Kiliuda Bay ........................ ... 

............................... Ugak Bay 
....................... do .................... ... 

Kalsin Bay ................... .... 
- 

1 Alaska Department of Fish and Game 11965. p. 6). 
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streams. Elsewhere a few new 
reefs are exposed a t  stages of tide 
when they formerly were under 
water. Lowered tide levels in la- 
goons in the area with attendant 
reduced volume and velocity of 
diurnal flow through the outlets 
may eventually result in the bar- 
ring of the lagoon outlets and 
subsequent conversion of the la- 
goons to fresh-water lakes. 

REGIOBAL SETTING OF 
THE CHANGES 

The 4,900-square-mile land 
area of Kodiak and the nearby 
islands within which vertical dis- 
placements were measured is but 
a part of a regional zone of tec- 
tonic deformation associated with 
the earthquake. An area of at 
least 70,000 square miles, and 
possibly 110,000 square miles or 
more of south-central Alaska, is 
involved (Plafker, 1965). The 
zone, which is more than 500 
miles long and as much as 200 
miles wide, is roughly parallel 
to the Gulf of Alaska coast from 
the Kodiak group of islands 
northeastward to Prince William 
Sound and thence eastward to 
about long 143" W. It consists of 
a major seaward zone of uplift 
bordered on the northwest and 
north by a major zone of subsi- 
dence (fig. 17). These two zones 
are separated by a line of zero 
land-level change that trends 
northeastward from Sitkinak Is- 
land along the seaward sides of 
Sitkalidak and Kodiak Islands 
(fig. 16).  From Kodiak Island, 
the line trends northeastward to 
intersect the mainland between 
Seward and Prince William 
Sound. I t  then curves eastward 

through the western part of 
Prince William Sound to the vi- 
cinity of Valdez and crosses the 
Copper River valley about 50 
miles above the mouth. 

In addition to most of the KO- 
diak group of islands, the zone 
of subsidence includes most of 
Cook Inlet, the Kenai Mountains, 
and the Chugach Mountains. The 
axis of maximum subsidence 
within this zone trends roughly 
northeastward along the crest of 
the Kodiak and Kenai Mountains 
and then bends eastward in the 
Chugach Mountains. Maximum 
recorded downwarping along this 
axis is 7v2 feet. 

In the northern part of the de- 
formed area, uplift in excess of 
6 feet occurred over a wide area 
including part of Prince William 
Sound, the mainland east of the 
sound, and offshore islands on the 
continental shelf as far southwest 
as Middleton Island. Along sur- 
face faults on Montague Island, 
the uplift locally exceeded 30 feet 
(Plafker, 1965, fig. 7). South- 
west of Montague Island the sea 
bottom may have been uplifted 
more than 50 feet (Malloy, 1964, 
p. 1248), where pre- and post- 
earthquake bottom soundings 
show seaward continuations of 
new fault scarps along preexist- 
ing fault lines. Large-scale uplift 
of the continental shelf and slope 
southwest of Montague Island is 
inferred from the trend of iso- 
base contours in the northeastern 
part of the deformed area, and 
from the presence of the fringe 
of uplift along the outer coast of 
the Kodiak Island area (fig. 16).  
The minimum extent of this in- 
ferred offshore zone of uplift is 

thought to be roughly outlined by 
the earthquake focal region, or 
belt of major aftershocks, shown 
on figure 1. 

The major zones of vertical 
tectonic displacement and the belt 
of aftershocks, which lie within 
and parallel to the Aleutian 
Trench and the Aleutian volcanic 
arc, are inferred to have resulted 
from displacement along a fault 
or zone of faulting that dips a t  a 
moderate angle northward from 
the Aleutian Trench beneath the 
continent (Grantz and others, 
1964, p. 2) .  Neither the orienta- 
tion nor the sense of movement 
on the primary fault (or faults), 
along which the earthquake pre- 
sumably occurred, is certain, in- 
asmuch as the primary fault or 
zone of faulting is not known to 
intersect the surface on land. 

The two known surface breaks, 
which occurred on preexisting 
faults on Montague Island along 
the axis of maximum uplift, are 
clearly within and subsidiary to 
the zone of regional uplift. The 
faulting on Montague Island is 
known to extend offshore south- 
westward a t  least 15 miles, and 
comparable fault displacements 
probably occurred along this 
trend or elsewhere on the sea 
floor of the continental shelf with- 
in the focal region of the earth- 
quake. Indeed, the direction of 
travel and reported arrival times 
of the initial wave crest in the 
area (p. D30-D39) suggest that 
the axis of maximum uplift (fig. 
17) ,  along which faulting occur- 
red on Montague Island, may ex- 
tend southwestward perhaps to 
the latitude of Sitkalidak Island 
(Plafker, 1965, p. 6 ; Plafker and 
Mayo, 1965, fig. 12).  
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SUBSIDENCE AT MIDDLE BAY 
Extensive inundation at the head of Middle Bay resulting from 5 ieet af tectonie anbsidence and an unknown but substantial amount of surficial subsidence. Arrow 
indicate the approdmate location of remnants of the Kodiak-Chiniak highway. Dashed line show the approximate preearthquake mean high-water shoreline which has been 
shifted about half a mile landward. 
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UNDERlWIyED TREES ON BARRIER EUCR l[N IZEIUT BAY, AFOGNAK BLAND 
Acedffated m e  d o 4  in sn area of abmt 5 fest of tectonie &Mence cawed tbia damage. Foliae of trees doong &ere bas fumed b r a  frwa alt-water intm.zmio~~ of 
the mlr). 
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17. - Setting of the observed and inferred vertical displacements of the Kodiak group of islands with respect to regional 
tectonic deformation in south-central Alaska. 
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SEISMIC SEA WAVES 

By far the most catastrophic 
effect of the 1964 earthquake on 
Kodiak and the adjacent islands 
was the train of destructive seis- 
mic sea waves that first struck 
the coast about 38 minutes after 
the start of the earth tremors. 
The waves, repeatedly inundating 
low-lying coastal areas, caused 18 
fatalities and extensive property 
damage along the southeast coast 
of the islands. This train of seis- 
mic sea waves resulted in the 
worst natural disaster to befall 
the islands in historic times. 
There is no authenticated record 
of previous destructive seismic 
sea waves along this same seg- 
ment of the Alaskan coast. 

According to a widely quoted 
account in the historical novel 
"Lord of Alaska" ( Chevigny, 
1942, p. 63),  the original Russian 
settlement on Kodiak Island at  
the site of a native village in 
Three Saints Bay was wiped out 
by a "tidal wave" during a vio- 
lent earthquake in 1792 after 
which it was moved to the pres- 
ent location of Kodiak. The his- 
torian, Bancroft (1886, p. 324), 
states, however, that the decision 
to move the settlement was based 
solely on sound tactical and eco- 
nomic reasons. The original site 
continued to be inhabited by na- 
tives a t  least until 1805, a t  which 
time the Russian naval captain 
Lisiansky called at  'Three Saints 
Bay in the ship Neva (Bancroft, 
1886, p. 434-435). 

CHRONOLOGY 

For a period of about half an 
hour after the earthquake, most 
residents were busily assessing 
the relatively light earthquake- 
induced damage and discussing 

the terrifying shaking they had 
so recently endured. Few people 
recall having noticed any unusual 
movements of the sea in that in- 
terval of time. The tide was ebb- 
ing and nearly a t  low stage (table 
2 ) ,  the wind was calm, and there 
was ample daylight for reliable 
visual observations for about 2 
hours after the earthquake, or 
until about 7:30 p.m. 

The only reported noteworthy 
fluctuation of water level prior 
to arrival of the first seismic sea 
wave was a gradual rise and sub- 
sequent withdrawal of the sea. 
This fluctuation was noted by a 
fisherman, Mr. Jerry Tilley, who 
was aboard the 75-foot shrimp- 
fishing boat Fortress tied up a t  
the city dock in Kodiak. Mr. 
Tilley states that the water level 
rose calmly from about 0 to 13 
feet within 10 minutes after the 
earthquake was initially felt. Wa- 
ter level then receded gradually 
for an estimated 25 minutes to 
about -10 feet, after which the 
first wave moved in from the 
south as a large swell. This first, 
calm rise of water level has not 
been reported elsewhere, and it 
caused no damage whatever. The 
origin of this reported sea-level 
rise a t  Kodiak is uncertain. It 
could have been a local seiche 
generated largely by the tectonic 
tilting and possible horizontal dis- 
placement that occurred during 
the earthquake. However, the fact 
that i t  was not noticed at  the 
nearby Naval station, which un- 
derwent approximately the same 
amount of subsidence, argues 
against this possibility. In any 
event, the limited data available 
on this initial sea-level rise sug- 
gest that it was a local phenome- 
non, rather than part of the train 

of long-period seismic sea waves 
that followed. 

At 6 :14 p.m., 38 minutes after 
the start of the earthquake, Fleet 
Weather Central, Kodiak Naval 
Station, received an ominous re- 
port of a "30-foot tsunami" at  the 
Cape Chiniak station of the U.S. 
Coast Guard 15 miles to the 
southeast (fig. 18).  An imrnedi- 
ate "tidal-wave" warning, broad- 
cast over the Armed Forces Ra- 
dio, resulted in the timely evacua- 
tion to high ground of most base 
and city personnel in the Kodiak 
area. Many individuals began im- 
mediately trying to fly amphibious 
aircraft from the harbor area, to 
pilot fishing boats to the relative 
safety of deep water, or to re- 
move vehicles and other valuable 
belongings to high ground, but 
with varying degrees of success. 

At about the time that the 
wave was observed a t  Cape Chin- 
iak, Mr. Joe Beaty (see p. D15) 
was on the roof of his ranch home 
at  Narrow Cape repairing a ra- 
dio antenna broken during the 
earthquake. Looking seaward, he 
was astonished to see the sea 
withdraw a long distance from 
the shore; the withdrawal was 
immediately followed by a "wall 
of water" that moved in from 
the east and broke off shore. A 
wave then surged over low-lying 
parts of the ranch as much as 
three-quarters of a mile inland 
from the beach; it deposited vast 
quantities of driftwood but i t  
stopped just short of the house 
and outbuildings. Seven head of 
cattle were drowned, contrary to 
one journalist's account which 
claimed that the animals some- 
how sensed the oncoming wave in 
time to move to the safety of high 
ground. 
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s h ~ f t e d  westward 

/No wave damage 

18. - Localities on Kodiak and nearby islands a t  which waves caused major property damage (black c'ircles), shorelines 
showing physical evidence of wave damage (x ) ,  shorelines reportedly inundated by runup (open circles), and U.S. Geo- 
logical Survey streamflow gages on which waves were recorded (triangles). Numbers indicate approximate highest runup 
in feet above existing tide level; plus sign following numeral indicates tha t  tide stage is  unknown and maximum runup 
shown is minimum value assuming coincidence of wave with high tide. Lined pattern offshore indicates inferred posi- 
tion of the northwest and southwest margins of the wave-,rest source. 
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19. -Seaplane ramp a t  Kodiak Naval Station along shore of Womens Bay showing approximate high-water level reached 
by first wave. Note calm water  surface. Aircraft parked in front of hangar  at left center were later moved to high 
ground and saved. Photograph by U.S. Navy. 

Shortly after the initial wave 
struck the outer coast from Cape 
Chiniak to Narrow Cape, inhabi- 
tants elsewhere along the south- 
east coast between Kaguyak and 
Afognak noticed rapid rises of 
the sea, accompanied in some 
places by dull rumbling souncls. 
By 6:35 p.m., 63 minutes after 
the start of the earthquake, the 
initial wave was cresting a t  the 
city of Kodiak, nearby Kodiak 
Naval Station, and other points 
along the shore of Chiniak Bay, 
and was inundating low-lying 
coastal areas. Everywhere except 
a t  Cape Chiniak ancl Narrow 
Cape, the first waves were de- 
scribed as a gentle gradual flood 
with swirls resembling riverflow 
that rose a t  estimated rates of as 
much as 3 feet per second. Figure 
19 shows part of the airport a t  
Kodiak Naval Station as the first 
wave crested. At  Kodiak and Old 
Harbor, gradual withdrawals of 
about 10 feet reportedly preceded 

the initial wave, but no with- 
drawal in Womens Bay was ob- 
served a t  the Kodiak Naval 
Station. 

The initial wave was followed 
everywhere by a turbulent swirl- 
ing retreat of water from the 
shore, during which segments of 
the sea floor were bared far below 
the level of the extreme low tides. 
Much of the fishing fleet a t  Ko- 
diak was left grounded, but some 
boats were swept offshore and 
caught in whirlpool-like eddies or 
high-velocity currents that ac- 
companied the ~vithdrawal. The 
water withdrew to about 10 feet 
below the postearthquake mean 
l o ~ ~ ~ e r  lo~v ~va te r  a t  the Kodiak 
Electric Association powerhouse 
in Kodiak. At the Kodiak Naval 
Station, the water withdrew to 
about 11y2 feet below the post- 
earthquake mean lower low 
water. 

Approximately a t  7 :40 p.m., 
as darkness was falling and the 

tide beginning to flood, a second 
wave that was the largest and 
most destructive of the train in 
the Chiniak Bay area struck the 
coast. It s w e p t  a w a y  docks,  
houses, and vehicles along the 
shore and drove flotsam and fish- 
ing vessels inland as battering 
rams, causing much destruction 
of property previously undam- 
aged by the high water. 

The withdrawal that followed 
the second wave was extremely 
turbulent and rapid. Swirling 
currents with velocities variously 
estimated a t  20-25 knots flowed 
through the straits near Kodiak. 
The water was choked with de- 
bris, and vessels that were un- 
able to steer against the swirling 
erratic currents were carried on 
its flood. 

The third wave, which struck 
the southeast coast of the area 
between 8 :30 and 9 :30 p.m., was 
slightly lower than the second 
wave in Chiniak Bay, but because 
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it came in on a rising tide it 
reached almost the same altitude 
along the shore as the previous 
wave, adding substantially to the 
damage. It  was the highest and 
most destructive wave witnessed 
a t  the villages of Afognak, Old 
Harbor, and Uzinki; numerous 
homes and other structures were 
washed to sea, and fishing vessels 
were sunk or beached. At the 
widely spaced villages of Afog- 
nak and Old Harbor, the arrival 
time of the wave crest was re- 
corded on clocks that were stop- 
ped by the inundation almost si- 
multaneously-at 9 :27 p.m. and 
9:28 p.m., respectively. By this 
time virtually everyone along the 
southeast coast except those 
aboard boats and personnel at 
Fleet Weather Central had evac- 
uated to higher ground, and it 
was too dark in most places to 
permit reliable observations on 
the nature and sequence of waves. 

The instrumental records and 
the record kept at  the Kodiak 
Naval Station show that waves 
continued to inundate the shore- 
line with progressively decreas- 
ing amplitude until early the next 
morning. However, the highest 
runup in some localities, includ- 
ing Womens Bay near Kodiak 
Harbor, coincided with high tide 
shortly after midnight (table 2 ) .  

The greatest observed with- 
drawal of water occurred a t  the 
Kodiak Naval Station a few min- 
utes after midnight. At that time, 
water level fell some 24 feet from 
a plus %foot tide to 16 feet below 
mean lower low water. 

Along the Shelikof Strait side 
of the group of islands, no wave 
action or water motions were 
noted, aside from minor local tur- 
bulence, until about 90 minutes 
after the earthquake. Water fluc- 
tuations there consisted of rapid 
low-amplitude tide changes ac- 
companied by swift and erratic 

currents. The shoreline was inun- 
dated a few feet above normal 
preearthquake highest tide levels 
only by the waves that occurred 
between 11:30 p.m. and 1:00 
a.m., within an hour of high tide 
(table 2 ) .  The last recorded an- 
omalous tide rise on the Shelikof 
Strait side of the island that 
could be attributed to wave action 
was a t  about 5 :00 a.m. on the 
morning after the earthquake. 

CREST HEIGHTS 

Locations of coastal areas on 
Kodiak and nearby islands that 
were affected by the seismic sea 
waves are shown on figure 18. 
Also shown are maximum runup 
heights recorded a t  shore stations 
and the inferred source area of 
the waves. 

The sole operative tide gage on 
Kodiak and the nearby islands 
was a t  the Kodiak Naval Station 
in Womens Bay. I t  was put out 
of action by the earthquake trem- 
ors and was subsequently inun- 
dated by the waves; the mari- 
gram for March was last. Obser- 
vations of water-level changes at  
the Naval Station were made by 
Fleet Weather Central personnel 
throughout the night of March 27 
and the early hours of March 28. 
I t  is the most complete record 
available of the seismic sea waves 
in the area or elsewhere along the 
Gulf of Alaska coast in the region 
strongly affected by the earth- 
quake. 

Unique instrumental records of 
arrival times and maximum run- 
up heights of the higher waves 
were obtained from three U.S. 
Geological Survey streamflow 
gages a t  localities shown on fig- 
ure 18. The three gages were situ- 
ated a t  sites near stream mouths 
that subsided sufficiently during 
the earthquake to bring them 
within reach of the highest seis- 
mic sea waves; the two gages on 

the Shelikof Strait side of the 
island are low enough to record 
the higher astronomical tides 
since the earthquake. Arrival 
times, crest heights, and runup al- 
titudes of the waves a t  Womens 
Bay and a t  the three streamflow 
gages are given in table 4 (next 
page). 

With the exception of the four 
localities enumerated above, all 
data on wave-arrival times were 
obtained through conversations 
or written communications with 
eyewitnesses. Most are little 
more than rough estimates of 
elapsed time beween start of the 
tremors and the wave-crest ar- 
rivals. Few observers had the op- 
portunity or presence of mind un- 
der the prevailing conditions to  
record the time a t  which the 
waves struck, and in any given 
locality opinions varied consider- 
ably. 

The maximum heights to which 
the waves rose along the shore at  
localities other than Womens Bay 
and the sites of the streamflow 
gages could be readily ascertain- 
ed from the strand lines of sea- 
weed and driftwood, waterstains 
on buildings, and abraded bark or 
broken branches in trees and 
brush along the shore. Heights 
were measured by hand level and 
stadia rod above prevailing sea 
level and later reduced to mean 
lower low water. At most locali- 
ties measured heights were sub- 
stantially lower than those indi- 
cated by eyewitnesses or estimat- 
ed by some investigators who vis- 
ited the area after the earth- 
quake. 

Because much of the land area 
had been lowered or uplifted by 
the tectonic deformation that pre- 
sumably occurred during the 
earthquake (Plafker, 1965, p. 
1680) and because the wave train 
struck the coast a t  stages of tide 
ranging from low to high, appro- 
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TABLE 4.- Heights (in feet) and arrival times of seismic sea-wave cnests at Wornens Bay,  Myrtle Creek, 
Terror River, and Uganik  rive^ on Kodiak Island 

[Local (Alaska standard) time. MLLW, postearthquake mean lower low water1 

Womens Bay1 
(Kodiak Naval Station) 

Myrtle Creek2 Terror River3 Uganik River4 

I March 27 

Wave 

- 

- -- 

1 Data from Fleet Weather Station. U.S. Navy, Kodiak. 
2 Data recorded on U.S. Geological Survey streamflow gage about 1 mile above preearthquake stream mouth. 
3 Data recorded on U.S. Geological Survey streamflow gage 0.7 mile above preearthquake stream mouth. 
4 Data recorded on U.S. Geological Survey streamflow gage 0.5 mile above preearthquake stream mouth. 

1 .... 

2 .... 
3 .... 

4 .... 
5 .... 

6 .... 
7 .... 
8 .... 
9 .... 

10 .... 

priate corrections for vertical 
displacement and tide stage had 
to be made a t  each locality to 
obtain the actual runup heights 
shown in figure 18 and table 4. 
Where wave-crest arrival times 
were known, corrections were 
made by subtracting from the 
measured runup heights (1) the 
amount of subsidence, if any, a t  
the shore station, and (2) the 
predicted tide height above lower 
low water a t  the time the wave 
crested. Where runup heights 
w e r e  measured  f r o m  s w a s h  
marks or other evidence left along 
the shore a t  unknown stages of 
tide, corrections could be made 
for vertical displacement but not 
for tide stage. In these localities, 

Time 

the height indicated on figure 18 
is a minimum value (indicated by 
a plus sign following the numeral) 
that assumes coincidence of the 
highest wave with high tide on 
the morning of March 28 (table 
2) .  Along the ocean side of the 
islands the highest waves appar- 
ently occurred between low and 
half tide, so the runup heights of 
the highest waves most probably 
were 4-8 feet higher than those 
shown on figure 18. 

RUNUP HEIGHTS 
In  general, the waves were 

high and destructive only along 
the exposed ocean coast. They 
barely inundated shorelines above 
normal highest tide levels along 

the Shelikof Strait side of the 
islands and the straits between 
the larger islands. The waves 
were too low to flood above the 
shoreline along the southwest 
shore of Kodiak Island or  a t  Sit- 
kinak Island. 

As indicated by figure 18, max- 
imum runup heights of the waves 
around the islands ranged from a 
minimum of 5 feet or less to at 
least 31% feet. Large local varia- 
tions in runup heights occurred 
around the islands-apparently 
controlled by the highly irregular 
configuration of the coastline, dif- 
ferences in offshore bottom topog- 
raphy, and length of wave travel 
path. The highest recorded run- 
ups were along exposed beaches 

Time 

Crest height 

Above 
tide 
level 

6:35 p.m. 

7:40 p.m. 
8330- 
8:44 p.m. 

10:00 p.m. 
11 :16- 
11:34 p.m. 

15.2 

18.6 

17.2 
14.3 

13.2 

Time 

Crest height 

Above 
MLLW 

10.8 

12.8 

8.6 
9.4 

11.6 

10.6 

12.8 

9.7 
13.7 

18.8 

Crest height 

Above 
tide Above 1 MLLW 
level 

Time Above 
tide 
level 

6:45 p.m. 

7:40 p.m. 

8:30p.m. 
9:45 p.m. 

11:15 p.m. 

1 . 0  

18.8 

18.4 
18.4 

20.3 

March 28 

Crest height 

Above 

level 

Above 
MLLW 

0A7a.m. 
1:54 a.m. 
2:20a.m. 
2#:58a.m. 
3:20a.m. 

11:15 p.m. / 8.0 1 18.2 1 11:OO p.m. / 6.2 / 15.2 

March 28 

.............. 
............... 
............... 

............... 

............... 

............... 

................. 

3.2 
6.4 
3.0 
2.2 
1.6 

................. 

............... 

................ 

1:15 a.m. 

1:50 a.m. 
3:00 p.m. 

4:20 a.m. 

0.9 

4.9 

............... 

............... 

............... 

............... 

................. 

................. 

11.6 
13.8 
10.0 
7.2 
5.6 

16.0 

18.5 
................ 

................. 

................................ 

................. 
................. 

1:15 a.m. 

2:32a.m. 
............... 

............... 

............... 

1.8 

2.6 
8.6 

9.2 

2:40a.m. 
.............. 
............... 

............... 

............... 

17.0 

17.7 
21.1 

18.2 

7.3 
........ 
......... 
.......-. 
......... 

13.9 
......... 

......... 

......... 

........ 
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and bluffs on southeastward-fac- 
ing shores of Kodiak and Sitkali- 
dak Islands, whereas runup 
heights in adjacent sheltered em- 
bayments and segments of coast 
protected by offshore reefs were 
substantially lower. 

The highest measured runup 
was a t  an uninhabited locality be- 
tween Cape Chiniak and Narrow 
Cape, where trees were damaged 
31% feet above predicted astro- 
nomical high tide on the night of 
the earthquake ; however, the 
highest wave probably coincided 
with the first large wave a t  low 
tide that was witnessed a t  Nar- 
row Cape and Cape Chiniak. If it 
did, runup above existing tide 
level would have been almost 40 
feet. Runup of 24% feet above 
the March 28 high-tide level was 
measured on an eastward-facing 
beach a t  Sitkalidak Island, and 
driftwood deposited on a terrace 
a t  the south end of the island is 
estimated to be a t  least 15 feet 
higher. Wave-deposited driftwood 
was also seen from the air a t  
high altitudes on bluffs along the 
north coast of Marmot Island. 

In sheltered embayments along 
the ocean coast, runup heights 
ranged from 12 to 17 feet. The 
highest runup of 17+ feet occur- - 
red a t  Kaguyak which is situated 
a t  the head of a large, deep bay 
that opens into the Gulf of Alas- 
ka. The rather low measured 
runup of 8 feet a t  Afognak vil- 
lage and a t  other localities on 
Afognak Island that face the 
open ocean are  suggestive of 
rapid dissipation of wave energy 
with distance from the inferred 
offshore-source area, especially in 
areas of shoal waters and shallow 
reefs such as extend several miles 
off shore from Afognak village. 

On the Shelikof Strait side of 
the islands, maximum runup 
heights generally range from 5 to 
6 feet. A lone exception is a t  the 

Terror River streamflow gage 
site, where, as described in the 
following section, seiching caused 
anomalous water-level rises of as 
much as 10 feet above tide level 
a t  3 :00 a.m. and 4 :00 a.m. on the 
morning of March 28. 

Other than a t  the Terror River 
gage site, maximum recorded 
runups above tide level occurred 
during the first three waves. The 
highest runups above predicted 
pos tea r thquake  astronomical 
tides recorded a t  Kodiak Naval 
Station and a t  the Myrtle Creek 
streamflow gage (12.8 and 18.4 
f t ,  respectively) occurred dur- 
ing the second wave. At Cape 
Chiniak and Narrow Cape the 
first wave (at least 31v2 and pos- 
sibly 40 f t )  reportedly was the 
highest. At Afognak and Old 
Harbor the third wave (8 and 13 
f t  above tide level, respectively) 
was the highest. The maximum 
runup altitude in these areas, 
however, did not necessarily co- 
incide with the highest wave, in- 
asmuch as the maximum was the 
resultant of both wave height and 
the stage of postearthquake as- 
tronomical tide a t  any given lo- 
cality. As shown by table 2, the 
tides on which the seismic sea 
waves were superimposed ranged 
from slightly less than 0 to 16.0 
feet. Consequently, the highest 
recorded runup a t  many locali- 
ties, including those stations in- 
dicated on table 4, coincided with 
wave arrivals close to midnight 
a t  about high tide, rather than 
with the larger early waves that 
arrived a t  lower tide stages. 

PERIODS 
The first three seismic sea 

waves as recorded a t  Womens 
Bay and the stream gage a t  
Myrtle Creek had periods of 
50-55 minutes (table 4) .  This 
period probably most nearly ap- 
proximates that of the waves a t  

their source. Later irregularities 
in the interval between successive 
waves a t  these places and a t  the 
two stream gages on the Shelikof 
Strait side of the islands may re- 
flect superposition of local seiches 
upon the wave train. Such super- 
position may in part explain the 
inconsistencies in the reports by 
eyewitnesses a t  different locali- 
ties on the number and arrival 
times of wave crests. 

The anomalous increase in 
wave height recorded a t  the Ter- 
ror Bay streamflow gage (table 
4) is suggestive of a longitudinal 
seiche excited in Terror Bay 
through approximate coincidence 
between the natural oscillation 
period of the bay and that  of the 
seismic seawave train. That the 
anomalous high waves in the bay 
were purely of local origin is 
clearly demonstrated by the rec- 
ord of successive waves of declin- 
ing amplitude during the same 
period on the Uganik River gage 
and a t  inhabited areas nearby. 
The Terror River gage is a t  the 
head of a nearly rectangular fiord 
about 14 miles long, less than 1 
mile wide, and with an average 
depth of roughly 270 feet. The 
natural period of oscillation for 
the fundamental mode of open- 
sided bays, such as Terror Bay, is 
given by the formula : 

where Tn is the natural period in 
seconds, 1 is the length of the bay 
in feet, g is the gravitational con- 
stant, and d is the water depth in 
feet (Ruttner, 1953, p. 43). The 
fundamental mode of oscillation 
is that  in which the first node is 
situated a t  the mouth of the bay. 
By use of this formula and the 
dimensions and depth indicated 
above, the period for the funda- 
mental mode of water in the fiord 
is about 53 minutes, which coin- 
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20. -- Openlng torn by selsmlc sea 71 aves In the bar1 1c.1 beach of a 1tt1 ge  lake along the shore of Izhut Bay on Afognalr 
Island. Channel scour and subsidence of a t  least G feet pelmit sea water to enter the basin a t  all stages of tide. Note 
partially submerged trees along inner margins of the beacb spits, and small new rockslide along bluff in background. 
Photograph by Alaska Department of Fish and Game. 
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cides almost too closely with the 
period of 50-55 minutes indicated 
for the initial waves. Consequent- 
ly, the anomalously high wave 
recorded at the stream gage may 
have resulted from resonant am- 
plification of a longitudinal seiche 
that was excited by the train of 
seismic sea waves. 

EFFECTS ON SHORELINES 
AND SEA BOTTOMS 

High-velocity currents associat- 
ed with the repeated ebb and 
flood of the waves resulted in ex- 
tensive damage through erosion 
of artificial fills and unconsolidat- 
ed deposits along the coast. The 
effect of the surges may be corn- 
pared to erosion during extreme 
flood conditions of rivers. At sev- 
eral places, barrier beaches dam- 
ming coastal lakes were breached 
by the waves, and the lakes were 
thereby converted to lagoons, as 
illustrated in figure 20. 

Stream gravel was removed 
from the bed and banks of Olds 
River a t  the head of Kalsin Bay 
along a length of a t  least 400 feet 
of the estuary (Alaska Dept. Fish 
and Game, 1965, p. 6 ) .  Mud was 
eroded from tidal flats along the 
shore a t  Kodiak to a depth of 10 
feet. Bottom changes off shore 
from Kodiak a t  a depth of 75 feet 
were reported by a scuba diver, 
Mr. Jerry Tilley, who noted that 
the channel had been scoured 
clean of mud and that thousands 
of clams were thereby exposed on 
the sea floor. 

The combination of swift cur- 
rents and the buoyant effect of 
large-amplitude waves moved 
several navigation and mooring 
buoys in the Chiniak Bay area, 
and dragged the navigation buoy 
in Shuyak Strait off station. Un- 
doubtedly the 20- to 25-knot cur- 
rents associated with the waves 
caused intensive scouring of sedi- 
ment from shorelines and narrowT 

21. -Sholellne damage between Narrow Cape and Cape Chinlak caused by 
driftwood-laden selsmic sea wave. Spruce trees as much a s  8 inches 111 dlameter 
mere broken off a t  about 30 feet a l t~tude.  Limbs were broken and trunks scarred 
to a llleasurecl altltude of 42 feet above lower low water. Crowns of downed 
trees point in diicction of water movement. 

straits and deposition of the 
eroded material in deeper quieter 
water. Few such effects, ho\vever, 
have been documented along the 
shores of Kodiak and the nearby 
islands because of the general 
scarcity of preearthquake refer- 
ence marks in coastal areas and 
the complicating factor of wide- 
spread postearthquake subsi- 
dence. 

At uninhabited capes ancl em- 
bayments along the ocean coast, 
wave inundation was evidenced 
by newly deposited driftwood and 
seaweed above the level of high- 
est ticles and by broken and scar- 
recl shoreline vegetation in tim- 
bered areas. Figure 21 illustrates 
the effects on a stand of spruce 
trees near Narrow Cape of a 

ORIGIN 

The seismic sea waves clearly 
mere generated off shore from 
the Kocliak group of islands with- 
in the Gulf of Alaska, as shown 
by the arrival times of the initial 
waves, the distribution of wave 
damage, and the orientation of 
damaged shorelines. The distance 
traveled by the waves can be de- 
termined where wave velocity 
along the propagation path and 
travel time are known. Because 
the wave lengths are long, seismic 
sea waves move as shallow water 
waves even in the deepest ocean. 
As such, their velocity is con- 
trolled by the depth and conforms 
closely to LaGrange's equation 
(in Lamb, 1932, p. 257) : 

driftwood-laden surge of water V = v x  
that ran up to an altitude of 42 where g is the gravitational con- 
feet above lower low water. stant, and h is the water depth 
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along the travel path (as deter- 
mined from nautical charts). The 
travel time is taken as the elaps- 
ed time between arrival of the 
first wave crest at shore stations 
and the inferred time a t  which 
the waves were generated. 

Calculations of the distance 
travelled by the first waves to 
the few stations where reliable 
data are available on arrival 
times defines a source area that 
trends northeastward a t  a mini- 
mum distance of 28 miles off 
Cape Chiniak and 17 miles off- 
shore from Sitkalidak Island- 
assuming that the waves were 
generated a t  the t ihe of the 
earthquake or shortly thereafter 
(fig. 18). A time delay between 
the beginning of the earthquake 
and generation of the waves 
would modify the position of the 
inferred source by shifting it 
shoreward. Thps, if as much as 5 
minutes elapsed between the be- 
ginning of the earthquake in 
Prince William Sound and the 
generation of the waves off shore 
from the Kodiak area, the infer- 
red source area would be 4-6 
miles shoreward from the posi- 
tion shown on figure 18. The ab- 
sence of large waves a t  Sitkinak 
Island and in Alitak Bay suggests 
that the wave source did not ex- 
tend southwest of the general lat- 
itude of southern Sitkalidak 
Island. The anomalous lack of 
wave effects along the low-lying 
northeast shore of Sitkinak 
Island, which is ideally situated 
to receive heavy damage from 
northeasterly waves, further sug- 
gests that the waves were strong- 
ly directional-as might be ex- 
pected from a linear northeast- 
trending source area. 

Initial upward motion in the 
source area is suggested by (1) 
the distribution of measured 
land-level change along the ad- 
jacent mast and offshore islands, 

(2) the initial rise recorded on 
tide gages outside the immediate 
area affected by the earthquake 
(Van Dorn, 1964, p. l l ) ,  and 
(3) possibly by the unique at- 
mospheric waves ("seismic air 
waves") recorded shortly after 
the earthquakes on microbara- 
graphs a t  both the University of 
California a t  Berkeley and the 
Scripps Institution of Oceanog- 
raphy at La Jolla (Van Dorn, 
1964, p. 7 ;  Bolt, 1964, p. 1096). 
The initial direction of water 
movement within the Kodiak 
islands area is less clear, how- 
ever, because there were no op- 
erative tide gages, and in many 
localities water movement during 
and after the earthquake was 
complicated by land-level changes 
along the coast, and perhaps also 
by local waves generated by the 
ground tremors or by subaerial 
and submarine landslides. With a 
few notable exceptions, however, 
most observers along the coast of 
the Kodiak group of islands and 
elsewhere along the coast of the 
Kenai Peninsula and Prince Wil- 
liam Sound area reported that 
the first strong surge of waves 
from the Gulf of Alaska was up- 
ward; this report tends to sup- 
port the inference of vertical dis- 
placement in the source area. 

The waves recorded on Kodiak 
and the nearby islands and those 
that struck the outer coast of the 
Kenai Peninsula (fig. 17; Plaf- 
ker and Mayo, 1965, p. 10, fig. 
12) appear to have originated 
along a linear axis of maximum 
uplift that extends about 350 
miles between Sitkalidak Island 
in the Kodiak group and Mon- 
tague Island in Prince William 
Sound. The discrepancy in the 
position of the inferred axis of 
maximum uplift offshore from 
the Kodiak Island area between 
figure 21 and that of a prelimin- 
ary report (Plafker and Mayo, 

1965, fig. 12) results from a pre- 
vious error in calculating propa- 
gation velocities of the waves. 

The axis of the inferred wave 
source as shown in figure 17 and 
as computed independently by 
Van Dorn (1964, figs. 8, 10) are 
in close agreement. At the north 
end of this axis near Montague 
Island there is clear evidence for 
significant upward displacement 
in a 6-mile-wide segment of the 
sea floor. Both extreme crustal 
warping and large fault disloca- 
tion must have taken place. The 
southwest tip of Montague Island 
was elevated as much as 33 feet 
relative to sea level; there was 
at  least 18 feet of vertical offset 
on land along the Patton Bay 
fault (Plafker, 1965, p. 1132; 
Plafker and Mayo, 1965, p. 7) .  
Furthermore, the fault has been 
traced as a prominent scarp in 
the ocean floor for a t  least 15 
miles southwest of Montague Is- 
land towards the Kodiak group of 
islands. As much as 50 feet of net 
uplift of the sea floor along this 
line has been inferred from com- 
parison of pre- and postearth- 
quake bathymetric surveys made 
by the U.S. Coast and Geodetic 
Surveys southwest of Montague 
Island (Malloy, 1964). 

The inferred source area shown 
on figure 18, from which destruc- 
tive waves radiated northwest- 
ward to batter the coast of the 
Kodiak group of islands could be 
a southwestern extension of the 
axis of uplift and faulting in the 
Montague Island area. As in that 
area, it may represent a relative- 
ly narrow strip of extreme differ- 
ential uplift and (or) faulting 
that is superimposed on the broad 
regional zone of uplift. The posi- 
tion of the inferred wave source 
is largely in an area of flat slopes 
and shoal water on the continen- 
tal shelf; the possibility is thus 
virtually precluded that the 
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waves result either from massive 
submarine landslides along the 
continental slope or from special 
resonant oscillations of water in 
the adjacent Aleutian Trench. 

The low-amplitude dipole-type 
wave that Van Dorn (1964) con- 
sidered to have been formed by 
tectonic warping of the broad 
zones of uplift and subsidence 
shown on figure 17 apparently 
did not adversely affect Kodiak or 
the nearby islands, although i t  
may have contained much of the 
wave energy radiated out into the 
Pacific Ocean. No negative wave 
phase was recorded within the 
zone of subsidence along the 
shores of the islands, nor was a 
positive phase reported a t  any 

locality other than the city of Ko- 
diak prior to the arrival of the 
initial wave crest. The tectonic 
warping did result, however, in 
almost immediate withdrawal of 
water from some tilted uplifted 
areas and in complementary rises 
of water level in depressed areas. 
The reported initial calm rise of 
water observed a t  Kodiak imme- 
diately after the earthquake may 
have been associated with this 
regional crustal tilting about the 
axis of zero land-level change. 

The amount of uplift a t  the 
inferred wave source offshore 
from the Kodiak group of islands 
is not known and probably can- 
not be determined because the 
area had not been covered by de- 

tailed preearthquake bathymetric 
surveys. That the vertical sea- 
floor displacements may be of the 
same order of magnitude as those 
in the Montague Island area is 
suggested by the similarity in the 
maximum runup heights of the 
seismic sea waves (35-40 f t )  
along physiographically compar- 
able segments of coast both on 
the Kenai Peninsula opposite 
Montague Island (Plafker and 
Mayo, 1965, p. 10) and on Ko- 
diak Island. Other factors, how- 
ever, such as rate of uplift, initial 
slope a t  the wave source, and 
energy loss along the propagation 
path preclude direct correlation 
of runup heights with displace- 
ment a t  the source. 

DAMAGE AND CASUALTIES 

The earthquake and attendant 
subsidence and seismic sea waves 
severed the main coastal high- 
ways on Kodiak Island and caused 
extensive damage to the fishing, 
cattle ranching, and logging in- 
dustries on Kodiak and the near- 
by islands. These industries con- 
stitute the main economic base - 
for the region. The city of Kodiak 
also receives substantial revenue 
from the operation and mainte- 
nance of the Kodiak Naval Sta- 
tion that is about 6 miles south 
of the city. 

The effects of the earthquake 
on the highway routes and on 
the various industries throughout 
the Kodiak Island region are de- 
scribed in the following section. 
The nature and cause of the ex- 
tensive damage to public, private, 
commercial, and military proper- 
t y  a t  population centers in the 
Kodiak region is discussed in a 
separate volume of this series 
of reports on earthquake effects 

on Alaskan communities. The 
estimated dollar value of damage 
by the earthquake is shown in 
table 1. 

HIGHWAYS 

There are approximately 125 
miles of highway on Kodiak and 
the nearby islands; about 115 
miles are on Kodiak Island-85 
miles of which are  rural routes 
(fig. 22, next page). This report 
will consider only the 85 miles 
of r u r a l  h ighway  on Kodiak 
Island, because the remainder are 
in communities and will be dis- 
cussed in the companion chapter 
in Professional Paper 542. 

The earthquake caused approx- 
imately $5,036,000 worth of dam- 
age to the highway system on 
Kodiak Island-about $446,000 
in the city of Kodiak and $1,677,- 
000 in the Kodiak Naval Station 
(Tudor, 1964, fig. 3 ) .  Chiniak 
highway on the Naval Station 
was damaged from the station 

complex to Middle Bay, the south- 
ern boundary of the station. 

Most of the damage occurred 
on the 47-mile route to Chiniak 
and Sequel Point. The seismic 
sea waves destroyed two bridges 
a t  Womens Bay, four in Middle 
Bay, one across Mayflower Creek, 
one across the Kalsin River a t  
Kalsin Bay, two on Twin Creek, 
and one a t  an unnamed creek a t  
mile 33.7, about 0.8 mile east of 
Twin Creek. (Mile posts are  
reckoned north and south of the 
Buskin River-mile 0.0-which 
flows through the main complex 
of the Kodiak Naval Station.) 

Eyewitness accounts of the 
seismic sea waves indicate that 
the bridges were not destroyed 
by the incoming water of the 
first wave, but by the outgoing 
wave and by the more violent in- 
coming and outgoing subsequent 
waves. Figures 23 and 24 (p. 
D41) show seismic sea-wave dam- 
age to two bridges. 
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22. -Earthquake damage to major highway routes on Kodiak Island. 
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23. - Bridge a t  Womens Bay destroyed by seismic sea waves. Deck of bridge collapsed owing to destruction of piles. 
Compare with fig. 24. Photograph by U.S. Navy, March 30, 1964. 

24. - Deck of h ~ g h w a y  bi~t ige at il-omens Bay \\aslied a r n y  by seismic sea waves. 
\ Photograph by U.S. Navy, March 30, 1964. 



ALASKA EARTHQUAKE, MARCH 27, 1964 

25. -Section of roadway along Chir l~ak 111gh\vay a t  IVomells Bay destroyed by seismic sea waves. 
Photograph by U.S. Navy, March 30, 1964. 

In addition to those that were 
destroyed, five bridges on the 
Chiniak highway had to be re- 
placed either because they were 
underwater during high tide or 
because their approaches needed 
realinement. The bridges that re- 
quired replacement (indicated by 
open circles on fig. 22) are at 
Womens Bay, Middle Bay, and 
Kalsin Bay. 

The seismic sea waves destroy- 
ed a t  least 13 miles of roadway 
on the highway to Chiniak. About 
3 miles of road was destroyed at 
Womens Bay (figs. 22 and 25), 
3 miles a t  Middle Bay (pl. 3 ) ,  1 
mile a t  Mayflower Creek, and 4 
miles a t  Kalsin Bay. The roads 
in these areas were not only de- 
stroyed but had to be realined 
because regional and local sub- 
sidence was so great that the pre- 
earthquake alinement left the 
roadway under water during high 
tides. 

The Anton Larson highway 
spur, 9 miles long, starts near 
Buskin Lake on the Naval Reser- 
vation and runs west and then 
north to Anton Larson Bay. Dam- 

age occurred near the terminus 
of the road at  the bay. One mile 
of roadway was destroyed and 
required replacing. I11 addition, 
two bridges near the bay required 
replacing. 

The Saltery Cove spur road 
originates a t  the Chiniak high- 
way a t  Middle Bay. It  heads gen- 
erally southeastward for 14 miles 
to Saltery Cove on Ugak Bay. 
Damage on this spur occurred 
near its point of origin a t  Middle 
Bay and at the divide between the 
Saltery Cove and Middle Bay 
drainage basins. Two miles of 
roadway were destroyed and one 
bridge had to be replaced. 

The Narrow Cape spur road is 
15 miles long; it originates a t  
I<alsin Bay and heads south, 
where it skirts the east edge of 
Lake Rose Tead, then runs on to 
Pasagshak Bay. At the head of 
Pasagshak Bay, the road forks. 
One spur continues south about 
2 miles to Pasagshak Point; the 
other spur heads east for about 
5 miles to Narrow Cape. 

Two miles of roadway of the 
Narrow Cape spur was damaged 

by the earthquake and attendant 
subsidence. At Kalsin Bay 1 mile 
of roadway had to be replaced. 
Another mile of roadway re- I 

quired replacement a t  Lake Rose 
Tead (fig. 8). In addition to 2 
miles of roadway that was de- I 

stroyed, three bridges had to be 
replaced on the Narrow Cape 
spur road. 'Two bridges a t  Lake 
Rose Tead and one on a small i 

I 
creek that flows into the head of 
Pasagshak Bay required replace- 
ment. 

I 

Along the 85 miles of rural I 

highway on Kodiak Island, 18 I 
miles of roadway, 22 bridges, and 1 
1 culvert were either destroyed 
by seismic sea waves or had to be 
replaced because of regional and 
local subsidence. No bridges were 
destroyed by seismic shock even 
though some were on foundations 
of unconsolidated deposits. 

FISHING INDUSTRY 

The salmon, king crab, halibut, 
\ 

dungeness crab, shrimp, and clam 
fishing industry, upon which the 
economy of the area is almost en- I 
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26. - Chaotic condition of the commercial section of the city of Kodiah following inundation by seismic sea waves. The 
I 

t- small-boat harbor, which was in the left background, contained a n  estimated 160 crab and salmon fishing boats when the 
I waves struck. Photograph by U.S. Navy, March 30, 1964. 

I 

1 -/ tirely dependent, suffered devas- 
I tating losses of processing facili- 

ties, vessels, and gear. Three can- 
neries a t  Kodiak and one at 
Uzinki were destroyed by seismic 
sea waves, and one other cannery 
and a cold-storage plant a t  KO- 
diak were severely damaged. The 
Kadiak Fisheries cannery at 
Shearwater Bay was damaged by 
seismic shock during the earth- 
quake, after which it was virtu- 

) ally destroyed by the waves. Esti- 
i 
i 

mated value of the structures and 
the finished products they con- 
tained is $2,610,000. 

The total number of lost or 
damaged fishing boats is not 
known. In the vicinity of Kodiak 
alone, 13 vessels were lost and 
19 others were swamped or run 
aground (fig. 26). Vessels under- 
way in deep water were not dam- 
aged by the waves. One boat, a 
38-foot seiner, went down with 
its crew of six when it either 
struck a wave-propelled log or 
mas grounded between waves in 
shallow water near Spruce Cape, 
8 miles northeast of Kodiak. Two 
other lives were lost on two fish- 
ing boats that sank in the Kodiak 

small-boat harbor. Replacement 
cost of vessels that were sunk, 
grounded, or otherwise damaged 
throughout the area has been esti- 
mated at  $2,466,500. 

As a result of regional tectonic 
subsidence, three canneries and 
their facilities were made unus- 
able by inundation, and four 
others sustained costly damage. 
The lost and damaged cannery fa- 
cilities were valued at  $1.3 mil- 
lion (Alaska Dept. Fish and 
Game, 1965, p. 21). 

Studies of salmon habitat by 
the Alaska Department of Fish 
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and Game (1965, p. 3) indicate 
that, because of subsidence, tides 
have made many previous inter- 
tidal salmon spawning areas 
nearly useless and have engulfed 
former fresh-water stream rear- 
ing areas. As shown by table 3, 
tidal inundation of streams ex- 
tends as much as 4,500 feet 
farther inland than before the 
earthquake. According to the De- 
partment of Fish and Game, at 
least two important salmon fish- 
ing areas did not produce in 1964, 
even though i t  was a bumper sal- 
mon year elsewhere. Studies have 
been initiated to determine wheth- 
e r  the poor catch was due to nor- 
mal seasonal variations in salmoli 
runs, or was in some way related 
to the earthquake. 

Significant changes in currents 
and the time of tide changes have 
been reported by fishermen on 
the Shelikof Strait side of the 
islands since the earthquake. 
These changes are probably re- 
lated to changes in water depth 
resulting from the tectonic de- 
formation. The difference in tides 
and currents has required modi- 
fication of fishing techniques and 
could have a detrimental long- 
term effect on the migration pat- 
tern of the salmon. 

In Sitkalidak and Raspberry 
Straits (fig. 2) where subsidence 
amounted to about 1 and 3y' feet, 
respectively, local residents re- 
port not only higher high tides 
since the earthquake but also 
lower low tides. In these areas, 
clamming is reportedly better on 
minus tides than it was prior to 
the earthquake. These reports 
have not been confirmed or ex- 
plained by the fisheries authori- 
ties. 

Tectonic uplift and subsidence 
has changed the appearance of 
landmarks used by vessel opera- 
tors along the treacherous rocky 
coast and has altered water 

27. - P a r t  of Reaty Ranch showing extent of m7ave inundation, a s  indicated by 
light-colored debris. Ranch buildings a re  a quarter of a mile from the shoreline. 

depths. These changes have re- 
portedly caused several vessels to 
be damaged or sunk since the 
earthquake by collision with sub- 
merged objects. 

CATTLE RANCHES 

The earthquake was a near- 
disaster to several of the small 
cattle ranchers in the area who 
were struggling to develop sound 
and profitable operations. 

Inundation by se i smic  sea  
waves caused extensive property 
damage a t  all the isolated cattle 
ranches along the southeast coast 
of Kocliak Island and on Sitkali- 
dak Island. According to a U.S. 
Department of Agriculture re- 
port (Oliver, 1964), 175 cattle 
were drowned, 3 ranch houses 
and 20-25 outbuildings with their 

contents were swept away, and 
25 miles of corral and range fenc- 
ing was lost. In addition, several 
hundred acres of land used for 
hay production was littered with 
wave-borne debris (fig. 27). 

Numerous beaches and deltas 
along the southeast coast of KO- 
diak and Sitkalidak Islands are 
now inundated by tides, and salt 
water has ruined several hundred 
acres of the best beach rye lands 
which were used for winter graz- 
ing. 

LOGGING INDUSTRY 

Logging in the area is carried 
on by small operators and is al- 
most entirely for local consump- 
tion. One of the sawmills near 
Afognak village on southern 
Afognak Island was abandoned 
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because seismic sea waves washed 
away most of the docking facili- 
ties and caused extensive damage 
to the mill. A second small mill 
near Uzinki sustained an un- 
known amount of wave damage 
to the dock. 

CASUALTIES 

In the Icodiak Island area the 
earthquake caused the loss of 18 
lives through drowning, but the 
extent of wave damage and at- 
tendant loss of life would un- 
doubtedly have been much great- 
er had not the largest waves co- 
incided with low, rather than 
high, stages of tide. Furthermore, 
the disaster would have been 
worse had the earthquake occur- 
red during the summer when the 
population of the islands is sub- 
stantially increased by large num- 
bers of fishermen and cannery 
workers, many of whom normally 
live and fish along shores. 

The toll of 18 dead, although 
relatively light, was to a wnsid- 
erable extent needless and was 
caused largely by public ignor- 
ance concerning the nature and 
destructive force of seismic sea 

waves. Especially serious is the 
prevailing mistaken belief that 
the first wave is necessarily the 
highest. As a consequence some 
individuals made the disastrous 
error of returning to low-lying 
coastal areas after the initial 
wave, and 10 of them were trap- 
ped and drowned by subsequent 
waves. Furthermore, the first 
wave did not reach any of the 
boat harbors until about an hour 
after the earthquake, and a local 
warning broadcast was issued 
half an hour earlier advising of 
the impending wave, yet few 
manned vessels were piloted to 
the safety of nearby deep water. 
All the vessels that were sunk, 
including three in which eight 
lives were lost, went down in 
shallow water. 

Clearly, a better method of 
disseminating information is re- 
quired as the key to minimizing 
loss of life from future seismic 
sea waves in coastal areas of the 
Kodiak group of islands, as well 
as elsewhere along coastal seg- 
ments of the Gulf of Alaska that 
may be threatened by similar 
waves in the future. Evacuation 

procedures for the populace and 
for boats should be carefully 
worked out in advance, and it  
should be made clear that the 
danger from such waves may per- 
sist for several hours after the 
initial wave strikes. The Seismic 
Sea Wave Warning System oper- 
ated by the U.S. Coast and Geo- 
detic Survey can provide advance 
warning where destructive waves 
are generated by distant earth- 
quakes in the Pacific Ocean basin. 
The present system, however, 
cannot assure warnings for loca- 
tions closer to the wave source 
than about 1,000 miles because 
at  least an hour may be required 
to locate the earthquake epicenter, 
determine its magnitude, and 
broadcast a warning (Spaeth and 
Berkman, 1965, p. 4-7). Conse- 
quently, in ear thquake-prone 
areas-such a s  the  Gulf of 
Alaska and Alaska Peninsula- 
where any strongly felt earth- 
quake of long duration could be 
accompanied by destructive seis- 
mic sea waves, immediate evacu- 
ation of low-lying coastal areas 
is the only prudent course of 
action. 
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