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Former sea floor at Cape Cleare, Montague Island, Prlnce""'Wifitnffi'" S~und, exposed by 26 feet of tectonic uplift. The surf-cut 
surface, which slopes gently from the base of the sea cliffs to the water, _is about a quarter of a mile wide. The white 
coating on the rocky Slllrface consists mainly of the desiccated remains of calcareotls algae and bryoooans. Photograph 
taken at about zero tide stage, May 30, 1964. 



THE ALASKA EARTliQUAKE, MARCH 27, 1964: 

REGIONAL EFFECTS 

Tectonics of the 
March 27, 1964 

Alaska Earthquake 
By GEORGE PLAFKER 

"But it is time that the geologist should, in some 
degree, overcmne those first and natural impres­
sions which induced the poets of old to select the 
rock as the emblem of firmness-the sea as the 
im,age of inconstancy." 

(Lyell, 187 4, p. 179) 

GEOLOGICAL SURVEY PROFESSIONAL PAPER 543-I 



UNITED STATES DEPARTMENT OF THE INTERIOR 

WALTER J. HICKEL, Secretary 

GEOLOGICAL SURVEY 

William T. Pecora, Director 

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON 

For sale by the Superintendent of Documents, U.S. Government Printing Office 
Washington, D.C. 20402 

1 9 6 9 



THE 
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SERIES 

The U.S. Geological Survey is publishing the 
mmlts of its investigations of the Alaska earthquake 

of March 27, 1964, in a series of six Professional 
Papers. Professional Paper 543 describes the re­

gional effects of the earthquake. Bight chapt~rs in 
this volnmfl havo already been published. Other 
Professional Papers in the series describe fieJd in­
vestigations and reconstruction and the effects of 
the earthquake on communitie.s, on the hydrologic 
regimen, and on transportation, utilities, and 
communications. A selected bibliography and an in­

dex for Lhe entire series will be published in the con­
cluding volume, Profession Paper 546. 
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THE ALASKA EARTHQUAKE, MARCH 27, 1964: REGIONAL EFFECTS 

TECTONICS OF THE MARCH 27, 1964, ALASKA EARTHQUAKE 

The March 27, 1964, earthquake was 
accompanit>d by crustal dt>formation-· 
including warping, horizontal distor­
tion, and faulting-over probably more 
than 110,000 square mileR of Ian d a nd 
sea bottom ill ~outh-cent.ral Alaska. 
Regional uplift. and subsiclence oecurrell 
mainly in t wo nearly parallel elongate 
zones , togtorther about 600 miles long anll 
as much ns 2!30 mileR wide, that lie 
along the continental margin. From the 
earthqnakr. epicenter ill northern Prince 
\Villiam Sound, the deformation ex­
tends eastward 190 miles almost to long 
142° an d :o;ont.hwestward slightly more 
than 400 miles to about long 155'. It 
extends acros;. the two 7.ones from the 
chain of active volcanoes in the Aleu­
tian Range and Wrangell Mouutains 
probably to the Aleutian Trench axi~;: . 

Uplift that averages 6 feet over broad 
area!:! occurred mainly along the coast 
of the Gulf of Alaska, 011 the !Hljacent. 
Continenta l Shelf, and probably on the 
continent:tl slope. This uplift attaillc<l 
a measured maximum on land of 38 feet 
in a northwest-trendillg narrow belt 
less than 10 miles wide that is exposed 
on )Jontagut' Island in sout.hwP~t.Prn 

Prince \Villiam 8ound. Two earth· 
qun.l•e faults exposed on Montague 
I sland are subsidiary northwest-dill­
ping reverse faults :llong which tbe 
northwest block~ were relativt>ly fli s­
[)laced a maximum of 26 feet, and both 
blocks were npthrown relruti ve .to sea 
leveL From Montague Island, the faults 
and reluted belt of maximum uplift may 
extend flOnthwestward on the Continen· 
tal Shelf to the vicinity of the K odia k 
grou)) of islands. 'l'o the north and 
nol'thwest of the zone of uplift, ;;ubsi­
dence forms a broad asymmetrical 
downwarp cent.erP.d oYer the Kodiak­
Kenai -Chugach Mountain!' that a,·et·· 
ages 2~ feet aml attains a measured 
maximum of 7% feet along the south· 
west coast of the Kenai Peninsula. 
Maximum inllicated uplift in the Alaska 
:wd Aleutian Ranges to the north of 
the zone of sub;;idP.nce was 1lj2 feet. Re· 

By George Plafker 

ABSTRACT 

triangtrlation over roughly 25,000 
square miles of the deformed region in 
and around Prince 'Villiam Sound 
:;;hows that vertical movements therl; 
were accompanied by lloriwntal dis· 
tortion, involving systematic shifts of 
about 64 feet in a relative seaward di· 
rection. Comparable horizontal move­
ments are presumed to have affected 
tlmsc parts of the major ?.ones of uplift 
and subsidence for whicb retriangula· 
tion data are unavailable. 

Ref\"ioual n•rti<-al <lefonuation g-ener­
ated a tntin of <ie;;t rneth·e h>ng-period 
Hl'i~ll!i(' st•a wa\"P>< in the Gulf of Alaska 
M well as unique atmospheric and iono· 
:'[lhPI'k <ll~turllancps that were rPeonlcu 
at point·"' far distant from Alaska. 
Warping resulted in permanent tilt of 
larger Lake bas ins and tem110rary re­
<ln<"tions in discharge of some major 
riYcrs. t·plifr and sulJISi<len('e r<:'lative 
tQ ~ea level <"an~ed JUOfounfl moclifka­
tion~ in shoreline HHtrphology with at­
teudant tatastropltk (•!Ted~ on the ncar­
shore biota and eostl:v damage to coastal 
iiLstallations. Ry~tema tie horizontal 
Ilooyements of the land relative to 
Llo<lit'~ of ponfined or !'elllicoufinNl watel" 
may l~>He caUI'lP<l unexplained sltort­
Jteriocl \Y>I yt>s--some of '''llich were 
high!.;- dest rnctiYe- ohscned !luring or 
illnncdiat"l~· llfter the Ntrt.hquake tlt 
<'f' rtaiu <-<tastal lo<·a litie>~ and in Kenai 
Lal,e. Porosity ilwreases, ])rolJalJLy re· 
Intccl to horizonto:~l di splncements in th~ 

zone of ~nb~i<lencP , wer e reflected in 
lowpretl wPI1-wate1· len•],~ Ull(l in losses 
of snrfa('e water. 

Tlw primary fault , or zone of fauHH, 
along which the earthquake occurred is 
IHlt exposed at the surface on lancl. 
l·'(wnl-noedJnttism ,;tuuies, when pon­
siflcrPd in (·onjnn<'tion with the pattern 
of <leformatioll atul seismicity . su~gest 
that it was a <·omplex thrust fault 
(Iue~atltrnst) <liiiJJinv; at a gentle angle 
lwnenlh the t·olJliuenta l margin from 
tllr. vicinity of the Alc-,utian Tl-encll. 
:\JoYE'ment on the megatbrnst was ae· 
eompHniet1 by suJ.,<,i<lia ry reYerse fault­
ing, and perha]lS wrenc::h f aulting, with-

lu the upper plate. Afterslloek distrl­
hntiou RUll:gests moyement on a segment 
of thP megathrust, some 550-600 miles 
long an<lllO-lRO miles wirle, that under­
lies most of the major zone of uplift 
all(l the serm· artl llart of the major zone 
of subshlen<~f'. 

.\eeording to the postulated model, the 
observed and inferrell tcctonie displaee­
ments that nc<>ompanierl the earth· 
quake resulted pr-imarily from (1) rela· 
tiYe seaward displaeement and upllft 
of the seaward part of the block bY 
movement along the dipping moga­
thrust and snbsicliary faults that break 
through the upper plate to the surface, 
and (2) ~imultaneous elastic horizontal 
exten sion and vertioal attenuation 
(subsidence) of the crustal slab ·behind 
the upJX>l' plat~ . Slight uplift inlanrl 
from the major zon~s of deformation 
[Jresumably was related to elastic strain 
changes resulting from the overthrust­
ing; however, the data are insufficient 
to permit conclusions regarding its 
cause. 

Tht> helt of ~eismie aetivity and major 
zone~ of te<.:tonic (leformation a:'ls()(~iatecl 
with the 1964 earthquake, to a large 
Pxl ent, lie between and parallel to tbe 
Alcntian Volcanic Arc and the Aleu­
tian Trt'nch, and are probably geneti· 
eully relate« to the are. ~ologic data 
indicate that the earthquake-related 
tt>etonic movE-ments were but the most 
I'er·enl rml><(! in an episodP. of deforma· 
tiou that probably began in late Plio­
N'IJe time nnd ba~ continued intermit· 
tent!~· to the present. EvidenPe for pro­
gressive C'onsta l submergence in the de· 
formed r eg ion for ;;everal C'enturie~ pre­
ceding the earthquake, in combination 
with transver~e horizontal shortening 
imlicated by the ret.riangulation data, 
snggeRts pre-earthquake strain clirectecl 

at a gentle angle downward beneath 
the are. The duration of strain ac<~nmn­
lation in the epicentral r~gion, Qs in­

terpreted from the time inter\·al during 
wbich the < ~OaHt.al submergence occurred, 
probably is 1)~0-1,360 years. 
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Among tl1e most notable aspects 
of the 1964 Alaska earthquake was 
the great areal ex•tent and arnom1t 
of the tectonic Inovements that ac­
companied it. From the epieentc1· 
in northem Prince 1Villiam 
Sound, the region affected by tec­
tonic deformation parallcJs the 
trencl.s o:f the A lc11tian Volcanic 
Arc, the Aleutian Trench, and 
the Gulf of Alaska coast for about 
600miles (fig.l). Tn son th-central 
Alaska, where the north~rtstern 

end of the arc intersects the con­
tinent at an oLlique angle, the pat­
tern of deformation can be ob­
served in an except.ionally com­
plete profile extending more than 
200 miles north·ward from the sea­
ward edge of the Continental 
Shelf across the northeastern end 
of the volcanic arc. Within this 
region, tectonic displacements on 
land inrlude absolute vet'tical 
movements ranging from as much 
as 38 feet of uplift. to 71;2 feet of 
subsidence, relat ive horizontal 
movements of about M feet, 
and dip-slip offset on reverse 
faults of as much as 26 feeL Fur­
thermore, the availnble data indi­
cate thtllt these movements extenrl­
ed over a large segment of the ad­
ljacent offshore ttrea where they 
may have been as large, or larger, 
than those, measurerl on ]and. 

This report substantia11y en­
larges upon a preliminary sum­
mary and interpretation ofothe tec­
tonic movmnents thatt accom­
panied the 1964 earthquake (Plaf­
ker, 1965). H presents the a.vail­
able data on •the di~ribution anrl 
nature of the earthquakr.-related 
displacements and of the mani­
fold, oiiten disastrous, effects of 
these movements. (}eologic, geo­
detic, and seismologic data perti­
nent to the ~tectonics that were 
available to the writer prior to 

ALASKA EARTHQUAKE, MARCH 27 , 19·64 

INTRODUCTION 

cDmple~tion of this report. in .July 
1967 are summarized. Implica­
tions of the data for the earth­
quake mechanism are reviewed, 
and a tentntive qualitative model 
is out lined, which attempts to ex­
plain most of t.he observations. 
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inclmiing tectonic changes, in 
about 150 interviews with the 
writer and on numerous form 
questionnaires. 

Virtually all the seismologic, ge­
odetic, and marine data incorpo­
rated in this report were obtained 
by the U.S. Coast and Geodetic 
Survey as part of their massive 
investigations of this major seis­
mic event. r am especially i.ndebt­
erl to the numerous individuals in 
the U.S. Coast and Geodetic Sur­
vey who freely made available 
unpublished data and have dis­
C11Sscd their interpretations of 
these data with the writer on many 
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aftershock epicenters. William 
Stauder, S. J., provided data on 
focal mechanisms of the earth­
quake and its aftershock sequence 
in advance of his own publication. 
D. F. Barnes and Roland von 
Huene of the Geological Survey 
made available unpublished re­
sults of submarine geophysical 
and geological studies carried out 

THE MAIN SHOCK 
The l!Hi4 earthquake was cen­

tered in a sparsely inhabited, 
mountainous area of northern 
Prince William Sound in south­
central Alaska, near the eastern end 
of the Aleutian Arc (fig. 1). Its 
epicenter was located by the U.S. 
Coast a.nd Geodetic Survey 
(Wood, Hl66, p. 62) at lat 61.06° 
N., long 147.44° W. and its origin 
time was at about 5:36p.m., Fri­
day, March 27,1964, A.s.t. (03: 36: 
13.5, Saturday, 1\hrch 28, 1964, 
G.m.t.). The hypocenter, or focus, 
could not he determined more 
closely than between 12 and :n 
miles (:W-50 km) in depth. 

Magnitude of the earthquake, 
based upon surface-wave ampli­
tudes (M".) is e..'ltimated to have 
been about 8.4 (Pasadena seismo­
graph station). Earthquake vibra­
tions were felt over an area in ex­
ce.ss of a million square miles in 
Alaska and adjacent parts of Can­
ada (fig. 1), and they caused wide­
spread damage throughout an area 
of a;bout 50,000 square miles in 
south-central Alaska. The mani­
fold effects of the shaking, which 
have been described in numerous 
reports are concisely summarized 
by Hansen and Eckel (1966) in 
the introductory volume of this 
series o£ reports. 

ALASKA EARTHQUAKE, MARCH 27, 1'9'64 

in south-central Alaska after the 
earthquake. 

I am grateful to colleagues in 
the Geological Survey for very 
helpful discussions of the various 
tectonic aspects of the earthquake 
during which many of the ideas 
incorporated in this report were 
generated. The manuscript has 
been improved through critical re-

SEISMICITY 

Rupture along a fault of con­
siderable length is suggested from 
( 1) the exceptionally long dura­
tion of strong ground motion, ( 2) 
the cha.rU~Cter of the radiated seis­
mic surface and body waves, and 
(3) the extensive belt over which 
nJtershooks >vere distributed. 

Eyewitness accounts indicate 
that both the amplitude and dura­
tion of ground motion definitely 
tended to be htrgest in areas of 
relatively unconsolidated satur­
ated deposits and least in areas of 
crystalline or metamorphic rocks. 
Within the immediate area af­
fected by the earthquake, the only 
known instrumental records of the 
duration of shaking were made on 
several automatic recording charts 
in a steam powCI•plant built on bed­
rock at ·whittier. On the clearest 
of these records, trace vibrations 
lasted for nearly 4 minutes. At 
other bedrock sites on Kodiak Is­
land and on the Kenai Peninsula, 
where the motion was timed by ob­
servers with pocket watches or 
clocks, it was 21;2-5 minutes. 
Anomalously short durations, 
ranging from only 15 seconds to 
11;2 minutes, were reported by 
residents at Seldovia and in two 
nearby localities in areas under­
lain by metamorphic rock at the 
southwestern tip of the Kenai 
Mountains (Plafker, Kachadoori­
an, Eckel, and Mayo, 1969). 

views by E. B. Eckel and G. D. 
Eberlein and reviews of portions 
by D. F. Barnes, R. R. Coats, R. 0. 
Burford, and C. B. Raleigh. V ec­
tor shifts for the readjustment 
of triangulation data were cal­
culated by J. T. Minta and C. R. 
Lloyd of the Geological Survey's 
Topographic Division. 

According to most eyewitness 
accounts, the earthquake started 
without prior warning as ·a gentle 
rolling motion that lasted for a 
period of 20 seC'Jonds ,t!O 1 minute, 
shook hard for as much as 4 min­
utes, and then gradually subsided. 
There were no foreshocks percep­
tible to observers such as are 
known to immediately precede 
many great earthquakes. A few 
observers heard premonitory low 
rumbling sounds several seconds 
before the earthquake was felt. 
The ground motion was variously 
described as a rolling wavelike 
motion, a strong horizontal accel­
eration, or a hard jarring motion. 
A few individuals noted that the 
ground motion during the earth­
quake periodically eased up for a 
short period and then resumed 
with increased violence. 

Reports of ,the directions of 
vibrations vary widely, and at 
some plaee.s, prevailing vibration 
directions reportedly changed dur­
ing the earthquake. The majority 
of the reports indicate tt tendency 
for ground oscillation to be 
grouped in the quadrants between 
northwest-southeast and north­
east-southwest although it also 
waR reported from all other quad­
rants. A westward propagation of 
vibrations between Anchomge and 
Kemti is indicated by the fact rtJhat 
power failure due to shaking in 



the Anchorage ar~a caused an 
overload of the cirouits at the in­
terconnected Bernice Lake power­
plant near Kenai, 53 miles farther 
from the epic,enter, some 15-20 
seconds before the plant superin­
tendent felt the tremors. 

On the basis of a study of seis­
mic surface waves, Toksoz, Ben­
Menahem, and Harkrider (1965, 
p. 154) determined that the rup­
ture propagated S. 50° vV. from 
the epicenter of the ma,in shock for 
a distauee of about B70 miles (600 
km) at au aYerage velocity of 3 
km per sec. Fnrumoto (1967) 
found from tLnalysis of Ra,yleigh 
~vaves recorded by the Kipapn, 
Ha\ntii, strain seismometer that 
the rupture more probably propa­
gn.ted S. 30 ± il o W. for 500 miles 
(800 krn) at ,this same velocity. A 
detailed study of P-phases by 
'Vyss and Brune (1967) suggests 
that the ruptnre actually broke in 
R complex series of events at. an 
average propagation velocity of 
3.5 km per &>JC and that each e. vent 
was cha.racterized by more or less 
distinct high-amplitude bursts or 
m·ents. Their data further indic.a.t.e 
that., although the rupture propa­
gated initially in various azimu­
thal directions, after an ehtpsed 
time of 44: seconds it continued 
only in a south westerward direc­
tion. 

THE AFTERSHOCKS 
The epicenters and depth distri­

butions of 5!)8 aftershocks ''"ith 
Richter magnitudes eqiw.\ to or 
gy·e:tter than 4_.1 reeorded t hrot1gh 
December 31, 1 !)64, ttre >;hO\Yn on 
figure 2. Of these, the largest shock 
had a 1nagnitude of n.7, six were 
ln rgcr t h nn G.O, 127 were bet ween 
3.0 and 6.0, and the remainder were 
less than 5.0 (U.S. Coast and Geo­
detic Suney, Preliminary Deter­
mination of Epicenter cards). 
During this s:une per iod of time, 
thousands of smaller aftershocks 
were abo recorde,d. 
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The aftershoek sequence dimin­
ished rapidly in frequency and in­
tensity. A11 Rftershocks with mag­
nitudes la.rger than 6.0 recorded 
teleseismically by the U.S. Coast 
and Geodetic Survey, occurred 
within the first several hours and 
most of those that were strongly 
felt occurred within 3 weeks of the 
main event. Daily frequency of all 
shocks dropped rapidly from a 
high of ~tbont 120 the first da.y 
:tfter the earthquake to :10 in 5 
thtys, 16 in 10 days, and :1 steadily 
decreasing number thereafter 
(.Jordan, La11der, and Black, HHli5, 
p. 1:324). As noted by .Jordan and 
associates, the number of after­
shocks :tt the beginning of the 
series may be much larger than 
indicated, because the first after­
shocks are <"ommonly ltlltsked by 
the trai11 of large amplitude waves 
g-enerated by the main shock and 
these ,,,a,,es may haYe a duration 
of several hours at distant. stations. 

The la rgcr aftershocks (Jlf?::::4.4) 
\Yere concentrated mainly in an 
arcuate belt 600 miles long- by as 
much as 200 miles wide that 
ronghly parallels the continental 
ma.rgin. From the epicentet· of the 
main shock it extends 425 miles 
southwestward to t lw vicinity of 
the T1·inity Islands and t\bout 175 
miles eastward nearly to long 142° 
W. (fig. 2). :Most of the largest 
aftershocks in this belt ( 111:::::,.5.0) 
were situated onr that part of the 
bRlt lying sea wtu·d from the zero 
isobase bet,yeen the major zones 
of uplift and subsidence. Smaller 
aftershocks (J1~4.4) we1·e spread 
<n·er a large.r area that extends in­
land from the zero isobasc beneath 
the coastal mountains that border 
the Gulf of .\.Iaska, aml the small­
est. a.ftershocks (M < J.4) \Yere 
S!~atterecl O\'er an even hn·ger area. 
Tltere was a distinct concentml ion 
of activit.y within the aftershock 
belt. on the Continental Shelf at the 
southwestern end and in the area 
southeast of Prince ·william Sound 
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near the northeastern end. Burk 
(1965, p. 150) noted that the fairly 
sharp southwestern limit of the 
aftershock belt approximately 
coincides with a transverse struc­
tural boundary on the Alaska Pe­
ninsula, and he suggested the pos­
sibility that a transverse fault 
marks the southwestern margin of 
the crustal block involved in the 
1964 earthquake. Only 1tbout ~per­
cent of the aftershocks with mag­
nitudes of 4.4 or more were outside 
the main belt of activity along the 
cont1nentn.l margin. Their epicen­
ters \vere widely scattered, mainly 
in the Shelikof Strait-Cook Inlet 
areas and on the ocean floor sea­
ward from the Aleutian Trench 
axis. Significantly, none of the 
aftershocks were centered as far 
inla11d as the chain of active \'Ol­
canoes in the Aleutian Range, 
southern Alaska Hange, and the 
Vhangell Mountains. The possi­
bility that. they were direetly re­
lated t,o vulcanism is thus ruled 
out. 

Depth distribution of the after­
shocks is less perfectly defined 
than their epicentml positions be­
canse of ( 1) inherent errors in 
the determination of hypocenters 
in areas of uncertain crustal strucr 
ture and seismic velocit.y, and (2) 
the ,vide spacing of the seismo­
graphs on 'vhich the shocks were 
recorded. Algermissen (1965) 
found that hypoc~nters of after­
shocks with magnitudes greater 
than 5.0 \\"ere at depths between 3 
and 2i} miles ( 5-40 km) and they 
average about 12 miles (20 km). 
Only 2ri of the earthquakes with 
magnitudes of 4.4 or more were 
deeper than 22 miles ( 35 km), the 
deepest ones being less than 56 
miles (90 km). According t.o Page 
(1967; also unpub. data ), the mi­
croaftershocks-which had a spa­
tial distribution similar to that 
of the aftershocks- were at depths 
of 22 miles (35 km) m· less. Ile 
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suggests that. subcrustal earth· 
quakes in and near the aftershock 
region may have represented the 
normal seismicity of the re.gion. 
Aftershock hypocenters do not fall 
into any ,,cJl-de.fined plarmr zone 
!tlt hough there is a vague tendeuey 
towards n slight. deepening of their 
lower limit beneath the continent. 
The proportion of hypocenters 
deeper than 12 mill'S re.btive H> 

those shallower than 12 miles also 
shows an inercase in the same rli­
red.ion (fig. :t). 

Ln.rge earthquakes at shallow 
a.nd intermecliatr. dept.hs a1·c 
thought hy most geologists :lllcl ge­
ophysicists to result from sudden 
l'llpture, or faulting, in strained 
roc.ks. Aftershocks wl1ich follo"· 
large earthqunkes presumably rep­
resent continuous adjustments of 
lho strRined vohmie of rock, or 
focal region, within which fault­
ing oecnrred (Benioff, 1951). 
According to this model, there­
fore, faulting associated with the 
1961 earthquake was largely eon­
fined to the part of the continental 
margin extending roughly 150- 200 
miles northward from the nxis of 
the Aleutian Trench, it was lim­
ited in depth to the ernst, or per­
haps the uppenno:-;t. part of the 
mantle, and its lower limit. may 
deepen slightly beneath the arc. 

FOCAL MECHANISM 
STUDIES 

Mechanism studies of the main 
shock, of a number of larger after­
shoeks, and of one preshoC'k that 
occurred about 7 weeks prior to 
the earthquake provide data r-ele­
vant to thr, fault. orientation and 
sense of displacement at the ea.rtb­
quake foei. Hotlv-wave solutions 
define a pair of o~·thogonal planes 
at the foeus, one of whirh pl'€Sum­
ably contains the active fault sur­
face. Inhereni in the foeal meeh­
anisrn studies am t lte basic as­
sumptions of an clastic- rebound 
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source and init.ial displarements at 
the earthquake foci that approxi­
mately reflect the regional stress 
field. 

Focal mechanism studies of P­
waves for the main shock yield one 
well-defined nodal plane that 
strikes betwP.cn N. 61 o and 66° E. 
and dips R2°-R5 ° SE. (Stauder 
and Bollinger, 1966. Algermissen, 
1965; written commun., March 19, 
1!)65). The altemat.ive low-angle 
plane is restricted by t.he data 
to a plane that. dips towards 
the north west ; A lgermissen's so lu­
tion suggests an inclination of 
about 8°. If the well-defined nodal 
plane is regarded as the fault. 
plane, its strike was~- 61°- 66° E. 
and the motion was predominantly 
dip-slip on a steep reverse fault 
with t:he southeast side rehtt.ively 
npthrown . .\ lternatively, il' the 
steep noda.l plane is <"'onsidered to 
be normal to the motion, the fault 
would be a northwest-dipping 
thrust. Focal mechanism studies 
of the main shock alone cannot 
distinguish which of t.hese two 
planes is the fault plane. Surface­
wave studies that d~fine the dire<> 
t.ion of rupture. may pm·mit. dis­
tinction between the fault and 
auxiliary planes in cases where the 
stt·ikes of the two planeB differ 
significtmtly. However, tts noted 
by Savage and Hastie ( 1966, p. 
4:900), surface waves do not per­
mit a unique solution for the 1964 
earthquake because the direction 
of rupture propagation is essen­
tially tho same for either plane. 

Stauder and Bollinger (1!)66) 
determined focal mechanisms, 
based on <:ombined P-wave first­
motion and S-wave polarization 
data, for tl preshock and 25 after­
shocks in the Kodiak Island and 
Prince ·william Sound areas. Most 
of these solutions have one near­
verr.ical nodal plane that resembles 
t he well-defined nodal plane for 
the main shock; the other dips 
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5°-15° to the, northwest or north. 
Strike of the. steep plane is be­
tween N. 50° and 72° E. to the 
southwest of Prince William 
Sound; it is variable in the Prince 
William Sound area and nearly 
east-west to the ea!;t of the sound. 
This systematic variation in orien­
tation of the steep nodal plane 
tends to follow a change in trend 
of tectonie features along the 
coastal belt. Four aftershock so­
lutions in the Prince William 
Sound area and one loeated sea­
ward from tho Aleutian Trench 
off Kodiak Island, hov,-ever, arc 
anoma.lous in that they do not cor­
r espond to this general pattern. 

Th~ pmshock and all the after­
slJock fault-plane solutions are 
subject to the same ambiguity of 
interpretation as the main shock. 
Thus, on the basis of all the in­
dividual solutions (except for the 
five apparently anomalous ones) 
the motion at the souree of the 
earthqualm and the related pre.­
and aftershocks may be (1) a.l­
most entirely dip-slip on a steeply 
dipping reverse fault along which 
tho seaward side iH relatively up­
thrown or (2) dip-slip on a 
northwa.rd-dipping thrust fault 
along which the landward bloek 
overrides the sea.wa.rd bloe.k in an 
average S. 25 ° E. direction to 
tho southwest of Prine~ ·william 
Sound and in aS. 10 °-15 ~ W. di­
reetion to the east of Prince \Vii­
limn Sound (Stauder and Bollin­
ger, 1966, p. 5295). In considering 
the solutions in rcltttiou to one 
another, Stauder and Bollinge.r 
observe that in the first alterna­
tive the faulting may consist of 
en echelo11 segments that follow a 
sinuous path roughly parn,llcling 
the curving trend of both the af­
tershock belt and the zero isobase 
between the major zones of earth­
quake-related vertica.l t€.ctonic de­
formation (fig. 2). In the second 
alternative the thrust. plane has a 
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dip of less than 14° beneath the 
continent, displacement of the up­
per plate is relatively seaward, 
and the direction of motion is 
roughly normal to the trend of 
the aftershock belt and the zones 
of tectonic deformation. 

The steep plane in solutions of 
the ma.in shock, the preshock, and 
most aftershocks differs in strike 
from the tectonic trends of the 
region, the orientation of the 
earthquake focal region, and the 
pat.tern of vertical d~splacements 
associated with the earthquake. 

Crustal deformation, including 
both vertical and horizontal move­
ments, associated with the 1964 
Alaska earthquake was more ex­
tensive than any known to have 
been related to a single tectonic 
event. Vertical movements oc­
curred over an arcuate region that 
roughly parallels the continental 
margin for almost 600 miles from 
the southwestern tip of the Kodiak 
group of islands northeastward 
through Prince William Sound 
and thence eastward to about long 
142• W. (fig. 3). In a northwest to 
southeast direction, the deforma­
tion extends at least 200 miles from 
the west shore of Cook Inlet to 
liiddleton Island at the seaward 
edge of the Continental Shelf. In 
addition, crustal wa1'Ping appears 
to extend inland as far as the Alas­
ka Range and it may extend sea­
ward to the axis of the Aleutian 
Trench. 

Observable tectonic deforma­
tion involved (1) regional crustal 
warping, including both uplift and 
subsidence relative to sea level, in 
broad zones that roughly parallel 
the trend of the continental mar­
gin, ( 2) systematic regional hori­
zontal extension and shortening in 
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These differences suggest to Stau­
der and Bollinger ( 1966, p. 5293-
5294) that the steep plane corre­
sponds to the auxiliary plane 
rather than the fault plane. They 
also interpret the spatial distribu­
tion of foci for which mechanism 
studies were made and• the nature 
of the inferred' motions as being 
more compatible with thrusting 
on the shallowly dipping plane 
than to movement on the steep 
plane. 

Solutions for the main shock 
and most of the other shocks sug-

DEFORMATION 

a direction approximately trans­
verse to that of the zones of warp­
ing, (3) displacement across longi­
tudinal reverse faults exposed on 
land and on the sea floor, and ( 4) 
possible displacement on at least 
one wrench fault. Evidence for 
these various movements, their 
manifold effects, and their tectonic 
significance are discussed below. 

REGIONAL VERTICAL 
DISPLACEMENTS 

Notable tectonic changes in land 
level during the 1964 eartJhquake 
occurred over an area of at least 
70,000 square miles, and probably 
more than 110,000 square miles, of 
south-central Alaska. The areal 
distribution and approximate 
amount of the vertical displace­
mente;; are summarized on figure 3. 
Plates 1 and 2 show data points 
where quantitative measurements 
of vertical displacement were 
made, as well as the method used 
and year of measurement. Also 
shown on the figure and plates are 
isobase contours, or lines of equal 
vertical displacement based on 
these data, and the approximate 
axes of the major upwarped and 
downwarped zones. The deforma-

gest a maximum-stress axis at the 
foci of these earthquakes oriented 
approximately normal, or at a 
small oblique angle, to major 
structural elements within the fo­
cal region. Within the limitations 
of the data, this orientation is in 
reasonably good agreement with 
geodetic and geologic data cited 
in subsequent sections (p. I 49) 
that suggest dominantly tangen­
tial compressive stress on land 
within the region affected by tec­
tonic movements during the 
earthquake. 

tion includes two broad major 
zones of warping, each a'bout 600 
miles long and as much as 130 miles 
wide. The seaward zone is one of 
uplift that includes a fringe of 
coast along the Gulf of Alaska, the 
adjacent Continental Shelf, and 
perhaps the continental slope; it is 
bordered to the northwest and west 
by a zone of subsidence. Slight up­
lift also occurred in at least three 
areas extending inland from the 
major zone of subsidence as far 
northward as the Alaska Range. 

METHODS OF MEASUREMENT 

Quantitative information on 
vertical displacements along ·the 
c-oast (pls. 1, 2) comes mainly from 
(1) oomparison of pre- and post­
earthquake tide gage readings, (2) 
the position of the upper growth 
limit of certain sessile intertidal 
organisms rel3Jti ve to sea I eve 1, ( 3) 
differences in the pre- and post­
earthquake positions of the upper 
growth limits of sessile intertidal 
organisms or the lower growth 
limit of terrP.strial vegetation, ( 4) 
differences in the heights of pre­
and postearthquake storm beaches, 
( 5) estimates or measurements of 
changes in the position of shoreline 
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markers by local residents, and 
(6) measured changes in the 
height of tidal bench marks rela­
tive to sea level For those offshore 
areas where detailed preearth­
quake bathymetry was available, 
approximate vertical displace­
ments were also obt,ained from 
comparison of pre- and postearth­
quake depth s o u n d i n g s. The 
amount and distribution of the 
v4",rtical displacements inland from 
the coast (pls. 1, 2) was precisely 
determined along the highway­
milrmul routes between Seward, 
Anchorage, Fairbanks, and Val­
dez by comparison of pre- and 
postearthquake level lines tied to 
tidal bench marks. 

Isobase contours plot.ted on 
plates 1 and 2, whi ch were deri,red 
from all the sources listed above, 
represent absolute changes in alti­
tude related to the earthquake. The 
accuracy of the contouring varies 
greatly from place to place de­
pending upon the type and amount 
of data, but, because it is essen­
tially an averaging process, the 
contouring tends to be most ac­
curate in area:;; where many data 
points are available, and least ac­
curate in areas where data are 
sparse. In general, contours shown 
as flolid or dashed lines are E>Bti­
mated to be accnrate at least to 
within ±1 contour interval; at 
most plrtcoo they are prohahly ac­
curate to within half an interval. 

The various techniques used for 
determining vertical displacement, 
e~'timat.es of their relative preci­
sion, and sources of data nre out­
lined'below. 

COMPARISON OF PRE· AND 
POSTEARTHQUAKE TIDE-GAGE 

READINGS 

The directions and relative 
amounts of vertical displacement 
we1·e determined from coupled 
pre- and post.earthquake tide­
gage readings made by the U.S. 
Coast and Geodetic Survey at two 
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TABLE 1.-Land-level changes based on comparison of pre- and postearth.­
quake tide series at tide stations in ,,outh-central Alaska 

[Alter Small (1966, p. 19-22) and U.S. Coast and Geodetic Survey (unpub. data, April22, 1960). 
Asterisk indicates station is plotted in fig. 10; double asterisk indicates standard tide-gage 
station operational before and after the earthquake] 

Length of tide series Land 
Location move-

ment 
Preearthquake Postearthquake (feet) 

Prinee William Sound 

*Cordova __________ 1950-1951 (2 May-Nov. 1964 +6. 2 
years) 

Mav-Nov. 1965 +6. 2 
*Port Gravina _____ July 17-Sept. 26, July 3-31, 1964 +4. 5 

1913 
June 15-Aug. 19, May 16-June 16, +4.2 

1915 1965 
Port Fidalgo ____ __ Aug. 24-26, 1915 June 18-July 17, +2. 4 

1965 
Valdez ___________ 1924-26 (:~ years) May-July 1964 -.9 

July-Nov. 1965 I -3.5 
*Whittier __________ June 12-29, 1956 May-June 1964; -5.4 

Oct.-Dec. 1964 
July-Nov. 1965 I -5.7 

*Chenega Island ___ July-Aug. 1957 July 7-Aug. 4, +4. 8 
1964 

Green Island ______ Aug. 23-Sept. 20, August, 1965 +6. 6 
1911 

*Port Chalmers ____ July-Sept. 1933 May 19-30; July +IO. 5 
(:l months) 7-Aug. 6, 1964 

July 19-Aug. 23, +10. 5 
1965 

*Sawmill Bay, 
Evans Island ___ 

May, 1927 (1 
month) 

May 2Q-June 1; 
June 14-July 7, 

+7. 2 

1964 
July 29-Aug. :u, +7. 2 

1965 
Hogg Bay ________ June 15-July 21, July 20-Aug. 16, +5. 8 

1927 1965 

Kenai Penin•ula aad Cook lalet 

Day Harbor __ ___ _ May 20-July 13, May 7-June 30, -. 5 
1928 1965 

**Seward ___________ 1926-38 (13 June 1964-Jan. -3.6 
years) 1965 

Jan.-Sept. 1965 -3.6 
Aialik Bay ________ July G-Sept. 21, May-June 1965 -4. 5 

1912 
*Two Arm Bay ____ July 2Q-Sept. 18, May 14-June 30, -5. 4 

1928 1965 
Chance Cove _____ May 14-July 25, May 15-June 30, -6.6 

1930 1965 
Shelter Cove ______ June-Aug. 1927 July 1965 -5.4 

(3 months) 
*Port Dick ________ Aug. 1-Sept. 26, May 21-June 30, -6.2 

1930 1965 
**Homer _______ ___ _ Oct. 3-Nov. 17, June-Dec. 1964; -5.4 

1962 Sept.-Nov. I -5.8 
1965 

*Port Chatham ____ May 22-June 4, -4.6 
1965 

*Seldovia __________ April 3Q-Oct. 8, June-Oct. 1964 -3.9 
1908 

May 8-Sept. 29 , April-July 1965 -3.8 
1910 

Nikiski._ _________ June 18-July 31, -.9 
1964 

See footnote at end of table. 
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TABLE 1.- Land-level changes based on comparsion of pre- and postearth­

quake tide series at tide stations in south-central Alaska- Continued 

Length of tide series 
Location 

Preearthq uake Postearthquake 

Kenai Peninsula and Cook Inlet-Continued 

Anchorage ____ ___ _ June-Sept. 1910; 
June-Oct., Dec. 
1922; May-Nov. 
1923; May­
Sept. 1924; 
May- Oct. 1925 

May-Oct. 1964 

April-Oct. 1965 

Kodiak group of islands 

Carry Inlet ______ _/ July 1931 July 8-Aug. 7, 
1965 

Redfox Bay _____ __ July-Aug. 1926 July 1-Aug. 8, 
1965 

*Tonki Bay ________ Aug. 23-31, 1932 July 10-Aug. 7, 
1965 

N achalni Island __ _ July 30-Sept. 8, June 14-July 10, 
1941 1965 

Dolphin Point ____ Sept. 10-0ct. 1, June 7-July 8, 
1941 1965 

St. Paul Harbor __ _ June-Oct. 1964 

*Ugak Bay ___ __ ___ August 1932 
Ma.y-Nov. 1965 
June 12-July 10, 

1965 
Port Hobron _____ _ June 1-Sept. 19, July 26-Aug. 27, 

1928 1965 
Jap Bay _____ ___ __ July 1931 July 28-Aug. 24, 

1965 
*Lazy Bay ____ __ __ May 16-Sept. 29, June 11-30, July 

1929 1-Aug. 14, 1964 
June 1-Sept. 30, July 28-Aug. 15, 

1930 Aug. 20-24, 
1965 

*Larsen Bay __ ___ __ Aug. 19-22, 1929 June 13-Aug. 31, 
1964 

July 18-Aug. 17, 
1965 

Uyak Bay ___ ___ __ July 14-30, 1908 July 22-Aug. 17, 
1965 

*Port O'Brien ______ June 22-July 30, 
1929 

July Aug. 1964 

June 8-July 19, 
1965 

**Women's Bay ___ __ 1950-59 (10 
years) 

April-July 1964 

Alaska Peninsula 

**Kukak Bay ___ __ --1 July-Aug. 1949 
(2 months) I 

July 17- Aug. 16, 
1965 

1 Change between 1964 and 1965 possibly due to surficial compaction. 

Land 
move­
ment 
(feet) 

-2.6 

-2.3 

-3.2 

-3. 4 

-5.2 

-3.9 

-2.9 

-5.5 
-5.0 
-4. 2 

- . 7 

.0 

- . 4 

- . 2 

-2.5 

-2.4 

-1.9 

-3. 6 

-3.6 

-5.6 

-. 5 

operative standard stations, and 
34 temporary stations within the 
region affected by tectonic move­
ments during the earthquake 
(table 1). Such measurements 
were made at localities where a 

series of pre-earthquake tidal ob­
servations had been made and 
where tidal bench marks had been 
established that were not destroy­
ed during or before the earth­
quake. 
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The Seward and Womens Bay 
(Kodiak) stations were equipped 
with standard automatic tide 
gages; readings could therefore be 
compared for series taken imme­
diately before and after the earth­
quake. These determinations of 
vertical displacement are probably 
accurate to within a few tenths of 
a foot. The only other standard 
station in the region, at Homer 
Spit in Kachemak Bay, could not 
be used directly to measure verti­
cal tectonic displacement because 
it was inoperative at the time of 
the earthquake, and the tectonic 
subsidence was augmented by pro­
nounced surficial settlement of the 
unconsolidated deposits that made 
up the spit. Because the amount of 
surficial settling was known from 
level lines to areas of relatively 
firm ground (Waller, 1966a, p. 
D13), net tectonic subsidence 
could be obtained by subtracting 
the surficial effect from total sub­
sidence relative to sea level at the 
gage. This difference amounted to 
about 2.9 feet. 

Aocur1acy of the changes deter­
mined at the temporary stations 
depends largely on the length of 
the preearthquake series of obser­
vations, some of which were as 
short as 4 days, and also on the 
time interval between the pre- and 
postearthquake series, which at 
one station is 54 years and at many 
is more than 30 years (table 1) . 
Positions of the preearthquake 
tidal datum planes at these sta­
tions may not have been precisely 
determined originally, and (or) 
they may have changed from their 
original values because of reln,tive 

land-level ch::mges in the time in­
terval between tide observations. 

At most of the temporary stations 

such errors are believed to be small 

because, w'here other sources of 

data such as estimates by local 

residents or measured differences 

between pre- and postearthquake 
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shoreline features are available in 
the immediate vicinity, they tend 
to agree with the tide data within 
0.5 foot or less. An exception is 
the 7.0-foot uplift of the Sawmill 
Bay station on Evans Island, 
Prince ·william Sound, derived 
from the tidal observations( table 
1). It is about 2 feet too low when 
compared with (1) the 9.0-foot 
estimated uplift of shoreline fea­
hu·es whose preearthquake heights 
were precisely known to residents 
of the area and ( 2) the 8.9 feet 
of uplift indicated hy differences 
in t.he pre- and postearthquake 
upper growth limit of barnacles 
(pl. 2). The prcearthqnake tidal 
observations at this particular sta­
tion consist of a 1-month series 
taken in 1927, 37 years before the 
postearthquake series with which 
it was compared. Therefore, either 
about 2 feet of uplift occurred in 
the area during the 37 years prior 
to the earthquake or the tidal meas­
urements are in error. Because 
Sawmill Bay had been continu­
ously inhabited during tl1is time 
interval and because t-here was 
no indication of pree'arthquakc 
changes in land level, it appears 
probaJble tha:t the latter alternative 
is the correct one. 

THE UPPER GROWTH LIMIT OF SI!:SSILI!: 
INTERTIDAL ORGANISMS RELATIVE TO 

SEA LEVEL 

Vertical displacements i11 coast­
al areas were determined mainly 
from more than 800 measurements 
of the upper f!rmvth limits of in­
tertidal se&<>ile marine organisms 
relative to sea level along the long, 
intricately embayed rocky coast. 
1n Prince "William Sound and 
Resurrection Bay, where we used 
outboard-motor-powered skiffs for 
studying these changes during 
1964, measurements were made 
continuously along the shore at 
spacings of about 1-5 miles except 
in those places where cliffs, heavy 
surf, or floe ice in fiords prevented 
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boat landings or where the upper 
growth limits were not well-de­
fined. During both the 1964 and 
1965 seasons, measurements of 
vertical displacement were also 
made at localities shown on plates 
1 and 2 thaL were accDSsible by 
light plane or helicopter along the 
ocean coast, on the offshore islands, 
rtnd around the shores of the Ko­
diak group of isla.nds. 

In measuring land-level change 
:from the displacement of sessile 
marine organisms relative to sea 
level, the zonation of plants and 
animals bet\veen tide marks was 
used-a zonation that has lang 
been recognized by marine ecol­
ogist..s. The intBrtidal zone along 
the predominantly steep and rocky 
coastline of souLh-central Alaska 
is inha;bited hy certain specie,s o£ 
organisms-notably barnaoles, 
mussels, and a1gae--wh06e verti­
cal growth limits are usually well 
defined (pl. 3A, facing p. I 16; fig. 
4). The zonation of intertidal 
organisms in the Prince "\Villiam 
Sound region was studied in detail 
by a party headed hy G Dallas 
Hanna of the California Academy 
of Sciences in 1965. To the writer's 
knowledge, there were no pub­
lished pre~arthquake data on the 
intertidal ecology for any part of 
the Gulf of Alaska coast. 

In particular, the eommon acorn 
b a r n a c l e, Balan us balano£de8 
(Linnaeus) , and closely similar 
forms such as B. glandlula are 
widely distributed on 1'0cky shores 
and form a conspicuous hand with 
a sharply defined, readily recog­
nizable upper limit (figs. 5-7) 
The eommon olive-green rockweed 
( Fucns di8tichus), which has an 
upper growth limit, near that of 
the barnacles, served as a useful 
datum for measuring land-le\·el 
changes along shores where bar­
nacles were rubsent or poorly de­
veloped (pl. 3B, facing p. I14). 
The upper limit of this zone, re-

£erred to as the "barnacle line," 
corresponds roughly to the top o£ 
the Ealanoid or Midlittoral Zone 
of Stephenson and Stephenson 
(1949); to Zone 2, the High Tide 
Region, or the Lpper Horizon of 
Ricketts and Calvin (1962); and 
the Upper Intertidal Zone of Rigg 
and Miller ( 1949). The barnacle 
line usually, bnt not always, ap­
proximates the lower growth limit 
of the dark-gray-to-black encrust­
ing lichen ( Verrucaria) which 
commonly forms a black band in 
the splash zone immediately above 
the barnacles and Fucus (pl. 3A, 
facing p. 116; fig. 4). 

The upper limit of all intm~tidal 
organisms depends mainly on the 
l1!bility of immature individuals to 
survive prolonged exp06ure to air 
and on the tidal characteristics at 
any given locality (Kaye, 1964, p. 
591-592). In referring to the sur­
Yival ability of barnacles, Kaye 
has termed this maximum expo­
sure interval the "lethal limit." He 
found experiment.ally that it was 
close to 150 hours :for yea-rling bar­
nacles and ranged to an rubsolnt.e 
maximum of 192 hours for mature 
barnacles. Fn!JU8~ which has a 
nearly identical upper growth 
range, must have approximately 
the same "lethal limit." To a lesser 
extent the upper growth limit of 
barnacles and FttC'I..UJ depends upon 
a number of other factors which, 
in parts of Prince William Sound, 
locally cause the barnacle line to 
deviate as mueh as 0.6 foot from 
its average height at any given 
locality. "\Vave action during the 
lowest. annual neap tides and pro­
tection from desiccation by shady 
locations tend to elevate tho upper 
growth limit; exposure to fresh 
water near large streams or tide­
water glaciers tends to depress it. 
Annual variations in sett level may 
cause further slight upward or 
downward shifts of t.he organisms' 
upper growth limits. 
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4.--0haracteristic parallel bands fonucll l.ly zoned intertidal marine organisms 
long unlifted west shore of Knight Island, Prince William Sound. Encrusting 
lichens form the upper dark band and brown laminari.a.ns form the lower one; 
light-colored barnacle zone is between the two. Photograph taken rut about 2-foot 
tide stage, May 20, 1964. 

5.- Mca:suring height of the barnacle line at Port Bainbridge in an area of the 
Kenai Peninsula uplifted 5.7 feet. Protograph taken at 4.4-foot tide stage, Jw1e 21, 
1964. 
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I 14 ALASKA EARTHQUAKE; MARCH 27, 19164 

6.-Bamacle line clearly marked by upper limit of light-gray barnacles and 
desiccated rockwet'd in dark patches and by the lower growth limit of dark-gray 
encrusting lichens of the splash zone. Uplift of 3.2 feet in Wha.Ie Bay, western 
Prince William Sound. Photograph tak~ at 3.0-foot tide stage, June 22, 1964. 

7.-Bamacle line on hull of S.S. Ooldbrook, Middleton Island. Tbe upper growth 
limit of the dark band of bamacles on this vertical surface is clearly defined and 
at a uniform level, even though it is in a locality that was e~osed to open-coast 
surf conditions prior to the earthquake. Indicated uplift i s 11.7 feet. Photograph 
taken at 6.5-foot tide stage, Ju.Iy 26, 1965. 
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8.- Yariations of mean tide range in area~ of south-eentral Alaska whe1-e tide 
levels were used as a datum in mea:mri11g vertical displacement of the coast. Triangles 
show locations of permanent tide gages prior to the earthquake. Data from U.S. Uoast 
and Geode!Jic Survey (1964). 

Specific data on the normal up­
per growth limit of barnacles and 
Fucus relative to tide levels were 
unavailable for the part of coastal 
south-central Alaska that was af­
fecterl by vertical tectonic dis­
placements associated with the 
earthquake at the time this study 
was made. However, elsewhere on 
the Pacific Coast of N or1th Amer­
ica and in other areas of the "-oriel 
the height of the barnacle line 
roughly a pproximate.s annual 
mean high water along shores with 
a small Ol' moderate tidal range. 
In the region where measurements 
of _vertical disphtceme11ts were 
made during this study, tidal 
range, and hence the height of the 
barnade line, differs from place 
to place along the coast. For exam-

pie, the mean tide range (that is 
the difference in height between 
mean high and mean low water) 
,·aries from a minimum of 6.4 feet 
along the ocean coast of the Ko­
il.iak group of islands to a maxi­
nmm of 15.9 feet at Homer near 
the entrance to Cook Inlet (fig. 8}. 
E\·en higher tides-as high ltS 30.~ 

feet- prevail within Cook Inlet. 
Howe,·er, the exceptionally large 
tidal mnge, in combination with a 
general lack of stable rocky shores 
and an increasingly impoverished 
marim• fauna toward the head of 
the inlet precluded usc of :rrutrine 
organisms for measuring vertical 
disp 1 a cement. 

On figure !) are shown the var­
iations in the 196-1 positions of six 
of the important sea-level datum 
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planes corresponding to mean tide 
ranges of 6.4 feet to 15.9 feet 
in south-central Alaska.1 Kaye 
(1964) has reviewed the definition 
of these tidal planes, the way in 
which they are derived from tide­
gage records, and the control they 
exert on the zonation of intertidal 
organisms. 

Field procedure for determining 
land-level changes by the barnacle­
line method was to measure the 
height of the upper limit of bar­
nacle or Fucus growth above or be­
low water level at any st.:'tge of 
tide. On smooth steep rocky slopes 
sheltered from heavy surf, this 
line is sharply defined and can be 
readily determined to within 0.2 
foot or less. On sloping shores or 
shor·es exposed to heavy surf it 
tends to be less regular, although 
even under such conditions it gen­
erally can be determined with con­
fidence to within 0.5 foot. At moot 
places where the barnacle line 
was rubove water, its height was 
measured with a hand level or sur­
veyor's ]eve] and stadia rod. 'Where 
the barnacle line was visible under 
water, its depth below the surface 
was measured directly with the 
stadia rod. 

Stage of tide at the time of 
measurement was then determined 
from the U.S. Coast and Geodetic 
Survey hLble of predicted tides for 

1 Extreme high and low water are the high· 
('S t nncl lowest predicted annual tidies; the 
extreme high-water line is also the ll!J>proxi­
mate lower limit for growth of terrestrial 
•·egPtation along slwres sheltered from wavp 
s plash. B roause tides in south-cen.tral Alaska 
arE' of the sem.lclJurnal tyve. the lev.els of the 
twu <lail~· hi;::h and low boos differ, varying 
ht>tween a maximum (spring tides) and a 
minimum (neap tides), dt!pendlng on the 
interactions of t he tide·1>rod1tcin~r forces . 
T hus, ml'a n high water (l\fffiV ) nnr11 mean 
low watpr (1\IL\V), a.re the averaj!'C heights 
of nll high :mel low tides within the ~riocl 
of melliSuvemerut. 1\lean lower low wruter 
(JIILLW). the mean of Ute spring •tides, ts 
the tidal datum pla ne commonly used as the 
z.ero datum b:; the U.S. Coast and Geod~etl.c 
Sun·ey. 1Iean tide level• (M.TL) is Ute exruct 
midpoint of tb!' range J\UiW- l\1LW. It dif­
fe rs b:; a few tentlts of a foot from mean sea 
level, the average of all hourly tide read­
ing-s over a given p eriod, because th<:> tidal 
cun·e is not a simple s ine cun·e, but rot..'ler 
is compounded o'f a number of simple sine 
curves, some of which ha\'e fixed ()ha.se rela­
ticmships with respect to each other (1\lar­
mer, 1951, p . 70). 
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D.- Tidal parameters in areas of south-central Alaska where tide levels were used 
as a datum in measurinA" vertical di~pJacernent of the coiL.<!t. Data from U.S. Coost 
and Geode,Uc Survey ( 1004) . 

the closest, referenee station, and, 
finally, the position of the barnacle 
line relative to the mean lower low 
water· (MLLW) datmn was ca.l­
cuhtted. For me-.asnrements made 
close to the 16 U.S. Coast and 
Geodetic Survey tide rra2'es tht11t . "' ~ 
were installed in the area imme-
diately following the oorthquake, 
we later made corrections to the 
actual, rather than the predicted, 
tides. Durin~ the period of field­
work, it was found that fe.w tides 
deviated by as much as 1.5 feet 

fmm predictions; most were with. 
in a few tenths of a foot of pre­
dicted values. 

Differences in the height of the 
barnacle line i.n 1ocal a.reas oi simi­
lar tide range provided a powerful 
tool for determining relative 
cha11ges in land level along the 
coast eve.n where the a.bsolute 
change was not known. Absolute 
uplift or subsidence relative to sea 
level at any given locality was 
taken as the difference in height be­
tween the measured elevation of 

the barnacle line. and the "normal" 
preearthqua.ke upper growth limit 
:for the barnacles and FuCU8 as in­
dicated in figure 10. 

The "normal" preearthquake 
upper growth limit of barnacles 
and F11 C1.lS relative to MLL W was 
determined empirically at the 17 
localities listed on figure 10 where 
the amount of vertical displace­
ment wa.s known :from Coast and 
Geodetic Survey tide gage read­
ings. Its position at these localities 
was taken as the measured height 
relative to MLLW corrected for 
the amount o:f tectonic uplift or 
subsidence indicated by the tide­
gage readings. On figure 10 these 
heights are plotted a.ga.inst the 
mean tide range at the station. The 
lec<tst-square curve through these 
points represents the average pre­
earthquake height of the barnacle 
line for mean tides ranging from 
6.4 to 15.9 feet in the study area. 
The curve suggests that the pre­
earthquake barnacle line was close 
to mean high water for the lowest 
mean .tides and that it lowered pro­
gressively relative to MHW with 
an increase in me.an tide range. For 
the lower tides of 6.4-10.0 feet 
which prevail along most of the 
Gulf of Alaska and in Prince '\Vil­
liam Sound, it ranged from MHW' 
to 0.6 foot below MHW level; for 
the higher metw tides of as much 
as 15.4: feet at Seldovia in lower 
Cook Inlet and Shelikof Strait, the 
barnacle line dropped to 1.7 feet 
below ~nnv. 

The derived curve for the ap­
proximate height o£ the barnacle 
line is only a. crude approximation 
to the actual position of the bar­
nacle line. In addition to uncer­
ta.intiP~"< in mr,asurement of the po­
sition of the postearthquake 
barnacle line relative to sea level, it 
incorporates inherent errors in the 
determination of land-level change 
o.t the temporary 6de-g;age stations 
as discussed previously ( p. I 11). 
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EFFECTS OF THE EARTHQUAKE ON 
INTERTIDAL ORGANISMS 

A (right) .-Sharply zoned intertidal marine 
organisms along west shore of Port Bain­
bridge. The barnacle line, uplifted 6.1 feet. is 
at the contact betwee11 the upper black band 
of encrusting lichens and the light-gray band 
of barnacles. Greenish material in the lower 
part of the rock face is marine algae; its 
upper limit marks the approximate position 
of the postearthquake barnacle line. Photo­
graph taken at 3.1-foot tide stage, June 18, 
1964. 

0 (right).-Postearthquake yearling barna­
cles (light gray) among preearthquake 
barnacles (yellow) . Within 4 months after 
the earthquake the new crop of barnacles 
had base diameters of as much as 0.3 inch. 
Large divisions in upper scale are inches. 
Photograph taken August 2, 1964. 
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PROFESSIONAL PAPER 543-I PLATE 3 

B (left) .-Barnacle line defined by upper 
growth limit of olive-brown rockweed and 
lower limit of dark-gray encrusting lichens. 
Shoreline shown (Malina Bay, Afognak 
Island) subsided about 3 feet during the 
earthquake. Photograph taken at 6.5-foot 
tide stage, July 20, 1964. 
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EFFECTS OF THE EARTHQUAKE ON SHORELINE FEATURES 

A.-Living (olive-green) and desiccated (dark-brown) Fucus along the shore of 
Glacier Island, Prince William Sound. The top of the band of desiccated algae was 
near the preearthquake barnacle line and the top of the band of living algae was 
near the postearthqual•e barnacle line. The 3.0-foot difference between their eleva­
tions was a measure of the tectonic uplift in this area. Photograph taken at 8.8-foot 
tide stage, June 13, 1964. 

B.-Extem:ive area of brown terrestrial vegetation at Kiliuda Bay, Kodiak Island, 
killed by !':alt-water imme.!"!':ion after about 4 feet of tectonic subsidence and an 
unknown amount of surficial subsidence. Dikelike gray ridge of beach gravel was 
built up in adjustment to the new higher base level The area behind this beach 
ridge may eventually become a shallow lagoon. Photograph taken July 17, 1964. 



,_ 
"" "" ... 
z 
ti 
"" ,_ 

18 

16 

~ 
5:: 14 
0 
..J 

0:: 

"" 5:: 12 
g 
z 
..: 
"" :;; 10 

"" > 
0 
al 
..: 
I­
I 
(!) 

i;j 
I 

8 

M 
. / 

ean h1gh water'>./ 

/ 
/ 

/ 

/ 
/ . 

12 

1'1 Upper growth 
/ • •14 limit of 

6 (?) / •lO barnacles 

-. (/ 
'1~'i9 ._/3/8•13 

~{·15 

/1"1i6 °4 v . 
17 

6+-----.-----,-----,----.-----. 
6 8 10 12 14 16 

MEAN TIDE RANGE, IN FEET 

TECTONICS 

Data Points 
1. Womens Bay, Kodiak Island 
2. Seward, Kenai Peninsula (average of 2 

measurements, range indicated by vertical 
bar) 

3. Chenega Island, Prince William Sound 
4. Lazy Bay, Kodiak Island 
5. Port Chalmers, Montague Island, Prince 

William Sound 
6. Sawmill Bay, Evans Island, Prince William 

Sound 
7. Port Gravina, Prince William Sound 
8. Whittier, Prince William Sound 
9. Cordova, Prince William Sound (average. of 

28 measurements; range indicated by ver­
tical bar) 

10. Larsen Bay, Kodiak Island 
11. Port O'Brien, Kodiak Island 
12. Seldovia, Kenai Peninsula 
13. Port Dick, Kenai Peninsula 
14. Port Chathamj Kenai Peninsula 
15. Two Arm Bay, Kenai Peninsula 
16. Tonki Bay, Afognak Island 
17. Ugak Bay, Kodiak Island 

10.-Height of upper growth limit of barnacles above mean lower low water for 
mean tide ranges of 6.4-15.9 feet in south-central Alaska. The least-square curve 
for the upper growth limit of barnacles is based ou meaHurements made at 17 
stations (dots) \Vhere the vertical displacement was determined independently by 
the U.S. Coast and Geodetic Survey (Small, 1006) from tide"gage observatiO'Ils. 
Standard deviation is 0.627 foot. 

However, the validity of using the 
empidcally deteimined barnacle 
line was generally confirmed by 
our observations in late 1964 and in 
1965 that the upper growth limits 
of ne\v posteart.hquake barnacles 
and Fucus were generally within 
about +1 foot. of this line. 

The precision of the land-level 
changes determined by the bar­
nade-Iine method varies within 
wide limits because of the numer­
ous variables involved in making 
the measurements and the assump­
tions inherent. in the presumed 
preearthquake position of the bar­
nacle line. The measurements are 
generally within 1 foot of changes 
estimated by local residents or 
found by means of other tech­
niques. lJnder the least favorable 
combination of circumstances, 
such as along segments of the coast 
exposed to heavy surf or swells or 
in areas of high and erratic tides 
in Cook Inlet and Shelikof Strait, 
measurements may IocaUy be in 
error by as much as 2% feet. In 
such areas, however, more reliance 
was placed on changes indicated 

by those techniques that do not re­
quire use of tide level as a datum. 

DIFFERENCES IN THE EXTREME PRE­
AND POSTEARTHQUAKE GROWTH LIM­

ITS OF SESSILE INTERTIDAL ORGA­
NISMS AND TERRESTRIAL VEGETATION 

Throughout the region affected 
by tectonic land-level movements, 
postearthquake changes in the 
upper growth limit of barnacles 
and Fucus or in the lower growth 
limit of terrestrial vegetation pro­
vided direct. indications of the 
direction and approximate amount 
of movement. Thus, along uplifted 
shores a band of dead barnacles, 
FucrJ.·~~ and other sessile organisms 
de,·eloped within 2 months after 
the earthquake. The height of this 
band reflected the amount of up­
lift (pl. 4A). By ,July of 1964 a 
new postearthquake line of young 
barnacles, and in some places 
Fucu-~, was well established on 
most shores. The height of this 
line above or beloy~· the preearth­
quake line furnished a direct meas­
ure of the amount. of uplift or 
subsidence (pl. 30; fig. 11). Simi­
larly, at many places, the amount 
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of subsidence could be clearlv de­
termined within 2 months a~r the 
earthquake from certain ephem­
eral features such as the eleva­
tion to which the highest. spring 
tides inundated terrestrial vegeta­
tion (fig. 12). By the 1965 field 
season, land plants had become 
sufficiently well established over 
much of the uplifted shore that the 
approximate amount of uplift 
could be determined from differ­
ences in the pre- and postcarth­
quake lower growth limits (fig. 
13). This method was particularly 
useful in areas of uplift such as 
Middleton Island where, for some 
unknown reason, barnacles and 
Fucu8 had not beeome established 
in the intertidal zone even a year 
after the earthquake. 

Land -level changes determined 
from differences in pre- and post­
earthquake positions of the barn­
acle line or of the lower limits of 
terrestrial vegetation provide rea­
sonably precise values for the tec­
tonic movements where the post­
eru•bhquake growth limits have had 
time to reaoh a position in equi­
librium with the loml tides and 
where the earthquake-related dis­
piacements have not caused signifi­
cant changes in the tidal charac­
teristics. Such measurements are 
thought to represent the actual 
vertical change at least to within 
1.0 foot, and probably to within 
0.5 foot in most places. 

DIFFERENCES IN THE HEIGHTS OF 
PRE- AND POSTEARTHQUAKE STORM 

BEACHES 

Along uplifted sandy shores on 
Montague Island in Prince Wil­
liam Sound and along the linear 
stretch of coast east of Kayak 
Island, the amount of uplift could 
be approximated in 1965 from the 
rclati ve positions of pre- and post­
earthquake storm beaches (fig. 
14). The accuracy of such meas­
urements is difficult to evaluate, 
although where they could be 
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11.-Conspicuous white band of postearthquake barnacles along the shore of 
KiZhuyak Bay, Afognak Isl'3.Dd. The difference in elevation between the upper 
growth limit of the yearling barnacles in the photograph and the preearthquake 
barnacles, which were at water level, indicates at least 3 feet of tectonic subsidence. 
Photograph taken July 20, 1964. 

12.-Drowned brush and trees along shore of Harriman Fiord, Prince William 
SounC.. The color change (arrow) between the dead brown foliiage (light gray) 
below and the green foliage (darker gray) reflects the position of the postearthquake 
extreme high-tide line. The difference in elevation between the lower growth limit 
of terrestrial vegetation and the new extreme high-tide line provided a measure of 
tectonic subsidence, which was 7.2 feet at this locality. Photograph taken at 0.9-
foot tide stage, June 10, 1964. 
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13.- \Yilcl flowerl; and gra!<R growing among dead barnacle:; (white) on shore of 

Middleton Island uplifted about 11 feet. The differences in the lower growth limits of 
pre- and postearthquake terrestrial vegetation provided a direct indication of the 
approximate amount of uplift. Pho .ograph tal;en July 26, 1965. 

14.--ooast at Cape Suckling uplifted about 13 feet during the earthquake. The 
differenoe in elevation between the postearthquake storm beach (marked by band 
of light-colored driftwood) and the preearthquake storm beach, which was, above the 

base of the sea cliff, provided a crude measure of the uplift. The ~;mooth area between 
the upper limits of driftwood and the sea cliff is now a marine terrace, ami the 

former island in the foreground is a stack on its surface. The fiat surface on the 
stack is probably an older marine terrace. Photograph taken at about zero tide stage, 
July 24, 1965. 

307-634 0 - 70---4 
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compared with changes at nearby 
rocky shores, they appear to give 
results consistent, within about 3 
feet, with those obtained from 
barnacle lines. The measurements 
between Kayak Island and Yaka­
taga (pl. 1) are particularly uncer­
tain because the shore there con­
sists of active sand dunes that had 
partially concealed the old storm­
beach line by the time measure­
ments were made in 1965. This 
method was used only where no 
other means was available for 
measuring vertical displacement. 

ESTIMATES OR MEASUREMENTS BY 
LOCAL RESIDENTS 

Where possible, data on local 
land-level changes were obtained 
from local residents in interviews 
and on form questionna.ires. The 
amount of these changes and the 
confidence limits expressed by ob­
servers are shown on plates 1 and 
2. Most of the estimates were 
made by fishermen, mariners, log­
gers, and other coastal residents 
wl10 had long experience in ob­
serving the levels of local tides 
relative to familiar shoreline fea­
tures. Consequently, most of their 
estimates or measurements of the 
vertical d'isplrucem.ents are prob­
ably correct to within a foot or 
less. 

HEIGHT OF TIDAL BENCH MARKS 
RELATIVE TO SEA LEVEL 

At a few localities in Prince 
William Sonnd, changes in land 
]eve] were determined by leveling 
from the water surface to U.S. 
Coa.St and Geodetic Survey tidal 
bench marks of known preearth­
quake elevation. The accuracy of 
these determinations, which de­
pends mainly upon the precision 
of leveling and the degree to 
which the actual tides at the time 
of m&'lSurement correspond with 
predicted tides, is believed to be 
within 0.5 foot. 
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COMPARISON OF PRE- AND 
POSTEARTHQUAKE DEPTH SOUNDINGS 

Submarine eontrol :for the off­
shore uplift indicated southwest 
of Montague Island is provided 
by comparisons of d'etailed bot­
tom soundings taken by the U.S. 
Coast a.nd Geodetic Survey in 
1927 and after the earthquake in 
1964 (Malloy, 1964, p. 1048-1049; 
1965, p. 22-26). Because of the 
technical problems involved in 
carrying out such surveys, how­
ever, the inferred submarine dis­
plaeements could locally be in er­
ror by 10 feet or more. 

COMPARISON OF PRE- AND 
POSTJ<;ARTJIQUAKE LEVEUNGS 

The amount and distribution of 
the vertical tectonic move.ments 
inland from the coast were de­
fined by the U.S. Coast and Geo­
detic. Survey's prompt releveling 
of 722 miles of previously sur­
veyed first-order level lines con­
necting the cities of Seward, An­
ehorage, Valdez and Fairbanks 
(pl. 1; fig. 3). Details of the 
method's used in these surveys 
were presented by Small (1966); 
changes in elevation between suc­
cessive levelings at bench marks 
along these routes ha.ve been tab­
ulated by Wood (1966, p. 124-
130). The changes indieate.d by 
this method are probably ac­
curate to within a few tenths of a 
foot. 

Small (1966, p. 2) has cau­
tioned that observed divergences 
in the results of the original lev­
eling dating from 1923- and the 
postearthquake leveling in 1964 
and 1965 may not be due entirely 
to movement associated with the 
earthquake bemtuse there is evi­
dence for minor gradual regional 
movement along some lines where 
repeated le,velings were made 
prior to 1964. At a. few bench 
marks along these routes, which 
were lO'Cated on unconsolidated 
deposits, the indieated subsidence 
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was anomalously large. Sueh 
anomalous measurements obvi­
ously represented change.> caused 
by accidental displacement of the 
bench marks or by local phenom­
ena such as frost heaving, surfi­
eial settling, or thawing of per 
ma.frost rather than to tectonic 
movements; they are not shown 
on plate 1. 

DISTRIBUTION OF LAND-LEVEL 
CHANGES 

Figure 3 summarizes t:he known 
and inferred areal distribution of 
land-level changes. The deforma­
tion extends for almost 600 miles 
along the Gulf of Alaska coast 
from the southwest tip of the Ko­
diak group of islands through the 
Prince ·william Sound region and 
e'tstward to the vicinity of Y aka­
taka where it seems to die out. The 
deformed region consists essen­
tially of ( 1) a broad zone of subsi­
dence centered along the axis of the 
Kodiak-Kenai -Chugach :Moun­
tains, (2) a major zone of uplift 
that borders it on the seaward side 
and extends from t.he coast onto 
the sea floor, and (3) a zone of 
slight uplift that borders it on the 
landward side and extends north­
ward into the Alaska and Alcutilw 
Ranges. The distribution of subsi­
dence and uplift in these three 
zones is described below. 

THE ZONE OF SUBSIDENCE 

The zone of tectonic subsidence 
includes almost all of the Kodiak 
group of islands, most of t,he Kenai 
Peninsula, the northern and west­
ern pa.rts of Prince Wllliam 
Sound, and probably the western 
segment of the Chugach Moun­
tains ( pls. 1, 2; fig. 8). Areas of 
subsidence in most rock-y embayed 
coastal areas are clearly defined by 
the various criteria outlined in the 
preceding section or· by qualitative 
indicators of shoreline submerg­
ence. In sheltered embayments the 

changes ma.y be noticea;ble where 
the subsidence is as little as 1 foot. 
Such effects were most pronounced 
in area.s of lmvest mean annual tide 
mnge (fig. 8), imtsmuch as both 
the frequeney and duration of 
shoreline immersion for a given 
amount of subsidence vary in­
versely with the tidal range. 

Along coasts with large tidal 
rangffi and nonrocky ~hores, such 
as the part of Cook Inlet north of 
Homer, the subsidence is known 
only from tide gage readings near 
Kenai and at Anchorage, from a 
few observations by local residents, 
and from leveling along the ooast 
near the head of the in let. In this 
area, and along Shelikof Strait, the 
northwestern limit of the zone of 
subsidence is poorly defined. It 
seems to be close to the west side of 
the inlet from Redoubt Bay south­
westward to Kamishak Bay and 
probably extends inland between 
the south side of that bay and the 
general area of Katmai Bay. 

Control on the distribution and 
a,bsolut.e amount of subsidence in­
land from the coast is provided by 
the Coast and Geodetic Survey's 
releveling of the first-order net 
shown on figure 3. Snbsidenee was 
indicated on all these lines south 
of the approximate southern mar­
gin of the Alaska Range exoopt in 
the immediate vicinity of Valdez 
where a few bench marks were up­
lifted less than 0.2 foot. (pl. 2). The 
leveling clearly demonstrates that 
the subsidence extends as a brr ad 
warp wi·thout abrupt changes of 
level across the Kenai :Mountains 
northward from Seward and 
across the Chugach :Mountains 
north of Valdez (pl. 1). Within the 
Chugach :Mountains, subsidence of 
about half a foot. extends eastward 
a.t least to Chitina. The northern 
limits of the zone are approximate­
ly defined by the leveling along 
The Alaska Railrmtd and Richard­
son Highway. Because of the small 



measured land-level elunges on 
those lines, errors of as little as 0.5 
foot could cause shifts of as much 
as 30 miles in the position of the 
northern boundary of the zone. 

MAJOR ZONE OF UPLIFT 

The main zone of uplift on land, 
as determined from shoreline 
changes, :includes ( 1) a narrow 
fringe of points, ea;pes, and small 
islands along the seaward side of 
the Kodiak group of islands, (2) 
all but the extreme northwestern 
and northern parts of the Prince 
William Sound region, and (~) 
the coastal belt extending about 
120 miles east of the sound. Direc.t 
indications of uplift of parts of 
the contiguous C{)ntinental Shelf 
are afforded by emergence of all 
the offshore islands and reefs, in­
dueling Middleton Island near 
the edge of the Continental Shelf 
(pl. 1, 2; fig. 1). 

The extreme southwestern limit 
of the zone is believed to lie be­
tween Sitkinak Island, which was 
uplifted rubout 1lf2 feet according 
to a local resident (.~lr. Hall Nel­
son), and Chir:ikof Island, where 
there apparently was no change in 
level (Neal Hoisington, written 
commun., 1965). Its eastern limit, 
is probably at, or just west of, 
Yakataga. 

The trend of the isobase con­
tours in the northeastern part of 
the zone of uplift (fig. 3) and the 
distribution of aftershocks (fig. 
2) seem to justify the inference 
that uplift also occurred over much 
of the submarine part of the con­
tinental margin in a broad zone 
extending southwestward at least 
to the latitude of southern Kodiak 
Island. Seaward projection of the 
trend of the isobase contours from 
the area between Y rnkataga and 
Middleton Island also suggests 
tluut uplift oecurred over much of 
the eontiiHmtal slope and could 
have extended t~o :the toe of the 
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eontinent.al slope, as is shown m 
figure 3 and on plate 1. 

Independent evidenee for up­
li:f;t over a large segment of the 
Continental Shelf and slope comes 
from the seismic sea waves (tsun­
ami) generated by the submarine 
movements. Because seismic sea 
waves are gravity waves set up in 
the ocean mainly by vertical dis­
turbanc.es of the sea bottom, the 
sense of displacement in the gen­
erative area can be determined 
under favorable conditions ft'om 
the initial water motion at suit­
ably situated tide stations. Tide­
gage records outside the immedi­
ate area affec.ted by the earthquake 
show an init.ial rise that indieares 
a positive wave resulting from up­
ward motion of the sea bottom 
(VanDorn, 1964, p. 166). The 
initial direction of water move­
ment along ·the coast of the Gu 1f of 
Alaska within the area affec.ted by 
the earthqua;ke is less clear, how­
ever, because there were no op­
erative tide gages, and in many lo­
calities the water movements 
reported by eyewitnesses were 
eompliea;ted by (1) ehanges of 
land level along the coast, (2) lo­
cal >vaves generated mainly by 
submarine landslides, and ( 8) 
seiches, or other water disturb­
anc.es related to horizontal tecton­
ic displacement. 

The shape of the source area 
within which the train of seismic 
sea waves was generated can be 
approximated from an envelope 
of imaginary wave fronts project­
ed back toward the wave source 
from observation stations along 
the shore at which arrival times 
are known. Distances traveled by 
the waves ean be determined if 
both the wave veloeity along the 
propagation path and the travel 
time are known. Because of their 
long wavelengths, seismic sea 
waves move as shallow water 
waves even in the deepest ocean, 
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and their approximate velocity is 
given by La Grange's equation (in 
Lamb, 1932, p. 257) : 

were g is the gravitational con­
stant, and h is the water depth 
along the travel path (as deter­
mined from nautical charts). 
Travel time is taken as the elapsed 
time between the main shock and 
the arrival of the first wave crest 
at shore stations. The distribution 
of tide gage stations outside the 
seismic. sea-wave generative area 
precludes precise delineation of 
the souree by this method. How­
ever, :its general position as de­
rived by VanDorn (1964, fig. 8), 
Pararas-Carayannis (1967), and 
M.G. Spaeth (oral eommun., Sept. 
1964) is consistent with uplift. in 
the broad zone that lies roughly 
between the Aleutian Trench axis 
and the coast and extends from the 
general area offshore from Yaka­
taga southwestward to about the 
latitude of Kodiak. 

The position of the axis of the 
wave source shown on figure 15 
was inferred from the arrival 
times of the initial wave c.rest 
along the adjacent c.oast, the gen­
eral distribution of wave damage, 
and the reported movement direc­
tions of the initial wave. Approxi­
mate travel times to shore stations, 
sense of initial water motion, and 
the data sourc.es are given in table 
2. These data suggest that the wave 
crest was generated along one or 
more line sources within an elon­
gate belt that ext.ends abont ?.50 
miles from the vicinity of Monta­
gue Island in Prinee William 
Sound to the area offshore from 
Sitkalidak Island in the Kodiak 
group. This inference is support­
ed by the fac.t that at the north­
east end of this axis on .:\1ontague 
Island warping and faulting have 
resulted in uplift of 38 feet in a 
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EXPLANATION .. 
Wave travel direction inferred from 

shoreline damage or eyewitness 
accounts 
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Calculated maximum distance trav­

elled by initial wave 
Dashed where approximate 

Axis of uplift 
Dashed ·where inferred 

---+---
Axis of subsidence 

------a-------
Zero isobase contour 

• 
Epicenter of major aftershock (M 2: 6.0) 

(j) 
Station listed in table Z 
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15.-Submarine extension of the zone of maximum uplift and faulting on Montague Island as inferred from movement directions 
and calculated travel distances of seismic sea waves gem•rated by the tectonic displacements. 
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TABLE 2.-Travel limes of seismic sea-wave crest to near-source observation 
stations 

[Locations shown on figure 15. Travel time from start of the earthquake (5:36p.m., A.s.t.)] 
-·--

Station Travel 
time 

(minutes) 
No. ~arne 

(fig. 15) 

1 Kaguyak _____ 38±5 

2 Old Harbor ___ 18 
3 Cape Chiniak_ 38 

4 KaL~in Bay ___ 70 

5 Kodiak Naval 63 
Station. 

6 Kodiak _______ · 45±3 
7 Rocky Bay ___ 1 30 
8 Seward _______ 30±5 
g Whidbey Bay_ 19}H~~ 

10 Puget Bay ____ 20±2 
11 Middleton 1 20 

Island 
12 Cape fiO±l 

Yakataga. 
13 Saltery Cove __ 1 30 

1 Approximate. 

belt. about 6 miles w]dc (Plafker, 
1968), and comparable displace­
ments are known to have occurred 
on t.he adjacent sea floor (.Malloy, 
1964). Similarities in maximum 
wave-runup heights along physio­
graphically comparable segments 
of coast, both on the Kenai 
Peninsula opposite Montague Is­
land and on the oce~n coast of 
Kodiak Island, suggest that the 
vertical sea-floor displacements 
that generated the waves in these 
two areas could be of the same 
order of magnitude. If so, the ini­
tial wave form resulting from sea­
floor displacement had the ap­
proximate shape shown by profile 
A-A', figure 15. Other factors, 
however, such as rate of uplift, ini­
tial slope at the wave source, and 
energy loss along the propagation 
path preclude direct correlation of 
runup heights with displacement 
at the source. 

PROBABLE ZONE OF SLIGHT UPLIFT 

Minor uplift, probably asso­
ciated with the earthquake, ha.<; 

-··--

Reported 
I sense of 

first Data source 
motion 

? Larry Matfay (radioed 
message received at 
Old Harbor). 

Up ______ Larry Matfay. 
Up __ ---- Fleet Weather Central, 

Kodiak Naval Station. 
1' U.S. Geological Survey 

stream gage. 
l:p ______ Fleet Weather Central, 

Kokiak Naval Station. 
Down ____ Jerry Tilley. 
Down ____ Guy Branson. 
{;p_ ----- Scottie McRae. 
l:p------ Bill Sweeney. 
t:p ______ Sam Hatfield. 
Down ____ Dwight Meeks 

Down __ - Charlie Bilderback. 

? Ron Hurst. 

been detected in three areas ad­
jacent to, and inland from, the 
zone of subsidence (fig. ;) ) . The 
distribution of uplift in the.-se three 
areas strongly suggests the possi­
bility that they may be part of a 
continuous zone, roughly 100 miles 
wide, that parallels the major 
zones of subsidence and uplift. 

Slight uplift in the Alaska 
Range is indicated by U.S. Coast 
and Geodetic Survey rcleveling 
along both the Richardson High­
way and The Alaska Railroad 
(Small, 1966, fig. 9). Comparison 
of the 1964leveling with a line run 
in 1952 shows general uplift along 
the Richardson Highway in a zone 
from -about 25 miles north of 
Gle11nallcn to within 50 miles of 
Fairbanks (fig. ~). ~faximum up­
lift recorded on this line was 0.89 
foot near the center of the zone, 
with irregular but generally pro­
gressive decreases toward the 
north a.nd south. Land-level 
changes indicated by comparison 
of 1922 and 1964 levelings along 
The Alaska Railroad arc less con-
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sistent but they are predominantly 
positive and are as much as 0.36 
foot in a zone where the line 
crosses the Alaska Range. The 
relatively large amount of change 
(0.89 ft.) in only 12 years between 
the successive surveys on the Rich­
ardson Highway strongly suggests 
that at least the major part of the 
measured eha.nges were probaJbly 
associated with tl1e emthquake. 
Furthermore, the fairly systematic 
rise and fall in the amounts of up­
lift across the Alaska Range sug­
gest that uplift is not due to sur­
veying errors or errors inherent in 
tying the level lines to tidal datum 
planes. Thus, it is tentatively con­
cluded that the uplift along these 
two lines represents earthquake­
related uplift over a broad zone 
centered in the general area of the 
Alaska Range. 

Residents along the Iliamna, 
Chinitna, and Tuxedni Bays on 
the northwest shore of Cook Inlet 
(pl. 1; fig. 3) report a decrease in 
the height of tides after the e-arth­
quake that suggests shoreline up­
lift of 1-2 feet. There is little 
doubt about the validity of these 
estimates, particularly in Iliamna 
and Tuxedni Bays, where refer­
ence marks existed whose pre­
earthquake relationship to tide 
levels were precisely known. Be­
tween 1963 and 1965 a slight up­
lift, presumably related to tho 
earthquake, occurred also on the 
west side o:f Augustine Island (R. 
L. Detterman, oral commun., 1965) 
where beach berms have been low­
erP..d l!z-1% feet. TJ1e observed 
changes along the northwest. side 
of Cook Inlet strongly suggest 
slight tectonic uplift of the shore­
line during the earthquake. They 
cannot be_ explained by changes in 
the tidal characteristics due to re­
gional subsidence of rthe entrance 
to Cook Inlet, inasmuch as deepen­
ing of the entrance would be ex­
pected to increase, rather than 
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decrease, the height of the tides by 
facilitating diurnal movement of 
the tidal prism. 

GEOMETRY OF THE 
DEFORMATION 

The pattern of absolute vertical 
deformation associated with the 
earthquake is indicated by the 
isobase contours and profiles of 
plates 1 and 2 and is show'll at a 
smaller scale in figure 3. The iso­
base contours may be pictured as 
the amounts of vertical displace­
ment of an imaginary surface that 
was horizontal before the earth­
quake. The resulting map, there­
fore, is a special form of strnctnre­
contour map showing the configu­
ration of the deformed surface. 
The maps and profiles indicate that 
the deformation oc~urred in three 
broad elongate warps, each of 
which is from 100 to 130 miles wide 
and has axes that roughly parallel 
the trend of the continental mar­
gin. Subsidence occurred in the 
middle ·warp and uplift in the ad­
jncent warps on the seaward and 
lnndward sides. The zero isobnses 
between the zone of subsidence nnd 
the ndjacent zones of uplift are 
axes of t.ilt across which the sense 
of vertical displacement relative 
to the preearthquake position 
changes gradually. No abrupt 
changes of level have been found 
between the adjacent zones that 
·would indicate vertical fault dis­
placement between them. 

ZONE OF SUBSIDENCE 

The zone of subsidence is a syn­
clinal downwarp whose axis is 
situated roughly along the crest 
of the coastal mountain ranges. 
The axis of subsidence plunges 
gently northeastward from the 
Kodiak Mountains and southwest­
,vard from the Chugach Moun­
tains to a low of 7% feet on the 
south coast. of the Kenai Penin­
sula. In cross section the do·wn-
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warp is strongly asymmetrical 
with an average tilt in the middle 
part of the deformed region of 
about 1 foot per 14 miles from the 
landward side towards the axis 
and a much steeper average tilt of 
1 foot per 2-3% miles on the sea­
'"ard side. The prevailing simple 
synclinal form of the downwarp 
is broken only by the slight warp­
ing of the tilted surface near the 
axis of subsidence immediately 
north of Seward in an area where 
both triangulation and geologic 
data suggest the possibility of 
minor earthquake-related move­
ment on a conspicuous north­
south-trending lineament. 

Apparent reduetion in crustal 
yolume within the zone of subsi­
dence, as calculated by summing 
the a.verage volumes included be­
tween successive isohase contours 
on plate l, is about 29 cubic miles. 
Total area of the zone affected by 
subsidence is about 48,000 square 
miles, and the average amount of 
subsidence within it is roughly 
2% feet. 

MAJOR ZONE OF UPLIFT 

'l'he major zone of uplift along 
the continental margin is a broad 
upwarp with a maximum ampli­
tude of 15 feet, upon which 
is superimposed a narrow belt, 
less than 10 miles wide, in which 
there has been strong uplift asso­
ciated with displacement on re­
verse faults. The axis ofthe uplift­
ed zone trends southwestward 
from Montague Island, presum­
ably to the area offshore from Sit­
kalidak Island in the Kodiak 
group. Maximum uplift along this 
axis on Montague Island is 38 feet 
nnd it may be as much as 50 feet 
on the sea floor. 

The position of the axis of up­
lift to the northeast of Mont.ague 
Island is uncertain; it may con­
tinue offshore from Hinchinbrook 
Island and the Copper River DeU.a 
to intersectthe coast at Cape Suck-

ling where 13 feet of uplift was 
measured. Because of the scarcity 
of data points in the Cape Suck­
ling area, the sha.pe of the de­
formed surface there cannot be 
closely defined and the possibility 
cannot be ruled out tha·t the large 
amount of uplift there may reflect 
local warping or faulting. 

The part of the upwarp avail­
able for observation in Prince 
William Sound has an irregular 
shape that suggests combined tilt­
ing and warping. As indicated by 
profiles A-A' and B-B' on plate 1, 
the landward slope outside the 
narrow belt of extreme up~ift av­
erages 1 foot per 2.1 miles north­
west of Montague Island and only 
1 foot per 7.4 miles north of Hin­
chinbrook Island. Local tilts as 
high as 1 foot in 185 feet occur 
within the belt of extreme uplift 
and surface faulting in southern 
Montague Island. The isobases in 
the central and southeastern part. 
of Prince William Sound re­
flect a broad undulating platform 
4-8 feet above its preearthquake 
position. In Bit least two areas of 
western Prince William Sound, 
local flattening or even reversals 
of slope are indicated. 

Data on the configuration of the 
upwarped surface in the Kodiak 
Island area, although less conclu­
sive, suggest northwestwa-rd tilt­
ing that is as steep as 1 foot per 
mile at Narrow Cape. 

Little is known about the shape 
of that part of the upwarped zone 
that is seaward from the axis of 
uplift because only a few points 
are available for observation. 'l'he 
slope between the most southeast­
erly eapes of Mont,ague Island and 
Middleton Island 50 miles to the 
southeast averages 1 foot per 11 
miles, but the shape of the surface 
in the water-covered area between 
these points is conjectural. Nor is 
it known whether the uplifit sea­
ward from Middleton Island dies 



out gradually toward the toe of 
the continental slope, as inferred 
on the profiles on plate 1, or 
whether it terminates abruptly in 
one or more faults or flexures on 
the slope. 

The apparent increase in crustal 
volume within the major zone of 
uplift is much less certain than 
that involved in subsidence be-

' cause the distribution of uplift in 
extensive submarine areas must be 
inferred from the trend of isobaSP 
contours in the northea.stern part 
of the zone and a few offshore con­
trol points. If the dfrlormation has 
the general form shown by the 
profiles on plate 1, the volume in­
crease would be approximately 89 
cubic miles, or roughly three times 
the decrease in the zone of subsi­
dence. Total area of t:he uplifted 
zone is inferred to be roughly 
60,000 square miles. Average 
amount of uplift is about 6 feet, 
except in the narrow axial be] t of 
uplift and faulting extending 
southwestward from Montague 
Island, where it is probably ao feet 
or more. 

PROBABLE ZONE OF SLIGHT UPLIFT 

Where the broad slight upwarp 
landward from the zone of subsi­
dence is crossed by level tines. its 
axis seems to be centered along the 
crest of the Alaska Range and its 
maximum indicated upli'ft is 0.89 
foot on the Richardson Highwav 
line and 0.35 foot on The Alask; 
Railroad line. The upwarp crossed 
by these two lines of leveling may 
be part of a continuous zone that 
extends into the Aleutian Range 
of the Alaska Peninsula where, up­
lift of as much as 1.5 feet has been 
reported at several places in the 
Kamishak Bay-Tuxedni Bay area. 
A rough estimate of the apparent 
increase in crustal volume in the 
zone of slight uplift, based on an 
average uplift of 0.3 foot and an 
area of 24,000 square miles is a:bout 
1.0 cubic miles. 

TECTONICS 

EARTHQUAKE FAULTS 

Faults on land associated with 
the 1964 earthquake were found 
only at two localities on south­
western Montague Island in 
Prince ·william Sound and on the 
subsea continuation of one of these 
faults southwest of the island. 
Comparable faults ent.irelv on the 
sea floor may have go;e unde­
tected. As far as could be deter­
mined no definite movement 
occurred along any other faults on 
land, albhough faulting at dept!h is 
suspected in some areas of uncon­
solidated surficial deposits charac­
terized by lineal' zones of land­
slides or surficial cracks. 

MONTAGUE ISLAND FAULTS 

The location of, and displace­
ment across, the earthquake faults 
on and near Montague Island are 
shown on plate 1. Their surface 
characteristics and tectonic signi­
cance are briefly summarized in 
the following paragraphs. In a 
separate volume of the Geological 
Survey's series of papers on the 
Alaska earthquake, they are de­
scribed in more detail (Plafker, 
1967b). 

The longer of the two faults, the 
Patton Bay fault, is represented 
by a complex system, 22 miles long, 
of·an echelon reverse faults and as­
sociated fiexures with an average 
N. 87° E. stl'ike. Surface dip ~f 
the fault. is northwest at about 85° 
near its southern end and 50°-75° 
elsewhere along the scarp. Dis­
placement on the fault is almost 
entirely dip slip-the northwest 
side- upthrown relative •to the 
southeast side. The maximum 
measured vertical component. of 
slip is 20-23 feet, and maximum 
indicated dip slip is about 26 feet. 
A left-l:rut-eral d~splneement com­
ponent of le,ss than 2 feet near the 
southern e,nd of the faulit is prob­
ably a local phe,nomenon related to 
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a change in strike of the fault that 
causes it to tre-nd at an oblique 
angle to the K 53° W. principal 
horizontal stress direction. 

The Patton Bay fault. system 
was traced by the U.S. Coast and 
Geodetic Survey (Malloy, 1964) 
for at least 17 miles on the sea 
floor southwest of Montague Is­
land. Indil'e-ct evidence, from the 
distribution of la.rge aftershocks 
associated with the e,anthquake 
and from the distribution of sub­
marine scarps, suggests that the 
faulting on and near .Montague 
Island occurred at the northeast~rn 
end of a reactivated submarine 
fault system. This system approxi­
mately coincides with the axis of 
uplift inferred from sei·smie sea 
waves between the southeust eoast 
of Kodiak Island and Montague 
Island (fig. 15). The fault ap­
paren'tly dies out on its north­
western end, although the possi­
bili,ty cannot be ruied out thalt it 
is offset en echelon towards the 
sout:heast (in a righ1thanded sense) 
and continues northeastward off­
shore from Montague Island at 
lewst as far as Hinohinbrook 
Island. 

The, shorter of the two faults, 
the, Hanning Bay fault, is a vir­
tually eo111tinnous reve-rse fault 
with an average strike of N. 47° E. 
and a total length of about 4 miles. 
Dip of the fault is 52°-75° NW. 
at the surface. Displacement is dip 
s1ip except for a left-lateral strike­
slip except for a left-lateral strike­
of a foot near the southern limit 
of t.he exposure. The maximum 
measured vertical eomponent of 
slip is 16% feet near the middle of 
the, fa.ult, the indiea.ted dip slip at 
that. locality being about 20 fe.et. 

The two revBrse faults on Mon­
tague Island and the postuhted 
Rubmarine extension of the Patton 
Ray fault constitute a zone within 
which crusta] attenuation and 
maximllm known uplift occurred 
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during the earthquake. Neverthe­
less, there are no significant litho­
logic differences in the rock se­
quences across them to sug­
gest that these faults form major 
tectonic boundaries. Furthcnnore, 
their spatial distribution relative 
to the regional zone of tectonic up­
lift associated with the earthquake, 
to the earthquake focal region, and 
to the epicenter of the main shock 
suggests that they are probably 
subsidiary features, rather than 
the primary faults along which the 
earthquake originated. 

OTHER POSSIBLE EARTHQUAKE 
FAUJ~TS ON LAND 

As far as could be determined, 
there are no other surface faults 
on land along which movement 
oceurred during ,the earthquake. 
A careful search for rene>ved 
movement on known preexisting 
fan lts did not reveal any detect­
able surfa.ee displacements. Nor 
were any anomalous abrupt 
changes found in amounts of ver­
tical movement along the coast or 
along level lines inland from the 
coast that would suggest signifi­
cant displacement on concealed 
faults. All reports of suspected 
faul,ting t.hat were checked in the 
field proved to be landslides or 
surficial cTaeks in unconsolidated 
deposits. It is reasonaihly certain 
that if additional faulting did in­
doo.d occur, its surfaee expression 
is far more subtle than that on 
Montague I sl,and. 

Some of the linear belts of con­
centrated surficial c1:1acbng and 
landsliding ma.y reflect displace­
ments on concealed faults. Foster 
and Kar}strom ( 1967, p. F24) sug­
gested tha.t movement on a con­
cealed fault may have produced 
a northertst-trending linear belt of 
conspicuous ~mrfa.ce fissures on the 
Kenrti Lowland in the western pa.rt 
of the Kenai Peninsula. However, 
no evidence has been found for ver-
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tical displacements where the belt 
erosse.." the r.s. Coast and Geo­
detic Survey level line south of 
A:nchorage, and there is a notable 
absence of aftershock activity 
along the postulated fault. 

A second possible line of fa.ult. 
movement lies along the broad 
north-south-trending topographic 
depression, referred to hero as the 
"Kenai lineament," that extends 
northward from Resurrection Bay 
through the valley containing the 
eastern arm of Ken!~i Lake (pl. 
1). Faulting is suggested ( 1) by 
local concentrations of fissures 
seemingly unrelated to seismic 
shaking along The Alaska Rail­
road (D. S. McCrulloch, oral com­
mun., October 1967), (2) by re­
ported angular dmnges between 
points on either side of the linea­
ment as indicated by comparison 
of pre- and posteartt:.hquake trian­
gulation surveys, and (3) by a 
distinct change in trend of isobase 
contours across the lineament (pl. 
1) . The geodetic data have boon 
interpreted as suggesting left-lat­
eral displacement of as much as 5 
fee:t bebveen stations about 4 miles 
apart on either side of tJhe linea­
ment (Wood, 1966, p. 122). These 
data, if eorrect, could indicate 
either slight movement on a north­
south-trending concealed fault or 
crustal warping localized along 
the lineam~nt. 

HORIZONTAL 
DISPLACEMENTS 

Although the vert.ieal displace­
ments that occurred during the 
earthquake are unusually large, 
tl1ey appear to be secondary to the 
horizontal displacements indicated 
by retriangulation over mueh of 
the deformed region. During 1964-
65, the U.S. Coast and Geodetic 
Survey car-ried out revisional tri­
angulations in the a.roa shown in 
figure 16. The resurvey includes an 
area of a.bout 25,000 square miles 

bounded on the west by the Sew­
ard-Anchorage highway, on the 
nort,h by the Glenn Highway, and 
on the east by the Richardson 
Highway and the east ooast of 
Prince William Sound. To the 
south, the resurvey extends to sta­
tions on the Gulf of Alaska coast 
and on Middleton Island 50 miles 
offshore from the caast. A tellu­
rometer traverse was also run 
around the south coast. of the Ke­
nai Peninsuht from Sew'ard io Ho­
mer and from Homer to Moose 
Pass (at Kenai Lake) via Kenai. 
Because the precision of station lo­
cations obtained by the tellurome­
ter trrwerse is probably too low to 
yield meaningful data on earth­
quake~related horizontal displace­
ments, the stations are not shown 
in figure 16 and the indicated shifts 
of these stations are not considered 
here. 

METHODS OF MEASUREMENT 

Parkin (1966, p. 2-5) has de­
scribed the procedures used in ad­
justing the pre- and postearth­
quakc surveys. The preearthquake 
net consisted of : ( 1) a primary arc 
extending along the highw1ty mute 
from Anchorage northeastward to 
Valdez via Glennallen, surveyed in 
194:1 and 1944, (2) a second-order 
arc across the nmth shore of Prinee 
William Sound from Valdez to 
Perry Island, surveyed in 194:7--48, 
(3) a. third-order arc surveyed 
from Perry Island to Anchorage 
het.ween 1910 and 1914, (4:) third­
order triangulation bctwoon 1900 
and 1961 for chart control across 
Prince V\Tilliam Sound and extend­
ing soutJ1 to Middleton Island and 
westward along the southern Ke­
nai Peninsula to Seward, and ( 5) 
lt double arc from Seward north to 

connL-ctions at Turnagain Arm, 
surveyed by the U.S. Army Corps 
of EnginP,crs in 1941-42. All these 
observations were eombined into 
a single composite network and a 
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-a a 
Direction of displacement relative to Sta­

tions Fishhook and Klawasi (adjust­
ment 2, table 3) 

Number is ltpproximate change in feet 

Direction of displacement relative to Sta­
tion Fishhook (adjustment l , table 3) 

~ 
Relative northwest-southeast component 

of shortening indicated by resurvey of 
isolated segment of triangulation net 

Number is measured change, in fee t 

30------............... .. 

Isothismic contours 
Showing approximate southeastward component 

of horizontal displacement. i n feet~ relative to 
Stations Fishhook and K lawasi. Dotted where 
inferred 

B B' 
Line of profile shown in figure 18 
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Zero isobase between major zones of tec­

tonic uplift and subsidence 
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16.-Map sbowlng bortzontal tectonic displacements in tbe Prince William Sound region and nea'I'by areas. Horizontal displace­
ments based on triangulation surveys by U.S. Coast and Geodetic Survey (Parkin,1966, table 1). 
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free adjustment (an adjustment 
with no external constraints) was 
made in >vhich one position-St.a­
tion Fishhook-was held fixed. In­
ternal scale and orientation for the 
net were furnished from 5 Laplace 
azimuths, 1!) short taped 1h-.tse 1 ines, 
and 1 tellurometer length, whi<';h 
were included in the adjustment as 
observation equations. The post­
earthquake triangulation survey, 
which was all first-order work, was 
adjusted in the same way as the 
earlier work. 

Probable errors in the geo­
graphie positions of stations in 
southern Prince William Sound 
relative to the fixed station, as 
conservatively estimated by Par­
kin from the residuals, are 15-20 
feet for the preearthquake survey 
and 6-8 feet for the postearth­
quake survey. These probable 
errors decrease progressively for 
stations closer to the fixed station. 

The horizontal shift of re­
covered stations relative to Station 
Fishhook between the pre- and 
postearthquake surveys, as com­
puted by Parkin, are listed in table 
3 as adjustment 1 and are sho~11 
graphieally as displacement vec­
tors (dashed) in figure 16. Be­
cause the postearthquake. net was 
not carried northward to an area 
of stability, changes shown are 
relative rather than absolute .. 
However, small angular shifts in 
the northern part of the net, as 
compared with those farther 
south, suggest that the northern 
part of the resurveyed net prob­
ably approaches an area that was 
not strongly affected by horizontal 
distortion during the earthquake. 
Anomalous aspects of the adjust­
ment are (I) a gradual increase in 
displaeement along the Glenn 
Highway arc east of Station Fish­
hook to almost 13 foot at Station 
Klawasi, and (2) an apparent 32-
foot shift of Middleton Island 
southwestward in a direction ttl-

ALASKA EARTHQUAKE, MARCH 27, 19164 

TABLE 3.-Pre- and postearthquake differences in triangulation station plane 
coordinates 

[Data after U .S. Coast and Geodetic Su""eY (Parkin; 1!l66, and B. K. M eade, written commun., June 24, 1006). 
Adjustment I: station 139 (fishhook) held fixed; orientation and scale from azimuths and baselines of preearth­
quake net (Parkin, 1006, table 1}. Adjustment 2: stations 139 (Fishhook} and 55 (Klawasl} held fixed for addi­
tional orientation and scale of preearthquake net. Station locations a ro shown in figure 16 except for stations 
1SO, 184,186,188, and 21S. Azimuth: nortl1=0° .] 

Adjustment I Adjustment 2 
----~-------1------~------

Position shifts 
(feet) 

Resultant vector Position shifts 
(feet) 

Resultant vector 
St~>tion 

aX(ea.st aY aX(east aY 
(+)-west (north Length Azimuth (+}-west (north Length Azimuth 

(-)) (-}-south (feet) ( -}) (-)-south (!eet) 
(+)) <+)) 

4-- - - ----· - - --- -- - - -- - ---
5-- ------ --- --- - --- - --

29 .. -------·--- ----- -- ---
47 .. . ....... ------------- -
.10 --- -- --- -----··- ------··· 
55 (Klawasi}-------------
56 .. - -- ·· --·· - ---------- - -
57 .... -- · ···--····---- --

UY.L--· - - · - · - -- ---------- - -
107--- -- -- -- ----- ----------108 . .. . _________ _ _ 
117 ....• ___ ________ __ __ . __ _ 
liS.-- · ······--------------
125.- ·· - - · -· ---- -----------
126.--- - - - ---- -------------
132.- · ·····- --------·---
133- - --···· · ·- - ------ - ----. 
137.--- - - ·· · · --- --·- --- - -- -
13!L - ---····· - ···· -- --------
139 (Fishhook)_.------- . . . 
142 . .. . - . . -- ... - --·------- -
144 ... . . . .. .. --------------
145.- -- ---- - · ·----- --- - - - --
147. ··-······--------------
14S-- ....... - -- - - ----------149 ... . __ ___ ___ ___ ________ _ 
150---- · · · ·· ········--- ---
152-- ---· -- ···----------- --
157.- .. ·· -- -- ---·-- -------. 
218.- ... · · ·- - ----·- --------
305.-- ..... . . - - - -----------
306 ... . .. ..... . 
312.- ·- · ····· · · - ------ ----· 
318 .... _______ -- --·--------
321.. . . .. . •...••.. . ......... 
346 . ... __ . . . . . . -.-·----- -- -
347 .... _______ ___ ... _. ____ _ 
416.- ... ... -- - ------·-------
419_- ---- - · - ----- - ------ - --422 .... ___ _____ ___________ _ 

424. ---·-·· · ·· - -- --·····---
437 ........ . .. ------
438---········------ ... . .. . 
486.- ·-- -····· --------·----
519 .. - ··· -· - ···-- ----------
52L ..• . ......... ------ __ _ 
526 ...•. . ........ ------ ----
528---·· · · ----- ---------- - -
536. -- ... ···-· - - ----- - - -
552. -··· - · · · --- --- ----- --- -
563 . .. . . .. .. . -- ------ ----
55-l • . --- ••• . ---- - ----- -- -
555.- - - -- - - ----- .- ----- -- --
55S- -- - - . -
576. - . • . ....... ---
580 ... . . . . ... . . .. ---------·· 
591.... ·--------
609. - - - ---- - - -- -------- -- --
610. -- . _. : . . .. ---------- - --
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+1.46 
+1.45 
+0.83 
+1. 55 

0 
+0.58 
+0.40 
-0.49 
-1.84 
-0.51 
-2.46 
-0.07 
+0.58 
-1.54 
+5. 08 
+2.77 
+l.29 
+2.00 
+3.26 
+3.94 
+9.6S 
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+2.63 
+2. 04 
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+1.!45 
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+16.6!! 
-21.56 
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+18.63 
+20. S5 
+25.94 
+22.24 
+23. 59 
+!8. 60 
+22. 06 
+11.30 

-13.73 
-11.50 
-1.1.39 
-14.32 
-11.84 
-7.82 

-10.47 
-6.82 
-9.03 
-7.73 

-10.23 
-8.88 

-12.4S 
-7.09 
-9.23 
-3.91 
-6.61 
-2.37 
-4.74 

0 
-4.71 
-3-6S 
-3.41 
+3.15 
-2.04 
+2.06 
-4.38 
-5.56 
-2.43 

-58.20 
-4.83 
-5.50 

-10.69 
-15.58 
-14.22 
-21. S9 
-24.23 
-14.85 
-18.23 
-17.25 
-21 .59 
-41.20 
-46.34 
-11.98 
-22. 7S 
-28.40 
-37.17 
-45.85 
-44.77 
-22.61 
-28.77 
-39.00 
-41.30 
-2:1.87 
-45.30 
-48.63 
-67.40 
-66.56 
-66. 35 

most normal tD that of stations 
n.long the coast. 

The first of these anomalies is 
eliminated, and the second con­
siderably reduced, by an alterna­
tive preferred adjustment of the 
data m which two stations, Fish­
hook and Kla wasi spacecll40 miles 
apart, are held fixed to provide 
additional otientation and scale of 
the postearthquake net (fig. 17). 
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1~· 
132° 
163° 
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154° 
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123° 
1~8° 
148° 
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154° 
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147° 
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The assumption that the base line 
remained relatively stable m 
length and azimuth is justified on 
the basis of its position m the 
seismieally inactive part of the net 
where thel'e was only slight verti­
cal displacement and by its orien­
tation roughly parallel to the trend 
of isobase contours and normal to 
the trend of the hol'izontal shifts. 
The revised adjustment involves a 
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17.-Schematic diagram illustrating the method of deriving triangulation adjustment 
2 from adjustment 1. According to adju~;tment 1, the postearthquake position of line 
A B is given by :t O ; point B shifted 12.74 feet S. 50" E. to point C. For adjustment 2, 
which assumes no change in distance or azimuth between .! and B, the postearth­
quake net was rotated counterclockwise 0.0000124277 radians (ru1gle B AG ) and 
reduced in f>eale by the amount DO, or a factor of O.fl!l99881256 (the ratio of AB/AO). 

counterclocbYise rotatiott of the 
eartl1quake net of 0.00001242'77 ra­
dians and a decrease in scale by a 
factor of 0.9!)!)!)8Hl256-changes 
probably well \Yithiu the limits of 
error· of these snr1·eys. The result­
ing horizonta 1 shifts, which ap­
pear· to he more consistent \ri t.h the 
\'eitical displacements, are given in 
table 3 as adjustment 2 and are 
plotted vectorially in figure 16 as 
solid lines. Unless othenYise speci­
fied, horizontal displaeements re­
ferred to in the following sections 
are those of adjustment 2.. 

AMOUNT AND DISTRIBUTION OF 
THE DISPLACEMENTS 

Absolute magnitudes and pre­
eise directions of the horizontal 
changes eannot be determined be­
eause the preearthquake triangu­
lation net. consisted mainly of 
third-order surveys and !:.>€.cause 
the post.quake survey, all of 
whieh was preeise first-order 
work, was not carried northward 
to an area unaffeeted by the 
earthquake. N evertheles.s, most of 
the ehanges are so la.rge and sys­
tematie that there can be little 
doubt. that they are in the gen­
eral direction and are of the 
order of magnitude indicated by 
comparison o:f the two surveys. 
The true orientation and amount 
of displacement of the stations on 
the southeast shore of Montague 
Island ( 553) and on Middleton 
Island (552) are P.<;peeially un-

certain. This uncertainty exists 
because ( 1) both stations are in 
a part of the net where large dif­
ferential earthquake-related ver­
tical movements may have eansed 
significant horizontal shifts in 
their positions, (2) the preearth­
quake triangulation involving 
these stations was only third 
order and the stations were tied 
to the net in Prince William 
Sound through several figures 
that are geometrically weak, and 
(3) the stations are situated near 
the extremitv of the net where 
errors in displacement relative to 
the fixed stations arc likely to be 
at a maximum. As a consequence, 
errors inherent in the adjust­
ments eould equal or exceed the 
observed displacements of these 
two stations in either of the two 
alternative adjustments. 

The pattern of hot-izontal dis­
plaeements relative to stations 
Fishhook and Kla.wasi during the 
time between the surveys 1s 
brought out by the displacement 
vectors (solid) in figure 16. Ex 
c.ept for }[iddletoll Island ( 552), 
they show relative seaward move­
ments that are pre.dominantly 
toward the south-southeast in the 
western part of the area, almost 
due southeast in the eentral part, 
and east-southeast in the eastern 
part. Over the central pat-t of the 
net, the magnitude of the dis­
placements relative to the base 
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line increases progressively from 
the base line to a maximum of 64 
feet at station 609 on the main­
land immediately west of Prince 
William SolUld, after which it 
decreases towards the southeast. 
In the western and eastern parts 
of the net, disp]acements show ·a 
progressive increase in magnitude 
to the most seaward stations 
amounting to as mueh as 52 feet 
south-southwest from Seward 
(21H) and 34 feet near Cordova 
( 555). In addition, resurveys of 
small isolated triangulation nets 
spanning the straits from La­
touche and Knight I slands to 
Montagne Island indicate rela­
tive shortening of 10-13 feet in 
a northwest-southeast direction 
(fig.16). 

The overall pattern of move­
ment relative to the fixed sta­
tions is emphasized by the iso­
thismic contours (lines of equal 
horizontal movement) in figure 
16 which show the approximate 
component of horizontal displace­
ment in a S. 45 ° E. direction, ·or 
nearly parallel to the average 
trend of the vectors in the same 
area. Contours are based on the 
displacement vectors (adjustment 
2, table 3) and on relative hori­
zontal movements within an iso­
lated segment of the triangula­
tion net between Montague, La­
touche, and Knight Islands 
(Parkin, 1966, p. 9; C. A. Whit­
ten, written commun., 1965). 

Isothismic eontours in figure 20 
indicate that the entire area from 
the northern arc of the net to 
southwestern P r i n c e William 
Sound showed a relative extension 
in a seaward direction, whereas 
the part of the net southeast of 
the Knight Island-Latouche Is­
land area showed a relative short­
ening northwest-southeast direc­
tion. In other words, the position 
of Middleton Island, and perhaps 
the area southeast of t,he island, 
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remained essentially fixed relative 
to the base line, whereas the inter­
vening area was displaced in a 
relative seaward direction, the 
amount of displacement attaining 
a maximum in the Latouche­
Knight Island area. 

Triangulation data indicating 
shortening across M o n t a g u e 
Island agree well with the 
observed imbrication on reverse 
faults in this area (Plafker, 1967b, 
p. G40-G41). However, the exact 
amount of shortening is uncertain 
because the geographic positions 
of the stations on the sea ward side 
of Montague Island ( 553) and on 
Middleton Island ( 552) are sub­
ject to large errors that may equal 
or exceed the indicated amounts of 
displacement at these stations. If 
the S. 45° 1-V. component of dis­
placement dies out at Middleton 
Island, as inferred in figure 16, the 
average contraction between that 
point and the 60-foot isothismic 
contour is 60 feet. That this 
amount of contraction may not be 
unreasonable is i ndicat.ed by ( 1) 
the 10- to 13-foot shortening in a 
northwest-southeast direction 
indicated by reobservation of the 

small isolated triangulation net, 
spanning M o n t a g u e Stra;it 
between Montague Island and 
Latouche and Knight Islands, (2) 
the horizontal shortening of at 
least 9.3 feet, and possibly as 
much as 19 feet, across the Patton 
Bay fault ,that is indicated by sur­
face mapping, and (3) the pro­
nounced crustal warping that, 
occurred on and near Montague 
Island. 

RELATIONSHIP TO REGIONAL 
VERTICAL DISPLACEMENTS AND 

SURFACE FAULTS 

A genetic relationship between 
the horizontal and vertical region­
al displacements is strongly sug­
gested by the orientation of the 
horizontal displacement vectors in 
a direction roughly normal to the 
trend of the isobases and by ap­
proximate coincidence of the maxi­
mum vertical displacements with 
areas of maximum transverse ex­
tension or contraction. This rela­
tionship is brought out by the pro­
files in figure 18 which show mag­
nitudes of the horizontal displace-

ments in a relativeS. 45° E. direc­
tion and the vertical displacements 
relative to sea level along line 
B-B' of figure 16. Also shown in 
figure 18 are the vectorial sums of 
the horizontal and vertical dis­
placements along the line of pro­
file, that is, the direction and reltL· 
tive amount of movement of points 
on the ground surface along this 
line. 

The horizontal displacement 
data indieoate that the zone of sub­
sidence extended tranversely by 
an average of 1.1 X 10-\ or 1.1 parts 
in 10,000, and reached a maximum 
of a:lJout 3 X 10-4 slightly seaward 
from the axis of the subsided zone. 
By contrast, at least part of the 
zone of uplift seems to be one of 
net transverse shortening result­
ing from crustal warping and re­
verse faulting. Average contrac­
tion across the uplifted zone as far 
seaward as Middleton Island is 
about 10-4 and it, averages as much 
as 8 X 10-• across the narrow belt 
of maximum uplift on Montague 
Island. Presumably, a comparable 
relationship exists between hori­
zontal displa:cements and the 
earthquake-related vertical move-



ments that ocurred outside the re­
triangulated area. Extension of 
the retriangulation net over this 
area could provide a definitive 
test of this assumption. 

In a general way, the displace­
ment vectors on either side of the 
Patton Bay fault (stations 610 
and 553) a.re consistent with the 
field observations that the fault 
has undergone reverse movement 
with resultant crustal shortening 
by imbrication in the dip direc­
liou. In detail, however, lhere i:,; 

an unresolved discrepancy be­
tween the observed dip-slip move­
ment on the Patton Bay fault and 
the apparent left-lateral strike­
slip shift of triangulation stations 
on either side of it (Plafker, 1967b, 
fig. 35). The discrepancy. was re­
duced by the readjustment (ad­
justment 2, table 3) used here, but 
not altogether eliminated. Ab­
sence of an observable component 
of lateral slip on ·the fault sug­
gests either that the displacement 
was taken up largely by horizontal 
distortion between the fault and 
the two triangulation stat.ions or, 
more probably, that an error 
has been introduced into this part 
of the triangulation adjustment 
through a slight clockwise rota­
tion of displacement vectors. 

It is significant tha.t, regardless 
of the details of the horizontal 
displacements, the triangulation 
data suggest rebound of a broad 
segment of the continental mar­
gin that had been elastically com­
pressed and shortened by at least 
64 feet prior to the earthquake. 
The vectors in figure 16 show the 
general sense and amount of t.he 
rebound within the retriangulruted 
area. This indicated rebound im­
plies preearthquake regional com­
pression oriented parallel to the 
trend of the vectors, or roughly 
normal to the continental margin 
and trend of the eastern end of 
the Aleutian Arc. 

TEafONICS 

TIME AND RATE OF THE 
DEFORMATION 

Instrumental records of the 
time a.nd rate of tectonic move­
ments in the deformed area are 
nonexistent. Three standard tide 
gages at Seward, Kodiak, and 
Homer were located where they 
might have been able to record the 
vertical land movements relaJtive 
to sea level had they been opera­
tive during the en..rthquake. How­
ever, ·the Seward gage was de­
stroyed in a submarine landslide at 
the time of the earthquake, the Ko­
diak gage with the marigram for 
the month of March was lost when 
it was washed away by seismic sea 
waves half an hour after the earth­
quake, and the Homer gage was 
made inoperative by the shaking. 
There were no accelerographs in 
the affected region to record the 
horizontal movements. As a conse­
quence, the time and rarte of the 
movements can only be inferred 
from the reports of eyewitnesses, 
from photographs •taken after the 
earthquake, and from the water 
and atmospheric disturban<::es 
generated by the movements. 

EARTHQUAKE-RELATED 
MOVEMENTS 

Numerous eyewitness reports of 
immediate withdrawals of water 
from uplifted coastal areas indi­
cate that much, if not all, of the 
deformation occurred during the 
lllz-5 minutes of violent tremors. 
In most places, however, immedi­
ate water disturbances resulting 
from submarine slides or other 
causes precluded estimates of rela­
tive changes in level for several 
hours or days after the earth­
quake. In an area uplifted 6.3 
feet, one eyewitness (Gordon Mc­
Mahan, oral commun., 1964), 
thought that the displacements 
were perceptible as a series of dis­
tinot upward accelemtions during 
the eart.hquake. Another eyewit-
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ness (Guy Branson, oral commun., 
1964), from an area that subsided 
5 feet, described a definite drop­
ping or sinking sensation toward 
the end of the strong ground mo­
tion "as when a plane hits an air 
pocket." No other observers re­
ported perceptible accelerations in 
the direction of the tectonic dis­
pla..:ements. 

All of the uplift and surface 
faulting at the southwest tip of 
Montague Island occurred prior to 
March 30th. On this date the up­
lifted platform at Cape Cleare and 
a part of the Patton Bay fault 
were photographed during a re­
connaissance flight (fig. 20). Jim 
Osborne, a bush pilot who knows 
the Prince William Sound area 
intimately and is an exceptionally 
perceptive observer, informed me 
that all of the shoreline displace­
ments took place prior to the morn­
ing of March 28-the day he first 
flew over the area after the earth­
quake. According to Osborne, 
there were no noticeable shoreline 
changes after the 28th. His evalu­
ation is corrol .Jrated by residents 
along the coast in all areas affected 
by the tectonic displacements. 
Movement along strongly uplifted 
shores occurred at least fast 
enough to trap many mobile 
marine animals such as small fish, 
starfish, and snails above the tide 
level (fig. 24; p. I 36). 

That. a substantial fraction of 
the net vertical displacement oc­
curred very rapidly is also sug­
gested by the patter·n of seismic 
air and sea waves. The peaks be­
t\veen compression and rarefaction 
on the La Jolla microbarograph 
record (Van Dorn, 1964, fig. ;}) 
were 7 minutes apart, a difference 
which suggests a peak-to-peak 
separation at the origin of about 
83 miles; this figure is in close 
agreement with the observed spac­
ing between .the axes of uplift and 
su hsiden<'-e. As noted by Van Dorn, 
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the recorded disturbance could 
only have been produced by verti­
cal motions over a very large area, 
and in a time interval of the order 
of that required for an n,coustic 
wave to propagate across the di­
mensions of the generator. The 
elapsed time between the earth­
quake and the arrival of the initial 
wave crest along the ocean cQast of 
the Kenai Peninsula further sug­
gests that the initiating disturb­
ance along the submarine exten­
sion oft he axis of maximum uplift 
southwest of }[ontague Island 
(fig. Hi) occurred during, or 
within a few minutes after, the 
earthquake. 

There is no direet evidence as to 
when the horizontal displac~ments, 
which in some inha:bited localities 
were as much as 60 feet, oc.curred. 
No observers reported strong sys­
tematic horizontal movements at 
any time during the main shock, 
nor could such movements be in­
ferred with confidence from the 
incomplete data on the directions 
in which objects or structures fell. 
Nevertheless, as suggested on page 
T39, horizontal displacements 
probably occurred during the 
earthquake, and at a rate fast 
enough to cause waves in some 
bodies of surface water. Accelera­
tions due to the permanent dis­
placements probably were unde­
tected by observers because they 
were masked by the strong ground 
motions resulting from the transi 
ent. elastic seismic waves. 

PREEARTHQUAKE MOVEMENTS 

Vertical changes in the position 
of the shore relative to sea level 
have been noted within a period of 
hours prior to some major e!lrth­
quakes in Jltpan (Imamura, Ul30, 
p. 141). These change.s, which h< ve 
been termed "acute" tiltingf or 
deformations by Japanese scien­
tists, have been a subject of special 
interest because of their obvious 
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potential importance in earth­
quake prediction. 

During the field investigation of 
the 1964 Alaska earthquake, an 
effort was made to ascertain 
whether any premonitory changes 
of level were noted by residents in 
coastal areas or were recordDd on 
operative tide gages. The only 
suggestion of preseismic changes 
was an observation made by an 
officer of Fleet \V eather C-entra 1 
at the Kodiak Naval Station to the 
effect thttt tides in the area were at 
least 11/z, and possibly 21/z, feet 
lower than normal a few days be­
fore the earthquake and that the 
low tides were apparently unre­
lated to atmospheric conditions 
(Lt.. C. R. Barney, oral commun., 
1964). However, the loss of the 
March ma.rigram prevented docu­
mentation of the reported low 
tides. The Seward and Homer 
mari.grams for the time preceding 
the earthquake do not show evi­
dence of preseismic changes, nor 
have such chn,nges been reported 
elsewhere by coastal residents. 

POSTEARTHQUAKE MOVEMENTS 

Relevelings, tidal observations, 
and gravity readings suggest 
either no postearthquake vertica-l 
changes or, perhaps , slight 
changes in the earthquake-affected 
region. 

The most convincing indication 
of contin ned postearthquake move­
ment comes from relDveling in 
May-June and in October 1964 of 
a line 22 miles long extending 
northwestward from Portage on 
Turnagain Arm and a third re­
leveling from Portage to Anchor­
age in the summer of 1965. Be­
tween the preea1.1thquake leveling 
and the initial postearthquake 
leveling, Portage subsided 5.6 feet, 
the area 22 miles to the northwest 
subsided about 4.9 feet, and An­
chorage subsided a.bout 2.3 foot 
(pl. 1). Comparison of the two 

1964 relevelings shows a progres­
sive increase in divergence from 
northwest to southeast, which sug­
gests additional relative sub­
sidence of about 0.16 foot at Por­
tage in the period between surveys 
(Small, Hl66, p. 13). Comparison 
of the May-June 1964 and the 1965 
leveling suggest-'> relative post­
earthquake subsidence of 0.36 foot 
at. Anchorage and 0 .. 52 foot at 
Portage during this interva:l 
(Small, 1966, p. 17). Unfortu­

nately, neither the October 1964 
line nor the 1965 line was Lied to 
tidal bench marks, so the absolute 
postearthquake displacements are 
uncertain. Furthermore, because 
both Anchorage and Portage arc 
situated in areas of oxtem1ive thick 
unconsolidated deposits, the possi­
bility cannot be ruled out with the 
data available that some or all of 
tho indicated subsidence may be 
due to continued consolidation of 
soft sediments. 

Small ( 1966, p. 18) also reports 
a gravity increase of a:bout 0.18 
mgal on Middleton Island relative 
to an Anchorage base station. This 
increase occurred between the time 
of a po.stearthquake 1964 measure­
ment and one made in 1965 which 
would indi·cate aibout 2 feet of ad­
ditional uplift between sul"Voys. 
However, tho possibility that this 
largo difference in the successive 
gravity readings may be due t,o 
meter drift in one or both sul"Veys 
is suggested by the fa.et that resi­
dents of the island did not notice 
changes in relative tide levels dur­
ing this same intoi"Val. Two fee.t of 
uplift at Middleton Island should 
have been readily detectable along 
the shore. 

A comparison of tidal observa­
tions made in 1964 and 1965 pro­
vides data on the postearthquake 
J.and-lovel changes at 14 of the sta­
tions listed in truble 1. However, it 
is difficult to separate purely tec­
tonic movenwnt& from meteor-



ological effoots and the effects of 
surficial compaction at gage.'> sit­
uated on soft sediments. Tidal olb­
servations in the zone of uplift at 
Cordova, Port Chalmers, and Saw­
mill Bay showed no detectable 
change suggestive of continued 
tectonic movements, but one sta­
tion, Port Gr!wina, apparently 
subsided 0.3 foot between 1964 and 
1965. In the zone of subsidence, 
gages at Seward and Port O'Brien 
had no detectable change in mean 
sea level; five gages at beJdrock 
sites showed slight rises ranging 
from 0.1 to 0.5 foot, possibly sug­
gestive of postearthquake tectonic 
uplift. Comparisons of 1964 and 
1965 tidal dbservations at Valdez, 
vVhittier, and Horner, in the zone 
of subsidence, indieated apparent 
continued subsidence ranging 
from ~.6 feet at Va1dez to 0.3 foot 
at Whittier. The postearthquake 
subsidenee at Valdez is definitely 
related to seaward extension and 
subsidence of the thick prism of 
deltaic deposits on whieh the tide 
gage is situated; much or all ofthe 
subsidence at the other two sites, 
both of which are on thick de­
posits of unconsolidated 'sediment, 
eould also have resulted from sur­
ficial effects. 

The available data on postearth­
quake changes outlined above are 
internally inconsistent and incon­
clusive with reference to postearth­
quake vertical movements. Disre­
gttrding the Valdez, Whittier, and 
Homer stations, where superfieial 
subsidence of unconsolidaJed de­
posits is known or suspected to be 
large, the repeated postcarthquake 
tidal observations indieate either 
reeovery (by uplift) of as much 
as 0.5 foot or no ehange in the 
subsided zone. However, the re­
peated levelings on the PorLage­
Anehorage line and repeated grav­
ity readings at Anchorage have 
been interpreted as indicating ei­
ther eontinued subsidence or sta-
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bility in that part of the zone of 
subsidence. On the other hand, 
tidal observations in the zone that 
was uplifted during the earth­
quake suggests either postearth­
quake subsidenee of as mueh as 0.3 
foot or stability, whereas the pair 
of gravity measurements at }[id­
dle.ton Island in this zone suggest 
additional uplift of about 2 feet. 
Repeated tidal observations, level­
ings, and gmvity readings over 
t\ longer time period will be re­
quired before definite conclusions 
may be drawn concerning the post­
earthquake pattern of adjustments 
in the deformed region. It is abun­
dantly clear, from available data, 
however, that there was no large 
rapid postearthquake recovery of 
vertica 1 displacement com parable 
to the recoveries reported after 
some major earthquakes along the 
coasts of ,Japan and South Amer­
Ic-a. 

EFFECTS OF THE 
TECTONIC 

DISPLACEMENTS 

Regional vertieal tectonic dis­
placements, both upward and 
downward, have caused profound 
modifications in shoreline mor­
phology and attendant widespread 
efferts on the biota. Changes in the 
position of the shorelines relative 
to sea level directly affected nu­
merous coastal installations, ship­
ping, and the fishing and shell­
fish industries. A major indirect. 
effect of the vert,ical movements 
was the generation of a train of 
destructive seismic sea \Vaves that. 
were responsible for 35 of the 115 
fatalities and for mueh of the 
property damage attributable to 
the earthquake. The movements 
also appear to have generated at­
mospherie and ionospherie dis­
turbances that were detectable at 
several places in the conterminous 
United States. 
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The systematic regional horizon­
tal displacements may have caused 
waves in eertain oonfined and semi­
confined bodies of surface water, 
and related porosity changes may 
have eaused temporary water 
losses from surface streams and 
lakes as well as drops in water 
levels of some ·wells that t.ap eon­
fined aquifers. 

Beeause the displacements were 
along faults that are u11der water 
and in uninhabited places on land 
they did not damage any works of 
man. Had they occurred in inhab­
ited areas, however, these displaee­
ments surely would have caused 
extensiv~ damage to structures 
built across them. It is also rea­
sonably cert,ain that phenomena re­
lated to the reverse faulting, such 
as the landsliding, extension crack­
ing, and severe warping that oc­
curred in a belt as much as :3,000 
feet wide adjaeent to the fault 
traees (Plafker, 1967b), would 
have been a definite hazard for 
engineering works. 

~fost of the cffeets resulting 
from vertieal movement of the 
shoreline. have been known from 
other earthquakes in coastal areas 
throughout the world. Especially 
detailed deseriptions have been 
given by Tarr and Martin (1912) 
of the various physiographic and 
biologic effects of uplift and sub­
sidence assoeiated with the great 
ea.rthqua.kes of 1899, centered near 
Yakutat Bay along the Gulf of 
.\laska eoast. Effeets of such move­
ments on the works of man have 
also been amply documented for 
numerous major earthquakes 
tdong the coasts of South America, 
New Zealand, India, Japan, and 
elsewhere, most of which have been 
summarized by Riehter ( 1958). 
Although submarine te-ctonic 
movements have long been sus­
pected as the most probable gener­
ative mechanism for seismic sea 
waves, the 1964 Alaska earthquake 
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provides what is probably the 
clearest evidence for a cause-and­
effect relationship between these 
two phenomena. Atmospheric dis­
turbances of the type associated 
with 'the 1964 earthquake have 
been recorded previously after 
large volcanic explosions and nu­
clear detonations, but they have 
never before been observed in as­
sociation with tectonic earth­
quakes. To the writer's knowledge, 
there are no published reports re­
lating surface-water disturbances 
or ground-water cl1anges to hori­
zontal tectonic displacemrnts dur­
ing previous earthquakes. 

PHYSIOGRAPHIC CHANGES 

Tectonic ~:;nllsidcnce, augmented 
loc.'Llly by surficial subsidence of 
unconsolidated deposits, resulted 
in narrowing or, in extreme eases, 
complete submergence of beaches. 
Sea water immdated the lower 
reaches of some streams in subsided 
areas as much as 4,500 feet inland 
from the former mouths, and salt 
water encroached upon former 
beach-barred lakes at stream 
mouths or bay heads (Plafker and 
Kachadoorian, 1966, p. D27). 
Beach berms and deltas in subsided 
areas rapidly shifted landward 
and built up into equilibrium with 
the new, relatively higher sea lev­
els (pl. 4B). Former reefs and low­
lying islands along the coast were 
submerged, and some tombolo-tied 
points or capes became islands. 
Wave action at the higher sea lev­
els C<'tused rnpid erosion of shore­
lines-especially those composed 
of poorly consolidated deposits 
that were brought within reach of 
the tides (fig. 19). An irrepl nee­
able loss resulting from such ac­
celerated erosion of these deposits 
was destruction of coastal archae­
ological sites at several places in 
the Kodiak Island group and on 
the southern Kenai Peninsula. 

The major effect of tectonic up­
lift was to shift the extreme high-
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19.- Spruce trees on a spit near the mouth of Resurrection Bay killed by salt-water 
immersion and nndermined by erosion after the land subsided about 3 feet. PhoiD­
graph taken at a 9-foot ti'lle stage, July 10, 1004. 

tide line seaward and thereby ex­
pose parts of the littoral and, at 
some places, the sublittoral zones 
(frontispiece; figs. 14, 20). In the 
areas of maximum uplift on south­
western Montague Island, the 
emergent sea floor is as much as 
1,800 feet wide (P1afker, 1967b, 
pl. 1, 2). As a consequence, former 
beaches and sublittoral marine de­
posits were rapidly incised by 
streams t.hat cut down through 
them to new, relatively ]ower base 
levels (fig. 21). In many places, 
beach-barred lakes were drained in 
varying degrees by incision of 
their outlet streams. About 8 or 9 
feet of uplift at the outlet 'of shal­
low Bering Lake, which formerly 
was reached by high tides, caused 
the lake to be suddenly reduced in 
area by about 4 square miles to 
a third its preearthquake size. 
Beaches and deltas developed be­
low, and sec'tward from, their pre­
vious positions (fig. 14). Along the 
·uplifted shores, preearthquake 
beaches, sea cliffs, driftwood lines, 
sea caves, notches, stacks, and 
benches were elevated above their 
norma] position relative to sea 
level. Similarly, in offshore areas, 

uplift created new islands and ex­
posed reefs at stages of tide when 
they formerly were under water. 

TILTING OF LAKE BASINS 

Regional tilting or warping of 
the land surface seems to have 
caused permanent shoreline 
changes at Kenai and Tustumena 
lakes on the Kenai Peninsula. It 
may have had comparruble effects 
on other Jakes for which observa­
tional data are unavailable. 

Tilting of Kenai Lake, which is 
about 25 miles long, is indicated 
by changes in the relative position 
of the bench marks that had been 
estrub1ished near its ends prior to 
the earthquake. Although the ac­
curacy of some of the recovered 
bench mark positions is open to 
question, the postearthquake sur­
vey suggests that the western end 
of the lake sank 3.0 feet with re­
spect to the east end, and that the 
dip of the tilted surface is N. 72° 
W. at 1 foot per 5.4 miles (McCul­
loch, 1966, p. A29). These data are 
corroborated by the fact that the 
west end of the lake is dose to the 
axis of subsidence (p'L 1) and that 
residents report a. relative ]ower-
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20.-Ro<:ky surf-eut platform a quarter of a mile wide at Cape f'lt•are, Montague 
Island, exposed by 26 feet of tectonic uplift. The white band on the upper part of 
the platform consist.-> mainl.v of barnacles and calcareous worm tubes; brown algae, 
or "kelp," cover much of the surface below the barnacle zone. Photograph taken at 
about zero tide stage, March 31, 1964. Compare with frontispiece, taken 2 months 
later in same general area. 

21.- Bay-head deposits in MacLeod Har,bor, Montague Island, deeply incised by 
stream erosion following about 33 feet of uplift. An·ows indicate the positions of 
pre- and postearthquake high-tide shorelines. Photograph taken August 6, 1005. 
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ing of the lake level at the eastern 
end after the earthquake (McCul­
loch, 1966). 

The long axis of the 20-m.ile­
long Tustumena Lake and its out­
let stream, the Kasilof River, are 
oriented northwest-southeast, or 
almost normal to the projected 
trend of isobase contours in the 
area (pl. 1). After the earthquake, 
water levels at the in1et end of the 
lake reportedly rose above the 
banks; about 2 feet of southeast­
ward tilt of the lake basin is thus 
suggested ( J. D. Reardon, oral 
commun., 1965). The amount of 
tilt across the basin, as indicated 
by reported relative changes in 
lake levels, is in good agreement 
with that suggested by the spacing 
of isobase contours projected from 
the coast into the Kenai Lowland 
area ('pl. 1). 

TILTING OF RIVER DRAINAGES 

Regional tilting may also have 
temporarily reduced the flow of 
certain rivers, such as the Cop­
per, Kenai, and Kasilof Rivers, 
whose flow directions were oppo­
site to the regional tilt (pl. 1). 
The Kasilof River was reduced 
to a trickle the day after the 
earthquake (Alaska Dept. Fish 
and Game, 1965, p. 23) and' the 
Copper River reportedly ceased 
flowing at its mouth for several 
days. Immed'iately after the 
earthquake the Kenai River for 
almost a mile below the Kenai 
Lake outlet temporarily reversed 
its direction and flowed back 
towards Kenai Lake (McCulloch, 
1966, p. A28), but it is not clear 
to what extent this reversal was 
due to tilting and to what extent 
it was related to the seiching of 
the lake. 

Because rivers and lakes were 
approximately at their lowest an­
nual levels when the tilting oc­
curred, slight changes in gradi­
ent caused disproportionately 
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large changes in discharge. The 
changes probably were largely re­
lated to upstream tilting of the 
larger lake basins in the drainage 
systems with consequent reduc­
tions or reversals of discharge un­
til the basins once again filled to 
the spillover point. To some ex­
tent, however, the reduced flow 
in the river channels may have 
resulted from the lowered gradi­
ent of the beds. The regional 
tilting averaged 1 foot per 4.8 
miles in the lower Copper River 
drainage and 1 foot per 10 miles or 
less in the Kenai Low land. Other 
causes, such as channel blockage by 
river ice or landslides, may also 
have contributed to the reported 
temporary declines in discharge. 

BIOLOGIC CHANGES 

Vertical displacements of the 
shoreline strongly affected both 
the fauna and the flora over a 
vast segment of coastal south­
central Alaska. Some of these ef­
fects were apparent within days 
after the earthquake; others, 
which depend upon the complex 
interrelations of one organism to 
another and to their habitat, will 
not be known for a long time. G 
Dallas Hanna, who studied the 
biologic effects of the earthquake 
in the littoral zone, has given a 
graphic summary of these earth­
quake-related changes (Hanna, 
1964) . The results of detailed 
governmental and private studies 
of the ~ffects of the earthqu~ke 
on intertidal organisms, land 
plants, and fish are to be reported 
in the Biology Volume of the 
planned series of publications of 
the Committee on the Alaska 
Earthquake of the National 
Academy of Sciences (W. L. Pe­
trie, oral commun., 1968). 

The most conspicuous effect of 
subsidence was the fringe of ter­
restrial vegetation killed by salt­
water inundation at periods of 
high tides (pl. 4B ; figs. 12, i 9) . 
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22.- Spruce trees in Nuka Passage on the southern Kenai Peninsula killed by re­
peated immdation with salt water in an area of 6.3 feet of tectonic subsidence. 
Algae an'd animals of the upper littoral have encroached upward into the former 
terrestrial environment. Inset shows a barnacle (white) and numerous Littorina or 
"periwinkles" (gray) on the roots of a tree. Pho_!;ograph taken July 22,, 1965. 

Virtually all noncliffed shorelines 
that subsided more than 3 feet 
clearly showed fringes of dead 
vegetation within 2 months after 
the earthquake. In some sheltered 
localities at which vegetation ex­
tended down to the extreme high­
tide line, dead vegetation was 
noticeable even where subsidence 
was as little as 1 foot. 

Trees, bushes, beach grass, and 
muskeg along many former 
beaches were killed and partially 
buried in gravel or sand. Extensive 
areas of coastal marshland and for­
est that formerly had provided 
winter forage for grazing animals 
or nesting grounds for migratory 
birds were inundated. In such 
places, marine organisms en­
croached upward into the new lit­
toral zone and it was not uncom­
mon to find barnacles, limpets, and 
algae living on or among the re­
mains of land plants (fig. 22). 

The effects of subsidence on ses­
sile intertidal marine organisms 
submerged below their normal 
growth positions were not readily 

apparent. Undoubtedly, individu­
als near the lower depth range of 
the species were adversely affected 
by the changed conditions and 
were gradually replaced by other 
organisms 'better adjusted to the 
deeper water environment. 

Effects of uplift on the biota of 
the littoral zone were more strik­
ing tban those resulting from sulb­
sidence, because the uplift caused 
complete extennination of orga­
nisms that were permanently ele­
vated above their normal ranges. 
The width of the resultant band 
of dead organisms depended, of 
course, on both the amount of 
uplift and the slope of the uplifted 
shore. In areas where uplift ex­
ceeded the local tide range, as on 
islands in southern Prince William 
Sound, on parts of the mainland 
coast to the east of the Sound, and 
on several offshore islands on the 
Continental Shelf, destruction of 
the sessile organisms was almost 
absolute. Even many of the mobile 
forms-including starfish, gastro­
pods, and small fish-did not sur­
vive. Some of the effects of uplift 
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23.-Closeup view of surf-cut. surfiace at Cape Oleare, Montague Island, shown in 
frontispiece. The white coating on the rocks consists primarily of desiccated cal­
careous algae and bryo:IJOans; the dark l'Ol~like objects are stipes of Iaminarians 
("kelp") . Photograph taken June1, 1964. 

on organisms of the littoral zone 
are illustrated by plates 3A, 4A; 
figures 5, 23, and 24. The dramatic 
change with time in the appear­
ance of the shore and sea floor after 
about 26 feet of uplift at the south­
west end of Montague Island may 
best be appreciated by comparing 
the aerial photograph taken on 
March 30th, 3 days after the earth­
quake (fig. 20), with one taken 2 
months later on May 30th ( fron­
tispiece). 

land plant" had covered much of 
the raised platform on Middleton 
Island and sea birds had already 
begun nesting in the former inter­
tidal zone. 

Throughout the uplifted areas 
in and near Prince William 
Sound, the mortality of all types 
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of shellfish-including commer­
cially important razor clams-has 
been estimated to be as high as 
90 percent by G Dallas Hanna 
(oral commun., 1965) . At many 
places where uplift exceeds the 
normal tide range, the clam 
population was literally wiped 
out. In such areas, the populations 
of birds, fish, and other animals 
that normally feed on shellfish 
must eventually readjust down­
ward to the reduced food supply. 

The potential effect of the land­
level changes on the important 
salmon runs in the affected areas 
cannot be fully evaluated until the 
matured 1964 hatch returns from 
the sea to spawn. Spawning areas 
for pink and chum salmon, which 
are intertidal spawners, receivecl 
major drumage due to changes in 
land level and seismic sea waves 
(Alaska Dept. Fish and Game, 
1965, p. 3: Thorsteinsson, 1965). 
Spawning areas of upstream mi­
gmnts, including the red and sil­
ver salmon, where relatively un­
affected by the earthquake. 

Many low-lying coastal lakes 
that were important habitats for 

By August 1964 a few land 
'plants had encroa()hed onto the 
fringe of shore reclaimed from the 
sea, and in the summer 0f 1965 
scattered clumps of grasses and 
wildflowers grew everywhere, on 
raised beaches and deltas and in 
favorable localities on rock bench­
es amid the dead and dried re­
mains of marine organisms (fig. 
"t3). In a few years the bleak as­
pect of these fringes of uplifted 
shore should become subdued by 
a luxuriant cover of brush and 
timber romparable to that grow­
ing on older uplifted marine ter­
races in the area. By July 1965, 

24.- Mass of dead starfish in a depression on the uplifted platform shown on figure 23. 
Photograph taken May 31, 1964. 
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waterfowl and for fresh-water 
fish were damaged mainly by salt­
water pollution related to subsi­
denc.e or to draining in varying 
degrees resulting from uplift and 
incision of thair outlet. streams. A 
few of the uplifted lakes that fur­
merly received sal't water through 
their outlets during high tides be­
come entirely fresh with c.onse­
quent c.hanges in the number and 
species of fish they can support. 

GENllRA TION 0}' SEISMIC SEA WAVES 

::\fast major earthquakes in 
coastal areas that involve vertical 
tectonic displacements beneath the 
sea are accompanied by seismic sea 
waves, and the 1964 earthquake 
generated one of the larger seismic 
sea waves of recent times (Grantz 
and others, 1964, p. 11-12; Van 
Dorn, 1964; Plafker and Mayo, 
1965; Plaifker and K~achadoor~an, 
1966; Pararas-Carayannis, 1967). 
Between the southern tip of 
Kodiak Island and Kayak Island, 
these waves took 20 lives and 
caused destruction Ui1l along the 
ocean coast. The \vaves were €Spe­
cially destructive along the ocean 
ooast of tlhe Kocli'ruk group of 
islands and the Kenai Peninsula 
areas that had been lowered rela­
tive to sea level by tectonic sub­
sidence or by the combination of 
tectonic subsidence and compac­
tion o:f unconsolidated deposits 
during the earthquake. In addi­
tion, the waves, which were re­
eorded on tide gages throughout 
the Pacific Ocean, caused 15 deaths 
and major damage in British Co­
lumbia, Oregon, and California. 

The wave-source mechanism 
was initi'ally investigated by Van 
Dorn (1964- ), who concluded that 
the waves were generated by a di­
polar displaoement of \Vater re­
sulting from regional tectonic 
warping. He inferred that the 
positive pole of this disLurb-ctnce 
included much of the shallow Con-
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tinental Shelf bordering the Gulf 
of Alaska within the major zone 
of uplift, and that the negative 
pole lay large:ly under land or be­
neath Cook Inlet and Shelikof 
Strait in the major zone of subsid­
ence. From preliminary dU!ta on 
the amount and distribution o:f 
vertical displaeements along the 
shore, Van Dorn ( 1964, p. 17) cal­
eulated that the total potential en­
ergy imparted to the posirtive part 
of the seismic sea wave by subma­
rine uplift (assuming ( 1) vertical 
displaeernent of 6 feet that in­
creases progressively from zero at 
the southwest end to 6 feet at the 
northwest end and (2) source di­
mensions of 240 miles by 100 
miles), was 1.7X1014 ft-'llbs (2.3X 
1021 ergs), nr only about 0.01-0.05 
percent of the approximately 1024 

to 2 X 1024 ergs of seismic-wave 
energy released by the main shock. 
Para.ras-Carayannis (1967), using 
source dimensions of 93 miles ( 150 
km) by 435 miles (700 km) and 
the same average uplift as inferred 
by Van Dorn, arrived at a, total 
walter-wave energy of 5.88 X 1021 

ergs. 
The Geological Survey's subse­

quent studies of the veritical dis­
placements on 1 and ttnd ~their prob­
able extension beneath the sea 
provide additional dMa relevant 
to the probable configuration of 
the initial positive wave and its 
energy content. These da-ta sug­
gest that t:he initial wave form, 
due to vertical displacement of the 
sea floor on the Continental Shelf, 
probably had the general cross­
sectional shape indicated by the 
profile in figure 15 ;mel that the 
offshore areas involved in the up­
lift and the amounts o:f sea-floor 
displacement are considerably 
greater than was indicruted by pre­
liminary reconnaissance surveys. 
Thus, the general shape of the de­
formed surface on the Continental 
Shelf may be roughly approxi-

mated by a broad low-amplitude 
up warp with minimum dimensions 
of 400 by about 75 miles, superim­
posed upon which is a narrow belt 
of maximum uplift about 6 miles 
wide that is infen·ed to extend 
some 350 miles southwestward 
from Montagne Island. As indi­
cated on profiles A-A', B-B' 0-0' 
plate 1, average uplift across the 
broad upwarp is roughly a1bout 12 
feet and that across the narrow 
zone is probably at least 30 feet. 
Because this highly simplified 
model does not consider the addi­
tional wave energy at the ends of 
the deformed region, where uplift 
gradually falls off to zero, or in 
that part lying seaward from the 
edge of the Continental Shelf 
where the deformation field is un­
known, the calculated energy 
should be considered as a mini­
mum. 

If the initial wave form approx­
imates that of the uplift, total 
potential energy transferred to the 
water, Et was the sum o:f the 
energy in both the broad low-am­
plitude part of the wave (E1) and 
in the narrow superimposed high­
amplitude part (E2 ). Total poten­
tial energy transferred to the 
water, Et;derived by using Iida's 
equation (1963, p. 65), was 

where p is the density of sea water, 
g is the gravitational acceleration, 
h is the average vertical clispbce­
rnent, and A is the area. over which 
the deformation occurred. There­
fore, by substitution, 

E1 = {1.1) (32) (15) 2(6) (350) (5,280) 2 

=4.6X lOu ft-lbs (6.2X 1021 

ergs); 
E2= (1.1) (32) (6) 2(75) (400) (5,280) 2 

= 1.06X 1015 ft-lbs (1.4X 1022 

ergs); 

and their sum, 

E1= 1.5X 1015 ft-lbs (2X 1022 ergs). 



These figures suggest that the 
total potential energy in the posi­
tive part of the wave may he about 
an order of magnitude larger than 
that derived by VanDorn, or 0.1-
0.5 percent of tl1e seismic wave 
energy release. According to the 
model used, roughly one-third of 
the energy 'vas concentrated in the 
narrow high -amplitude part of the 
wave along the axis of maximum 
uplift and two-thirds was distrib­
uted over the low-amplitude part 
of the wa,·e which has an area 
roup:hly 15 times larger. Thus, the 
relatively greater damage and 
higher wave runups along the 
outer coast of the Kodiak group of 
islands and the Kena.i Peninsula, 
as compared to the ocean coast of 
Prince William Sound and the 
mainland east of the sound, ap­
pears to be a fm1ction of prox­
imity to the narrow zone of high 
wave-energy concentration along 
the axis of maximum uplift. 

ATMOSPHERIC EFFECTS 

An atmospheric pressm·e wave 
that was the atmospheric counter­
part of the seismic sea waves was 
reeorded on microbarographs at 
the e ni verRity of California at 
Berkeley and at. the Scripps Insti­
tute of Oceanography at La Jolla, 
Calif. The wave traveled at the 
speed of sound in air (roughly 
1,050 ft. per sec in the lowt>r atmos­
phere), reaching Berkeley, 1,950 
miles from the epicentel', 2 hours 
and 40 minutes after start of the 
earthquake (Bolt, 1964, p. 1095) 
and La Jolla 39 minutes later 
(Van Dorn, 1964, fig. 5). Travel 
t.imes to these stations correspond 
to an initiating disturbance in the 
epicentral region during the earth­
quake. The pressure wave's signa­
ture further suggests that it was 
caused by the vertical tectonic dis­
placements of tl1e land and sea sur­
faces that accompanied the earth· 
quake. 
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The atmospheric pressure wave 
also seems to have caused a travel­
ing ionospheric disturbance that 
was observed in Hawaii, Alaska, 
and the conterminous United 
States on high-ft·equency radio 
sounders (Row, 1966). The dis­
turbance at Boulder, Colo., was 
characterized by an abrupt onset, 
speeds appropriate to sound waves 
above 100 km in altitude, an oscil­
latory long-period tail, and anini­
tial negative doppler. Computa­
tions by Row indicate that the es­
sential features of the observations 
may be reproduced by sudden ver­
tical ground displncement of the 
type observed in the epicentral 
region below a plane isothermal 
gravitating atmosphere. 

WATER DISTURBANCES POSSmLY 
RELATED TO HORIZONTAL 

DISPLACEMENTS 

Water disturbances that accom­
panied the earthquake in some 
lakes, fiords, and rivers may have 
been generated by inertial effects 
of the water bodies as the land 
mass was displa.ced horizontally 
beneath them. Horizontal move­
ment of a deep steep-sided basin 
or fiord, if it occurred fast 
enough, would be expected to im­
part potential energy to a con­
tained water mass by changing 
its surface configuration as illus­
trated diagrammatically by fig­
ure 25. Thus, because of its in­
ertia, water would tend to pile 
up above its original level along 
shores on the side of the basin 
opposite to the direcl.ion of dis­
placement, and it would simul­
taneously be lowered along shores 
in the direction of d;i'Splacement. 
For a given amount and rate of 
displ,acement, the effeot of hori­
zontal movement on the water 
mass would be proportionally 
greatest where orientation of 
shores is normal to the direction 
of horizontal movement and rel­
atively steep basin sides permit­
ted the maximum energy to be 
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25.-Schematic diagram illustrating 
the postulated effect of a sudden hori­
zontal displacement on water in an en­
closed basin, the amount of displace­
ment assumed to be small relative to 
the dimensions of the basin. Dashed 
lines indicate the original position of 
the basin, solid lines the position af­
ter displacement. Symbols along the 
basin margin in the plan view (above) 
indicate shores along which an initial 
rise ( +) or drop ( - ) in water level 
would occur; profile A-A' shows a 
possible configuration of the water 
surface immediately after the dis­
placement. 

transferred from the basin to the 
contained water mass. 

McCulloch (1966, p. A39) has 
reported uninodal and multinodal 
seiche waves in Kenai Lake with 
half-wa.ve amplitudes of 5-6 feet 
and initial runup heights that 
were locally as much as 30 feet. 
He inferred' that they were gen­
erated by a tectonic tilting of the 
lake basin that amounted to no 
more than 3 feet. A possible al­
ternative explanation, however, is 
that the waves and seiche in 
Kenai Lake-a lake which lies in 
a long narrow steep-sided glacial 
valley-resulted mainly from the 
15-25 feet of south-southeast hor­
izontal translation of the lake 
basin that accompanied the earth­
quake in that area (fig. 16). Be­
cause of the irregular shape of 
the basin and uncertainties re­
garding the rate at which the 
horizontal displacements occurred, 
it is not possible to determine 
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quantitatively whether the hori­
zontal displacements alone or in 
combination with ttJctonic tilting 
could generate the waves recorded 
at Kenai Lake. 

Sudden rises o:f water level dur­
ing or immediately after the 
earthquake, observed at numerous 
coastal localities -where the.re was 
no evidence for submarine sliding, 
strong tilting, or :faulting could 
also have been caused by the hori­
zontal displacements. Within 
Prince William Sound, 'vhere 
horizontal displacement.<; in a 
south-to-southeast direction 
ranged :from about 20 to 62 feet 
(fig. 16), local waves of unknown 
origin were responsible for the loss 
of at lea.st 28 lives and caused ex­
tensive property damage at Che­
nega, Port Ashton, Port San Juan, 
Port Oceanic, Perry Island, and 
probably at Port Nellie Juan and 
Point Nowell (Plafker and others, 
1969). Similar waves that did not 
cause damage aiso were reported 
at Port Wells, l7nakwik Inlet, 
Tatitlek, Naked Island, and sev­
eral other localities in Prince Wil­
liam Sound. Much o:f the damage 
from local waves 'vas concen­
trated along east.- 'vest- to north­
east-southwest-trending shores in 
semiconfined bays or along deep 
steep-sided fiords and straits. 
These waves, which appeared at 
widely separated localities in the 
sound within minutes after the 
ea11thquake was first :felt, must 
have been generated locally and 
almost simultaneously. Most eye­
witnesses observed a single large 
wave with runup as high as 70 feet 
(as at Chenega), preceded or fol­
lowed by mueh smaller 'vaves at 
intervals o:f a few· minut.es. The 
sudden onset, short period, and 
local distribution of the waves dis­
tinguish them from the train o:f 
long-period seismic sea waves 
generated in the Gulf of Alaska 
that did not reach the outer eoast 
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o:f the Kenai Peninsula until a.bout 
20 minutes after the start of the 
earthquake. That the waves may 
have been genemted by relative 
seaward movement of the land 
mass in Prince 'William Sound is 
suggl.'sted by ( 1) their appearance 
during the earthquake, (2) their 
occurrence in an area where there 
were large horizontal displace­
ments, and by u~) the orientation 
and configuration o:f the a.ffected 
shorelines. 

Unexplained waves were also 
observed in widely scattered r_oas­
t.a1 areas o:f the Kenai Peninsula 
and Kodiak Islands, where retri­
angulation data are unavailable 
but where signifieant. horizontal 
displacements probably occurred. 
For example, waves as high as 9 
:feet were reported by eyewitnesses 
in the Homer area during and im­
mediately after the earthquake. 
Such waves eould not be attrib­
uted to sliding, slumping, or other 
causes ('Waller, 1966a, p. D3-D4) .. 
The curious breaking and surging 
of the waves on the tidal fiats sug­
gested to one observer that "the 
land was being shoved under the 
bay" (1Valler, 1966a, p. D4). 
Rapid, ealm rises in water level of 
9 feet at Kodiak (Plafker and 
Kachadoorian, 1966, p. D30) and 
of about 26 feet. at 1Vhittier (Plaf­
ker and Mayo, 1965, p. 15) tlrat 
eannot be readily ascribed to any 
other cause may also have been re­
lated to horizontal displacement 
Gf the land. 

In summary, horizontal dis­
placements of the magnitude indi­
cated by retriangnlation data, if 
they occurred :fast enough, should 
theoretically generate waves in 
water bodies of suitaible size and 
configuration. This movement may 
have been the cause, or a eonJt.rib­
uting cause, o:f some waves ob­
served in eert.ain localities during 
or immediately after the earth­
quake that eannot be directly re-

lated to vertical tootonic displace.­
meDJts, regional tilting, seismk 
shaking, or submarine landslides. 

CHANGES IN ARTESIAN-WELL LEVELS 

Systemat.ie long-term drops in 
water levels of wells tapping con· 
fined aquifers in Pleistocene and 
late Tertiary strata were recorded 
at various widely spaced localities 
within the zone of tectonic su!b­
sidence (Waller, 1966a, p. D16-
D18; 1966b, p. A18-A26). Records 
of seven representative artesian 
wells from Anchorage, Chugiak, 
and :four communities on the 
Kenai Peninsula are shown in 
figure 26. The residual drops in 
well levels at the time of the earth­
quake range :from about 7 to 25 
:feet, and none of the wells showed 
full recovery within a year after 
the earthquake. 

Observed long-term changes in 
well levels suggest changes in the 
physical strueture o:f the aquifers 
and a net increase in aquifer-pore 
space. Such changes could be 
eaused by rearrangement of grains 
or fractures as a result of the hori· 
z.ontal extension (on the order o:f 
2 X 1 o-•) and (or) the elastic dila­
tation that is known or inferred to 
have affected the areas in which 
these wells arc lor.ated. ( 

A similar effect was looked for, 
but not :found, in the oil wells o:f 
the Swanson River oil field located 
in the zone of tectonic subsidenc-e 
near Kenai (R. T. Levorscn, writ­
ten commun., 1966). Any small 
strain change that may have oc­
curred probably was ~masked by 
ehanges in volume of the relatively 
compressible oil-water-gas mix­
ture filling the pore space of the 
field reservoir. 

The only artesian water wells 
in the zone o:f teetonic uplift are 
in a thick deposit of glacia:l drift 
at Cordova (Waller, 1966b, p. 
A20-A21). Because these wells did 
not have recorders installed in 
them, their response to the earth-



FE I::. I 

1. 

-10 

2. 

-10 

3. 

-5 

-10 

4. 

-5 

-10 

TECTONICS 

\ 
Anchorage well l, depth 540 •; artesian 

aquifer in Tertiary deposit 

--.-, 

\ 
\ '-------__,......-----

\ 
\ 
\ 

AnchoraR:e well 505, depth 453'; arte· 
sian aquifer in Pleistocene deposits 

\ ----\ / 
L/ 

---\ Chugi~k welll20,depth 124': artesian 
aqu1fer in Pleistocene deposits 

\ ----\ ;.J\,. ________ _ 

\ 
\ 
\ 

Kenai well 17, depth 163'; artesian 
aquifer ----. ,..-- .,_ 

/ .......__.,-

5. ---, 
Anchor Point-Kasftof well9; depth 100', 

artesian aquifer _.,.--._ ----- .................. / -5 \ 

-10 \ 

_..., ..._.. 

6. 0 Soldatna well 63, depth 100'~ artesian 
aquifer 

-5 ----------

7 0 ---...., Homer well 15, depth 123-'; artes1an 

. -5l \ :·::=~~~·::_ ___ I 
-10 ]! t-J~ I I I I I I I I I [ 

J MAMJ ASON OJ FM 
1964 1965 

DATE 
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quake cannot be correlated with 
that of the wells in the zone that 
subsided. However, comparison of 
measurements in three wells made 
in July 1962 with measurements 
made 4 months after the eart-h­
quake showed about a 1-foot rise 
in water level, rather than the re­
sidual drop that characterized 
wells in the subsided zone. 

STREAMFLOW, LAKE LEVELS, AND 
SHALLOW WELLS 

Changes in the levels o:f many 
lakes, streams, and shallow wells 
in unconfined aquifers were ob­
served at numerous localities 
within the zone. of tectonic subsid­
ence. In general, the reported 
changes involved temporary water 
losses (Waller, 1966b, p. AS-All; 
Plafker and Kachadoorian, 1966, 
p. D23-D24). One of the more 
probable causes for such changes 
is a.n increase of intergranular o-r 
fracture porosity in the surround­
ing materials consequent upon 
horizontal extension and elastic 
dilatation across the subsided zone 
during the earthquake . 

COASTAL FACILITIES AND SHIPPING 

Regional land-level changes­
including both subsidence and 
uplift-c-aused direct and costly 
damage to homes, canneries, trans­
portation routes, airfields, docks, 
harbors, and other facilities 
throughout the affected areas (figs. 
27, 28). Many facilities that had 
otherwise been unaffected either by 
the earthquake or the destructive 
water waves associated with it. 
were damaged by land-level 
changes. Such changes had rela­
tively :few short-term beneficial ef­
fects on the works o:f man. Recause 
the various forms of damage re­
sulting from vertical tectonic 
movements have already been de­
scribed in detail in the various re­
ports of this series on effects to 
communities (U.S. Geol. Survey 
Professional Paper 542) and were 
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27.-Road along Womens Bay, Kodiak Island. in an area of about 5.5 feet of 
tectonic subsidence and an unknown, but probably substantial, amount of local 
settling of unconsolidated deposits. Since subsidence, the road has been flooded at 
high tide and subject to erosion by waves. Photograph taken at 4.o-foot tide stage, 
July 20, 1964. 

28.-Canneries and fishermen's homes along Orca Inlet in Prince William Sound 
placed above the reach of most tides due to about 6 feet of uplift. Photograph was 
taken on July 27, 1964, at a 9-foot tide stage, which would have reached beneath the 
docks prior to the earthquake. 

summarized by Hansen and Eckel 
(1966) and Eckel (1967), they 
need not be described here. 

GRAVITY CHANGES 

Vertical displacements were ac­
companied by measurable changes 

in gravity at several stations where 
comparative pre- and postearth­
quake gravity readings were made 
(D. F. Barnes, 1966; oral commun. 
1966). The stations were distrib­
uted in both the zones of subsi­
dence and the zones of uplift where 

changes in elevation ranged from 
-5.8 foot at Portage to about 
+ 11 feet at Middleton Island. Cor­
responding gravity changes were 
between +0.5 milligals to - 0.67 
milligals. Barnes (1966, p. 455) 
noted that the gravity changes, 
at least in the uplifted area, tend to 
approximate the Bouger, rather 
than the free-air, gradients. Al­
though uncertainties in relocating 
some of the station positions pre­
clude firm conclusions, the data 
suggest that there has been a re­
distribution of mass in at least 
those parts of the deformed region 
where the changes correspond to 
Bouger gradients. 

COMPARISON WITH 
OTHE.R EARTHQUAKES 

In terms of areal extent of de­
formation and amount of residual 
horizontal and vertical displace­
ment, the 1964 Alaska earthquake 
is one of the most impressive tec­
tonic events ever recorded. This 
fact is brought out by ·table 4, 
which compares the deformation 
associated with the 1964 event with 
that of selected great earthquakes 
for which quantitative data are 
available. 

The area of observable crustal 
deformation, or probable deforma­
tion, that accompanied the 1964 
earthquake is larger than any such 
area known to have been associated 
with a single earthquake in his­
toric times. Comparable tectonic 
deformations have probably oc­
curred during other great historic 
earthquakes, but if so they were 
beneath the sea, along linear coast 
lines, or inland, where it generally 
is not possible to determine the 
areal extent of such features with 
any degree of confidence. For ex­
ample, the area affected by vertical 
displacements during the great 
series of Chilean earthquakes in 
May and June of 1960 extended , 
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TABLE 4.-Comparative deformations of the 1964 Alaska earthquake and some other great earthquakes 
-· ·------------------,----.------

Maximum I Maximum relative 
1 

Earthquake Date 

Approximate 
Magnitude 

(Richter 
scale) 

Probable area of 
surface warping 
(square miles) 

Maximum vertical relative fault displacement 
warping relative horizontal . (feet) Data source 

(feet) V, vertical) 
to sea level (feet) distortion I (H, horizontal: 

----1 l---1----- -~----~.~--
1964 Alaska _____________ March 27, 1964.. 8. 4+ · 108,000 (major zones +38, -n2 ________ 64 ___________ 

1 
2H?; 2o-23V ________ _ This paper. 

Earthquake Research 
Institute (1004). 

Niigata, Japan _________ J June 16, 1964.___ 7. 7 J =~~~--------------- +4.9, -1.5 ________ No data .. ___ , Submarine only, 
displacement 

1960 Chile ... -----------~ May 22, 1960 ___ _ 

Lituya Bay, Alaska. . July 10, 1958 .. . .. 

Gobi-Altai, Mongolia. I December 4, 
1957. (G.) 

Nankaido, JnpHn ·-· December20. 

Hawkes Bay, New 
~caland. 

I F~~ary3,193L 
Kwnnto, Japan. _______ J September 1, 

1923. 
San Francisco, Cal!L. April18, 1906._ . 

8.3 

~- 0 

8. 6 

8. 5 

7. g 

8. 3 

8. 3 

Yakutat Tiny, Alaska ... ~· September 1899. 8. 5 8. 6 

Assam, India _______ ...... June 12, 1897 .. __ 

north-south some 420 miles along 
the Pacific Ocean coast, and at 
least 40 miles in an east-west direc­
tion at the Gulf of Ancud near the 
southern end of the affected area 
(Saint-Amand, 1961). I£ the in­
land extent of deformation to the 
north is comparable to that in the 
Gulf of Ancud, the minimum area 
of surface warping on land would 
be 17,000 square miles. The distri­
bution of aftershocks and the 
source area of the destructive train 
of seismic sea \vaves associated 
with the earthquake suggest fur­
ther that significant movements oc­
curred over an extensive. area of 
the sea floor adjacent to the de­
formed Pacific coast of Chile. 

Other major earthquakes in 
which long sections of the west 
coast of South America report­
edly changed elevation ocurred in 
1751, 1822, 1835, 1837, and 1906 
(Richter, 1958) ; data on the areal 
distribution of the changes, how­
ever, are scarce. "\Varping as­
sociated with one of these, the 
violent ChHean earthquake of 
1822, gave rise to speculation that 
an area of some 100,000 square 
miles of coastal Chile had been up­
lifted (Lyell, 1874, p. 94), hut there 
are few data to support. this asser-

8. 7 

unknown. 
17,ooo+- ------ ·-- ----- +10-13, -7.2 _________ do. ______ No known surface Saint-Arnand (1961). 

Tocher (1960) . 
faults. 

No data; fault rup-
ture 115+ miles 

None reported ... ____ do 21.5H; 6V. --·-

long. 
=32,000 (area of fault- No data _________ _ ___ do 29H; 30V______ _ Florensov and Solo-

ing). nenko (1963). 
20,000+ +2. 9, -2. 0 .. _ __ 6.2 _ No known surfam Inoue (1960, p. 84-85). 

fanlts. 
2,000 (minimum) .. ____ +9, -2 to 3 _______ No data ... -- 6-7H; 6-8V? __ ··---·- Henderson (1933). 

10.+ ----------------- +6. 6, -5.a... _____ 15..---------! 6.6V _________________ M(t~o)l.932); Inamura 

No data; fault rup- Minor__ ___________ =20 _____ --· 21TI; 3V ____________ , Richter (1958, p. 476-

+47, -7(?) ____ .... __ No data. ___ 8+H?; 8V (on sub- I T!~\md Martin 
ture 270 miles long). 

1,300 (minimum). _____ 
sidiary fanlts). (1912). 

2,000 (minimum). ___ No data .. _________ -----dO------· OH?; 35V ____________ Richter (1958, p. 49-

~--~~----~--~--------~---~50)'-·-----

tion. Imamura (1930) lists 26 
.Japanese earthquakes that result­
ed in vertical displacements. Re­
gional warping has accompanied 
some of the more recent Japanese 
earthquakes, notably the 1946 Nan­
kaido earthquake (Inoue, 1960, p. 
85) and the 1964 Niigata earth­
quake (Hatori, 1965, p. 133-136). 
Elsewhere in the circum-Pacific 
region, additional large-scale ver­
tical tectonic deformation was re­
ported following the major earth­
quakes of 1848, 1855, and 1931 in 
New Zealand, and 1762 in India 
and Burma. Known areas of de­
formation associated with all of 
these earthquakes, however, are 
but small fractions of that in­
volved in the 1964 Alaska event. 

The 38 feet of uplift on Monta­
gue Island during the 1964 earth­
quake is known to have been ex­
ceeded only by the 47.3 feet of up­
lift that occurred during the earth­
quakes of 1899 that were centered 
at Yakutat Bay, 185 miles to the 
east (Tarr and Martin, 1912, pl. 
14). Reported submarine vertical 
displacement offshore from Mon­
tague Island, however, may equal 
or perhaps exceed the 1899 move­
ments (Malloy, 1964, p. 1048). 

Subsidences roughly equal to, 

or slightly larger than, the 7% feet 
that accompanied the 1964 earth­
quake have been recorded during 
previous seismic events, although 
at many places determination of 
the absolute amount has been com­
plicated by surficial slumping or 
compaction effects in unconsoli­
dated deposits. For example, the 
largest reported coastal subsidence, 
17 feet, which accompanied the 
Great Cutch earthquake (Lyell, 
1874, p. 98) was aUhemouth ofthe 
Indus River in an area where sig­
nificant surficial compaction of 
deltaic deposits was to be ex­
pected. 

Following the 1923 K wan to, 
Japan, earthquake, unusually 
large submarine displacements, 
involving as much as 825 feet of 
uplift and 1,320 feet of subsidence 
on the sea iloor in Sagami Bay, 
were inferred from a comparison 
of pre- and postearthquake sound­
ings (Richter, 1958, p. 570-571). 
However, because of ( 1) possible 
errors in the positioning of the 
preearthquake survey and (2) the 
effect::, of su:bmarihe sliding, these 
data are of doubtful value for in­
£erring tectonic movement; con­
sequently they are not included in 
table 4. 
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The regional horizontal dis­
placements associated with the 
1964 earthquake, which were 
about 64 feet, are significantly 
larger than any previously re­
corded. By contrast, regional dis­
placements associated with the 
great 1923 K wanto earthquake, as 
indicated by retriangulation, were 
less than 15 feet (:Muto, 1932, fig. 
6), and the maximum relative 

In the following sections the 
1964 earthquake is viewed from 
the perspective of its broad rela­
tionship to the Aleutian Arc and 
to other major structural ele­
ments of south-central Alaska. 
Emphasis is placed on the geolog­
ical and geophysical evidence for 
late Cenozoic tectonic movements 
in the immediate region a:ffeeted 
by the earthquake. Earlier tec­
tonic features and events, and 
contemporanoous features and 
events outside the region affected 
by the earthquake, are not of 
primary interest here, although 
they are mentioned where neces­
sary to provide the setting of the 
principal features and events that 
are treated. 

Most of Alaska has been stud­
ied geologically in a reconnais­
sance manner, but. detailed map­
ping is still relatively uncommon 
and is largely confined to a few 
mining districts and to outcrops 
of potentially petroliferous or 
coal-bearing rocks around the 
margins of sedimentary basins. 
Gross aspects of the lithology and 
structure in outcrop areas are 
reasonably well known, but pres­
ent knowledge of the geologic 
record in most places is inade­
quate for a detailed interpreta­
tion of the tectonic history. Sub­
surface investigations in the vast 
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displacement. resulting from com­
bined distortion and fault offsets 
associated with the 1906 Cali­
fornia earthquake was roughly 21 
feet (Reid, 1911). 

:Measured vertical displace­
ments across the two subsidiary 
earthquake faults on :Montague 
Island-the Patton Bay fault 
(20-23 ft.) and Hanning Bay 
fault (16¥3 ft)-are considerably 
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terrestrial areas of sparse out­
crops and in the submarine parts 
of the Continental Shelf and 
Aleutian Arc are in a state so 
rudimentary that geological in­
terpretations based upon them 
must be considered as very ten­
tative. The spatial distribution of 
earthquakes and the rapidly in­
creasing number of available 
fault-plane solutions provide val­
uahle indirect evidence for the 
orientation and nature of dis­
placements that have given rise 
to the earthquakes. Recent im­
provements in locating hypocen­
ters of Alaskan earthquakes 
should contribute substantially to 
resolving the precise relationship 
of the earthquakes to known 
structural features. 

THE ALEUTIAN ARC 

The 1964 earthquake occurred 
in the tectonically complex region 
where northeast•trending struc­
tural elements associated with the 
Aleutian Arc overlap and merge 
with arcuate structures of south­
central Alaska. The belt of seis­
mie activity and the major zones 
of tectonic deformation ·associated 
with the 1964- earthquake lie large­
ly between and parallel to the 
chain of active volcanoes and the 
oceanic trench that constitute the 
arc and are presumably 'related 

larger than any others of definite 
reverse type previously described 
(Plafker, 1967b). A few normal or 
oblique-slip faults, however, have 
undergone larger vertical dis­
placements. The largest of these 
was associated with the 1897 In­
dian earthquake and reportedly 
was as much as 35 feet (Richter, 
1958, p. 51). 

genetically to it (fig. 1). Conse­
quently, it is pertinent to review 
briefly the data and current hy­
potheses relevant to tectonic proc­
esses within the arc. 

MAJOR FEATURES 

The Aleutian Arc, which sweeps 
1,800 miles (2,800 km) across the 
North Pacific Ocean from Kam­
chatka to southern Alaska, ex­
hibits all of the striking features 
characteristic of the festoons of 
arcs that ring the Pacific. basin. 
These are ( 1) an arcuate deep 
oceanic trench - t!he Aleutian 
Trench-which is convex toward 
the ocean basin except. near its 
eastern end, (2) a subparallel vol­
canic chain on the concave, or in­
ner, side, away from the ocean ba­
sin-the Aleutian volc.anic arc, 
( 3) an associated belt of active 
seismieity between the trench and 
volcanic chain in which the lower 
limit of hypocenters tends to deep­
en from the vicinity of the trench 
toward the arc, and ( 4) parallel 
zones of isostatic gravity lows over 
the trench bottom and gravity 
highs behveen the trench botJtom 
and volcanic arc. 

The Aleutian Arc differs from 
most other arcs in that it partly 
traverses and partly follows along, 
the margin of the oceanic basin 
(fig. 1). In its western part the 
arc consists 'Of the Aleutian Ridge, 



which is sunnountcd by a chain of 
volcanoes that comprise the Aleu­
tian Islands, and the Aleutian 
Trench, which lies at a distance of 
less than 155 miles (250 km) on 
the c.onvex (south) side of the 
ridge. As it approaches south-cen­
tral Alaska, the distance between 
the volcanic arc and the trench 
gradually increases to more than 
250 miles ( 400 km), the belt of 
seismic activity becomes broader 
and less well defined, and the 
t.rench gradually shallows to be­
come indistinguishable from the 
floor of the North Pacific Ocean. 
It is in this eastern portion of the 
arc that the line of volcanoes and 
the belt of seismicity overlap and 
in part merge with preexisting 
structural elements that roughly 
parallel the margin of the Gulf of 
Alaska (fig. 29). The group of Yol­
canoes in the Wrangell Moun­
tains, which are separated from 
Mount Spurr, the most northerly 
volcano of the Aleutian Range, by 
a gap o:f 420 miles, are similar in 
age and composition to the Aleu­
tian Arc volcanoes. These simi­
larities, and their position near the 
eastern end of the Aleutian 
Trench and its associated belt of 
intermediate-depth earthquakes, 
suggest that the Wrangell Moun­
tains volcanoes may also be geneti­
cally related to the arc. 

The geology of the Aleutian 
Islands segment of the arc was 
summarized by Coats (1962), that 
of the Aleutian Range and nearby 
areas by Burk (1965). Both of 
these writers presented thorough 
reviews of available bathymetric, 
seismologic, and marine geophysi­
cal data as well as hypotheses con­
cerning origin of the arc. Results 
of detailed marine 6reophysieal sur­
veys along the eastern end of the 
Aleutian Arc, carried out during 
1964 and 1965 by the Scripps In­
stitute of Oceanography and the 
U.S. Coast and C':reodetic Survey, 

TECTONICS 

had not been publisht>,d at the time 
this report >vas completed. 

SEISMICITY 

Figures 1 and 30 indicate that, 
in plan, most of the belt of con­
centrated seismic activity is be­
hveen the trench and the volcanic 
chain along the length of the arc; 
a small number of earthquakes oc­
curred on the south wall of the 
Aleutian Trench and north of the 
\·olcanic rhain. Shallow-depth 
( >70 km) earthquakes have oc­
curred throughout the area in­
eluded between the Aleutian 
Trenrh awl the Aleutian volcanic 
nTc, hut most of the intermediate­
depth earthquakes (70-170 km) 
were located in the norther11 part. 
of this area or north of the volcanic 
chain. The most easterly interme­
diate-depth earthquakes have been 
along the coast of the North Paci­
fic Ocean at long 14fl 0 '\V. in the 
vicinity of the 1Vrangell Moun­
tains. In south-central Alaska the 
belt of seismicity associated with 
the Aleutian Arc bifurcates into a 
broad zone of shallow and inter­
mediate depth shocks that sweeps 
northward into central Alaska and 
a helt of shallow-focus earthquakes 
that extends eastward along the 
continental margin. Comparison of 
figures 2 and 01 shows tl1at the 
spatial distribution of the seismi­
city associated with the 1964 
Alaska earthquake closely follows 
the pattern of previously recAlrded 
earthquakes along the arc and 
thereby implies a genetic relation­
ship between them, as suggested 
by :\rthur Grantz, shortly after 
the event (Grantz and others, 
1964, p. 2). 

From studies of earthquake. dis­
tribution along the Aleutian Arc, 
Benioff ( 1-954, p. 391) concluded 
that the hypocenters lie in a broad 
zone that dips northward from the 
vicinity of the Aleutian Trench at 
an tt.verage angle of 28°. Saint-
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Amand (1957, p. 1348) interprets 
the same data as indicative of a 
zone dipping at an angle of about 
45° between long 172° and 179° 
'\V. and at a "somewhat lower 
angle" in the eastern part of the 
arc. Detailed studies of seismicity 
associated with the 1964 earth­
quake suggest that some planes 
within the earthquake focal region 
dip beneath the arc at angles of 
less than 15°. 

Benioff postulated that the dip­
ping seismic zone marked the loca­
tion of a complex "reverse" fault 
(termed a "megath['ust" by Coats, 
196'2, p. 103) along >vhich the arc 
relatively overrides the ocean 
basin. According to the sea floor 
spreading hypothesis advanced by 
Hess (1962, p. 617) and Dietz 
( 1961), arc structures are sites of 
down-welling mantle-convection 
currents, and the planar seismic 
zones dipping beneath them mark 
the zone of shearing produced by 
downward-moving material thrust 
against a less mobile block of the 
crust and upper mantle. This hy­
pothesis is in general consistent 
with other data suggestive of ac­
tive spreading of the sea floor in 
a northwest-southeast. direction 
away from the East Pacific Rise 
(Vine, 1966, p. 1412), and with 
active regional shoreline submer­
gence suggestive of a downward­
directed component of deforma­
tion near the eastern end o:f the 
arc (p. I 60). 

Because of the scarcity of 
standard seismograph stations in 
Alaska as well as incomplete 
travel-time data for Alaska earth­
quakes prior to 1964, the horizon­
tal and veetical distribution of 
earthquakes could not be defined 
precisely enough to resolve, details 
of structure within the broad seis­
mic zone either at depth or later­
ally along it. As a result, large un­
oorta:inties exist regarding the 
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20 

Early Mesozoic a nd 
older outcrop belt 

Czu , Cenozoic rocks, undifferentiated 
Mzu, Mesozoic rocks, undifferentiated 

Late Mesozoic 
outcrop belt 

Late Cenozoic 
outcrop belt 

L-------L------------------------------------------------------------------------------------------------------k 40 

0 

Andesitic extrusive rocks of active or dor­
mant volcanoes 

[~~tl 
Late Cenozoic bedded rocks 

Lighter pattern where projected offshore 

['i 6_zl_'l 
Early Cenozoic bedded rocks 

Lighter pattern where projected offshore 

l.rvtz <J 
Late Mesozoic bedded rocks 

Lighter pattern where projected offshore 

~ . . 
Paleozoic and early Mesozoic bedded 

rocks 
Lighter pattern where projected offshore 

[; '~l~l 
Granitic plutonic rocks 

D 
Undifferentiated rocks 

0 

100 200 MILES 

100 200 KI LOMETERS 

• 

EXP LANAT ION 

Approximate contact 
Includes possible fault contacts, Dashed where 

inferred Of' concealed 

... . ...... o AAc\ .,A._ 

Thrust or reverse fault 
DaRhed whe1'e inferred. Sawteeth on upper plate. 

Open Ieeth indicate major jav.lt 

Steeply dipping fault 
Dashed where inferred. Arrows i ndicate relative 

lateral displacement; bar and ball on relatively 
downthrown side 

....::::::::::. ~ 
Trend lines showing strike of bedding, 

schistosity and folds . 
Major faults and faults with known Holocene movement 

Asterisk indicates known Holocene movement; double asterisk indicates historic movement 

No Fault I Data Source 
1*"' Fairweather Tocher (1960); Tarr and Martin (1912); Plafker (1967) 
2. Ch ugach- St Elias (probable Miller and others (1959, p. 42);l'lafker (1967) 

Holocene movement) 
3* Denali St. Amand (1957); Hamilton and Myers(1966);Grantz (1966) 
4* Castle Mtn-Lake Clark Martin and Katz (1912, p. 72- 75); Kelly (1963, p . 289); 

Grantz (1965, sheet 3) 
5. Bruin Bay Burke (1966, p. 139); R. L. Detterman, (oral commun .• 

1967) 
6** Patton Bay and Hanning Bay Plafker (1968) 
7* Ragged Mtn Miller (1961) 
8* Holitna-Togiak Hoare (1961, p . 608- 610) 
9. Kenai lineament This paper 

\(possible l964 movement} 

29.~erelized tectonic map and idealized vertical section showing selected rock units and structural features of south-central Alaska. I ndicated displace­
ment direction on faults is the net late Cenozoic movement only. Geology modified from a manuscript tectonic map of Alaska by P. B. King and from unpublished 
U.S. Geological Survey data; the thickness of crustal layers and the structure shown in the section are largely hypothetical. 
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precise orientation and lower 
depth limits of planes wit,hin the 
zone along ·which earthquakes orig­
inate. Nor is it known to what 
extent movement on subordinate 
faults within the upper plate con­
tributes to the recorded seismicity. 

Focal mechanism studies of arc 
earthquakes suggest that the pat­
tern of faulting is extremely com­
plex and that it changes signifi­
eantly laterally along the arc. The 
small number of fault-plane solu­
tions of arc earthquake sequen<:es 
that are based on both P and S 
waves tend to group in pairs of 
dip-slip and strike-slip (Bollinger 
and Stauder, 1965; Stauder, 1967. 
p. 218-219) ; those based solely on 
P waves are almost entir·ely strike­
slip (Hodgson, 1957, p. 641). The 
dip-slip solutions may he inter­
preted as representing northwest­
ward-dipping planes that parallel 
the trend of the eastern part of the 
arc and are oblique to it in the een­
tral part. Coats (1962, p. 95) ob­
served that solutions yielding pre­
dominantly strike-slip movement 
on ste.eply dipping planes may 
originate on transverse tear or 
wrench faults oriented at a large 
oblique angle to the arc trend. 
Coats further suggested that the 
positions o:f individual volcanoes 
may be localized by transverse 
fractures and that their regular 
position relative to the trench is 
determined by the distance at 
which tensional fractures can 
penetrate through the upper plate 
t.o tap cr·nptible material. 

The predominance of transverse 
faults and other linear elements 
on land and offshore from the 
Aleutian Islands (Coats, 1962, fig. 
2; Gates and Gibson, 1956, fig. 12) 
and relativdy abrupt transverse 
boundaries for aftershock se­
quences of the February 1904 Rat 
Island earthquake (.Jordan and 
others, 1965), the 1957 earthquake 
sequence in the Andreanof-Fox 
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Island region (Brazee, 1965), and 
the 1!)64 carthqmtke ( p. I 15) , all 
lend support to the inference that 
transverse faults segment the plate 
above the megathrust into large 
tectonic blocks. Conversely, there 
is no seismological or geological 
evidence of systematic dextral 
strike-slip displacement parallel to 
the arc in support of the specula­
tion that it marks the t.race of a 
major :fault along which the :North 
Pacific Ocean basin is rotating 
counterclockwise mlative to North 

'America, as was suggested by 
Saint-Amand (1957, p. 1367). 

INFERRED REGIONAL STRESS 
PA'ITERN 

According to the sea-floor 
spreading hypothesis, compressive 
forces should be directed roughly 
normal to the arcs and the deep­
sea trenches would be interpreted 
as due to dragging down of the 
oceanic. crust. above a descending 
mantle convection current (Hess, 
1955, 1957, 1962). In the Aleutian 
An:,, transverse c,ompression land­
ward from the trench axis is sug­
gested by (1) the orientation of 
major stress axes derived from 
mechanism studies of most, hut 
not all, previous arc earthquakes 
(Balakina and others, 1961; Len­
sen, 1961, fig. 4); (2) the orie,n­
tation of the axes of folded lat.e 
Cenozoic rocks in the Aleutians, on 
the Alaska Peninsula and around 
the Gulf of Alaska roughly par­
allel to the arc trend (Coats, 1962, 
p. 93; Burk, 1965, p. 3; fig. 29) ; 
and ( 3) the distribution and na­
ture of the seismicity, surface 
faulting, and warping as.'30ciated 
with the 1064 earthquake. Both 
the pattern of residual displace­
ments in 1964 (fig. 3), and the late 
Cenozoic fold -fault pattern (fig. 
29) near the eastem end of the arc 
suggest that. regional eompres­
sional deformation extends across 
it, from llit least the out.er edge of 
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the Continental Shelf to the vicin­
ity of the volcanic arc. 

On the other hand, reconnais­
sance marine-geophysical studies 
across the Aleutian Trench and 
along the nort.h wall of the trench 
have revealed an apparent lack 
of :features indicating tmnsverse 
compression or the existence of a 
megathrust. intersecting the sen 
floor. From interpretations of 
gravity and magnetic data over 
the Aleutian Trench and outer 
margin of the arc southwest of 
Kodiak Island, Peter, Elvers, and 
Yellin ( 1965, p. 366) coneluded 
that there probably exists "crustal 
t.ension, rather than compression, 
underthrust, or dowrrbuckle." 
Marine reflection-refraction data 
suggest that the trench, with 
its relatively undeformed veneer 
o:f acoustieally transparent sedi­
ments, reflects an origin by tension 
or vertical movements o:f the crust. 
( Shor, 1966, p. 221; Ewing and 
others, 1965, p. 4599; Von Huene 
and others, 1966, p. 176). 

It should be emphasized, how­
ever, tha,t the geophysieal investi­
ga..t.ions, particularly along the 
north \Vall of the trench, have pro­
vided direct information only on 
the approximate geometry and 
properties of the crust; they do not 
permit unambiguous conclusions 
regarding the deformtlltions or the 
nature of the causative forces. 
More data, including a. knowledge 
of the lithology and internal strue­
ture of the crustal rock in these 
areas, are required to determine 
whether features t.hat seem to indi­
cate absence of eompression actu­
ally reflect the regiona 1 stress pat­
tern. The seismic and geologic evi­
dence in the eastern part of the 
Aleutian Arc suggests to me that 
any regional stress, other than 
transverse compre.<>Sion, must be 
largely limited to the part. of the 
arc that lie.<; sea ward from the edge 
of the Continental Shelf. 
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SUMMARY OF THE PRE­
HOLOCENE ( R E C E N T ) 
TECTONIC HISTORY OF 
SOUTH-CENTRAL ALASKA 

The tectQnic history along the 
~astern end of the Aleutian Arc 
and adjacent parts of south-cen­
tral Alaska may be interpreted 
from the geologic record of fold­
ing and faulting. This record sug­
gests that the present orogenic 
cycle, which probably began in 
Pliocene time, has resulted in 
r·egionai compressive deformation 
in a general northwest-southeast 
to north-south direction around 
the margin of the Gulf of Alaska. 
It further indicate::. that at least 
three previous major orogenies 
c u 1m in ate d in south-central 
Alaska during (1) late E ocene to 
carlv OiiO'ocene time, (2) Late 

·' "' Cretaceous to earliest Tertiary 
time, and (3) Middle(?) .Turassic 
to Late J urassie or Early Creta­
ceous time. These earlier orogenies 
are indicated by major uncon­
formities that divide the exposed 
section into four laterally continu­
ous time-stratigraphic unit::. that 
constitute g-ross subdivisions of the 
stratigrapl~ic record. For brevity 
they are referred to in the follow­
ing discussion as the late Cenozoic, 
early Cenozoic, late Mesozoic, and 
early Mesozoic and older se­
quences. They are described in the 
order named because it, is the 
youngest deformation that is of 
primary concern here and because 
each successive orogeny tends to 
mask earlier events and thereby 
obscure to a large extent the earlier 
tectonic history. 

Each of the four orogenies in­
volved significant structural short­
ening of thick cugeosynelinal or 
geosynclinal sequences along the 
continental margin through fold­
ing and imbricate faulting. Defor­
mation of coeval rocks inl and 
from the continental margin was 
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significantly less severe. This rela­
tionship may reflect a progressive 
rcdudio.n. in horizontal compres­
sive stress away from the conti­
nental margin, an increase in 
crustal competence, or a combina­
tion of both factors. In the moun­
t.ains bordering tk-, Gulf of Alaska 
and on the continental margin, the 
four major sequences form later­
ally continuous outcrop bands, 
commonly bounded by faults, 
which progressively increase in 
age from south to north (fig. 29). 
The d i s tr i b u ti on of coeval 
sequences to the north of the 
coastal mountains is not sho·wn in 
figure 29 because the sequences 
exhibit complex overlapping rela­
tionships and are obscured to a 
large extent by plutonic intru­
sions, young volcanic rocks, water, 
or a veneer o:f unconsolidated 
deposit::.. The larger plutons and 
active or dormant volcanoes in 
south-central Alaska are deline­
ated on figure 29. 

A conci::;e summary of the phys­
iography an:d general geology of 
the area affectoo by tootonic move­
ments during the earthquake, 
based on the compilation by 
W ahrhaftig ( 1966), has been given 
by Hansen and Eckel ( 1967) in 
the introductory volume of this 
report series and need not be re­
l~ated. here. The broad tectonic 
setting :utd structural history of 
Alaska has been presented by 
Payne (1 955) and by Gates and 
Gryc ( 1963) . The stratigraphy 
and general geology of sedimen­
ta.ry basins in south-eentral Alaska 
were discussed by Miller, Payne, 
and Gryc (1959). Burk (1966) 
synthesized the geology of the 
western Alaska Peninsula and 
analyzed the relationship of the 
peninsula to the Aleutian Arc and 
continental margin. Grant.z ( 1966) 
summarized data on strike-slip 
faults in Alaska and evaluated 
their role in the tectonic evolution 

of Alaska .. All these writers in­
cluded exhaustive bibliographies 
in their publications. Recent geo­
logic maps along the Gulf of 
Alaska margin inc1udo a 1:500,-
000-scale compilation of the area 
between Prince "William Sound 
and southeastern Alaska (Plafker, 
1967a) and a 1: 250,000-seale com­
pilation of most of the Kodiak 
group of islands (Moore, 1967). 
The. :following section is based 
largely on the public~tions cited 
above, but includes some modifica­
tions of the Cenozoic history based 
on previously unpublished U.S. 
Geological Survey druta. 

POST-MIOCENE DEFORMATION 

The orogeny, which began in 
Pliocene time a.nd continued to the 
present, resulted in differential up­
lift and faulting throughout 
southern Alaska (Miller and 
others, 1959, p. 17). Folding was 
severe along the margin of the 
Gulf of Alaska, but gentle. else­
where exr-ept in the immediate 
vicinit y of major fa.ults. During 
this orogeny, the coastal moun­
tains were uplifted and in places, 
especiaiJy to the west of Yakutat 
Bay, were thrust relatively south­
ward against the Pacific basin 
along a system of high-angle 
faults (fig. 29). Major faults and 
folds in the late Cenozoic sequence 
tend to paralJel the t.rends of the 
older structures in the Pacific Bor­
der Ranges; there is a general in­
crease in the intensity of folding 
and magnitude of fault displace­
ments from south to north across 
the deformed belt. 

Transverse trends occur in the 
structurally complex Controller 
Bay area east of PriM..e William 
Sound where folds involving Oli­
gocene and Mioc~ne strata. are 
typically of small amplitude, 
tightly compressed, and rasymmet­
ric or oveiturned; axin.l planes are 
inclined to the west or north. 



Horizontal shortening of upper 
Oligocene and lower Miocene 
strata along one 5-mile north­
south structure section in the Con­
troller Bay area averages close to 
25 percent. (Don J. Miller, unpub. 
data). 

To the east of the Controller 
Bay area the uppet· Cenozoie roeks 
form broad synclines and tightly 
appressed a.symmetrica.l anticlines 
cut by north-dipping overthrust 
faults that strike roughly para11el 
to the coast. At least some of these 
faults probably represent the lead­
ing edges of thrust sheets devel­
oped by gravitational gliding off 
t.he.uplifted Chugach-Saint Elias 
Mountains. On the south limbs of 
many of these anticlines, strata as 
young as la.te Pliocene are steeply 
dinninO' o.,. overlnrned towflrch; the 
north. At )east two major intra­
formational unconformities in the 
upper part of the sequence record 
pronounced folding and uplift 
during late Pliocene time. Minor 
unconformities and thick beds of 
coarse conglomeratic sediments in 
the sequence reflect intervals of 
local uplift and erosion beginning 
in early Miocene time. 

Ma.rine sedimentary rocks of 
early Pleistocene or younger age 
on M·iddleton Island near the edge 
of the Continental Shelf have been 
titled northwestward at an aver­
age angle of 28°, trun·cated, raised 
above sea level, and displaood by 
active mino1· faults. A pervasive 
conjugate system of shear joints 
cutting the sequenee refleets com­
pressive stress directed northwest­
southeast, normal to the strike of 
the beds. 

Bedded rocks of Oligocene 
through middle Mioc~ne age ex­
posed in narrow belts along the 
southeast coast of the Kodiak 
Islands, and Oligocene rocks on 
Chirikof Island, are tightly folded 
about northeast-trending axes and 
are locally overturne-d (Moore, 
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1967). Relatively undeformed Ter­
tiary rocks are exposed along the 
margin of the Gulf of Alaska only 
in the Trinity Islands and on 
Chirikof Island. On Chirikof, late 
Pliocene strata are exposed in 
homoclines with dips of lS~;s than 
100. 

Late Cenozoic deposits along 
the Aleutian Volcanic Arc, in the 
Cook Inlet-Susitna lowland and 
around the Copper River lowland, 
were uplifted and slightly de­
formed during Pliocene and 
Quaternary time into generally 
open folds, most of w·hir.h trend 
nearly parallel with the main arc 
or at a slightly oblique angle 
(Payne, 1955; Coats, 1962, p. 93; 
Burk, 1965, p. 121; Wolfe and 
others, 1966, p. A13). Most of the 
Eocene or younger Tertiary sedi­
mentary rocks around the margin 
of the Cook Inlet lowland are 
nearly flat lying, gently tilted, 
or folded into broad, open struc­
tures with flank dips generally 
less than 10°. Thinning of indi­
vidual stratigraphic units over· 
anticlinal erests in the subsur­
face and the occunence of 
topographic anomalies in areas 
mantled with Quaternary deposits 
suggest continuous active growth 
of some of these structures during 
late Cenozoic time (Kelly, 1963, 
p. 289, 296). 

LATE EOCENE TO EARLY 
OUGOCENE DEFORMATION 

A major episode of deforma­
tion and plutonic activity began 
in late Eocene time and probably 
culminated in early Oligocene 
time. This episode resulted in com­
plex folding, faulting, and mild 
metamorphism of early Tertiary 
rocks in the coastal belt (Plafker 
and MacNeil, 1966, p. 68) and 
probable minor warping and fault­
ing of the age-equivalent strata 
exposed in the northern part of the 
Cook Inlet-Susitna lowland (Mil­
ler and others, 1959, p. 18). Folds 
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in the southern belt commonly are 
of short wavelength, tightly ap­
pressed ;vith flank dips in excess of 
50° and loc.ally overturned both 
toward the north and south. In­
dividual folds are of small ampli· 
tude and lateral extent and arc 
complicated by intricate drag 
folding and minor overthrust. 
faults. Horizontal shortening 
across a typical folded section, 
such as that shown in figure 31, 
commonly exceeds 45 percent, ex­
clusive of imbrication on faults. 
Net shortening across the outcrop 
belt of lower Tertiary rocks is in­
determinate because the structure 
has not been mapped in detail and 
traceable key horizons are gener­
ally absent. Conceivwbly, it could 
average as much as 45 percent or 
more across the entire outcrop 
belt; a net surface shorten]ng of at 
least 30 miles in the Prince Wil­
liam Sound area. In a gross sense 
the strik€8 of bedding planes and 
fold axes tend to parallel rthe struc­
tural trends of the older rocks. 
They are notably divergent and 
complex in northeast~rn Prince 
William Sound and in the area 
immediately east of the sound (fig. 
29), possibly because these areas 
are situated close to the axis of 
Carey's postulated Alaska orocline 
(1958, p. 209-212). Postorogenic 
potash-rich granite plutons of 
probable early Oligocene age 
(Lanphere, 1966, p. D197) with 
pronounced thermal aureoles are 
intrusive into the eady Tertiary 
and older rocks in and near the 
Prince "\Villiam Sound region. 

Deformation of the early Terti­
ary rocks in the Cook Inlet­
Susitna lowland during the early 
Cenozoic and later orogenies is 
characterized by broad open fold­
ing, flank dips commonly being 
less than 50° except in the imme­
diate vicinity of faults. The strike 
of fold axes and of the steeply 
dipping faults of moderate dis-
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31.-Structure of the early Tertiary Orca Group exposed in a !<ea cliff along the north shore of MacLeod Harbor, Montague 

Island, Prince William Sound. 

placement that offset the sequence 
is roughly para1lel or at a slightly 
oblique angle to the trend of the 
adjacent mountain ranges. Hori­
zontal shortening of Paleocene or 
Eocene strata through folding and 
faulting along a 5-mile-long north­
west-southeast section across the 
Matanuska Valley (Barnes, 1962, 
section A-A') is about 25 petcent. 
T his figure undoubtedly ap­
proaches the approximate maxi­
mum amount of shortening in the 
sequence, because the section is lo­
cated in a narrow structurally 

complex trough bounded on its 
north side by the active Castle 
Motmtain fault. 

LATE CRETACEOUS TO EARLY 
TERTIARY DEFORMATION 

A major episode of diastroph­
ism, corresponding to an early 
phase of the Laramide orogeny in 
the time interval from Late Cre­
taceous to early Tertiary, resulted 
in regional deformation and wide­
!Spread intrusive activity in the 
Kodiak-Kenai-Chugach Moun­
tains (Chugach Mountains geo­
syncline of Payne, 1955) and in 

the Alaska Range (Alaska Range 
geosyncline of Payne, 1955), with 
relatively slight deformation of 
rocks in the intervening area 
(Matanuska geosyncline of Payne, 
1955). Figure 32 shows the style of 
deformation in one particularly 
we11 exposed outcrop area of prob­
able late Mesozoic rocks along the 
south coast of the Kenai Peninsula 
immediately west of Prince Wil­
liam Sound. Structural shortening 
by folding across the section is 
about 55 percent, and there is an 
unknown -amount of additional 



TECTONICS 153 

300' 
WEST EAST 

z 
0 200' 
1-

/ c{ 
/ > -/ 

w ---_J 100' w 

Unexposed 

SEA 
LEVEL 

0 1000 2000 FEET 

32.- Structure of probable late Mesozoic rocks along the SQutbeast coast of the Kenai Peninsula immediately west of Prince 
William Sound {Martin and others, 1915, p. 216). 

shortening by imbrication on over­
thrust faults. A c o m p a r a b l e 
amount of deformation across the 
entire late Mesozoic outcrop belt 
would have resulted in a net short­
ening of the original sequence by 
40-60 miles. Deformation of the 
sequence was accompanied by em­
placement of stocks and small 
batholiths, predominantly of 
quartz diorite and related plutonic 
rocks, and by metamorphism and 
penetrative deformation of rocks 
in the cores of t.he eastern Chugach 
Mountains, the Saint Elias Moun­
tains, and the Fairweather Range. 

During the Late Cretaceous to 
early Tertiary orogeny, deforma,­
tion inland from the coastal moun­
tains was mainly by uplift, broad 
open folding, and displacement on 
steeply dipping faults as indicated 
diagrammatically on section A­
A', figure 29. Published structure 
sections across the sequence around 
the margins of the Copper River 
lowland (Grantz, 1965, sheet 3; 
Miller and MacCoii, 1964) and on 
the Alaska Peninsula (Burk, 1965, 
figs. 21, 22) indicate structural 
shortening of Late Cret.'tceous 
strata that ranges from 5 to 20 per­
cent. and probably averages no 
more than 10 percent. 

MIDDLE (?) JURASSIC TO EARLY 
CRETACEOUS DEFORMATION 

All the older rocks in south­
central Alaska were strongly af­
fected by the major orogenic epi­
sode, roughly corresponding to the 

Nevadan orogeny, that began be­
tween latest Early Jurassic and 
earliest Middle .T urassic time and 
may have continued intermittently 
into earliest Cretaceous time. 
Rocks in the Seldovia geanticline 
were folded, complexly faulted, 
and regionally metamorphosed; 
deformation in the Talkeetna 
geanticline was considerably more 
variable and depended largely 
upon proximity to major batho­
liths. The orogeny was accom­
partied or immediately followed by 
emplacement of (1) numerous plu­
tonic masses that range in com­
position from peridotite to grano­
diorite in the coastal mountains 
belt and (2) plutons of felsic com­
position and of batholithic size on 
the Alaska Peninsula an:d in the 
Talkeetna Mountains, with resul­
tant contact metamorphism of the 
enclosing bedded rocks. The pre­
vailing schistosity and slaty cleav­
age in the rocks of the coastal 
mountains are nearly vertical and 
have a variable strike that gen­
erally parallel roughly, or is at a 
small oblique angle to, the trend of 
the mountains. 

A slight unconformity between 
rocks of Permian and Middle Tri­
assic age in t.he Talkeetna Moun­
tains (MadCevett and others, 
1964) and the apparent absence of 
bedded rocks of Pennsylvanian, 
part of Permian, and Early Trias­
sic age tl1roughout the region sug­
gest that these times were in­
tervals of uplift and erosion. 

MAJOR SURFACE FAULTS 
IN SOUTH-CENTRAL 

ALASKA 

The longer coastal faults, or 
systems of faults, in south-central 
Alaska tend to follow the arcuate 
grain of the mountain ranges and 
the margin of the Gulf of Alaska,; 
larger faults inland from the coast 
trend obliquely across some of the 
mountain ranges (fig. 29). In de­
tail the faults do not form simple 
arcs but instead consist of linear 
segments of variable length, the 
included angles between adjacent 
segments being as little as 150°. 
Two minor north-south trending 
faults with Holocene movement 
intersect the regional grain at 
large oblique angles in the Con­
troller Bay area, (Ragged Moun­
tain fault) and in the central 
Kenai Mountains (Kenai linea­
ment). 

Of ti1e major faults delineated 
on figure 29, all but the Bruin Bay 
fault and the reverse fault along 
ti1e northwest side of the Kodiak 
Island group exhibit evidence of 
post-Miocene movement; several 
have been active during post-Pleis­
tocene (Holocene) time. Surface 
deformation was recorded in Alas­
ka in conjunction with only three 
previous historic earthquakes 
along the Gulf of Alaska, at Chiri­
kof Island in 1880 (George W. 
Moore, 1962, unpubl. data,), :at 
Yakutat Bay in 1899 (Tarr and 
Martin, Hl12), and along the Fair­
weather fault in 1958 (Tocher, 
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TABLE 5.-Radiocarbon-dated samples used in determining the relative ages of shoreline features 

Locality 
No. 

Lab. No. Location 

P-1039 I Kodiak Island_ _ _ ___ _ __ _ 

2 P=1034 Sitkalidak Isalnd _________________ _ 
3 P 1036 Ao---------- ------ -------
4 _____ 

1 
Kul<a.k Bay, Shelikof Strait ______ _ 

: ::::::::::::I=====~~::::::::::::::::::::::::::::: 
~ ·p-..:13s -- ---l-¥u.k:~':l:rsiim:d.;-:K;.cii,;m:aii: iiaY.:::: 
9 P-139 '-----d0-----------------------------

10 \\'-299 Girdwood, Turnagain Arm ______ _ 

11 W-175 _____ do ___________________________ _ 
12 W-1720 Seward. _____ ---------- -----------

13 W-1589 Perry Island, Prince William 
Sound. 

14 W-1.588 Point c-ro,.'IJII, Prlnoo William 
Sound. 

15 W-159? Columbia Bay, Prince William 
Sound. 

16 W-1591 La touche Island, Prince William 
Sound. 

17 W-1590 MacLeod Harbor, Prince William 
Sound. 

18 W-1764 ____ _dQ _____________________________ 

19 W-1700 Patton Bay, Montague Island. __ .. 

2ll W-1770 ----.dO-----------------------------
21 LJ-943 Copper River Delta area __________ 
22 LJ-945 ______ do _____________________________ 

23 LJ-0032 -----dO---·-------------------------
24 LJ-939 ----_do _____ ------------------------
26 LJ-938 _____ dO-----------------------------
26 I-6 Katalla area _______________________ 
27 I-7 _____ dO--------------------- -- ------
28 W-376 Cape Suckling __ . _ , 

29 W-1729 ----.dO.----------------------------
30 W-462 _____ do ___________________________ 

31 W-1724 Middleton Island. _______ ---------
32 W-1404 -----dO-----------------------------

33 W-1405 -----dO-----------------------------

34 W-1722 Stockdale Harber, Prince William 
Sound. 

35 LJ-0033 Copper River Delta area----------

36 LJ-0034 __ --.do _____________________________ 

--- -~-.--

1 Approximate. 

1960). Although surface breakage 
may have occurred along faults 
during other earthquakes in Alas­
ka, such features could easily have 
gone undetected had they occurred 
in the vast uninhabited parts of 
the State. 

The sense of late Cenozoic dis­
placement on the faults shown in 
figure 29 is given where known. In 
general, f.aults in south-eentral 
Alaska that trend northeast or 
east are predominantly overthrusts 
or ol>lique overthrusts that dip 

[Locations of sample sites shown on fig. 33] 

Ago (B.P.) 

3,279 

5, 519±78 
3, 945±65 
1,460±95 

1,450±130 
1,075±100 

775±110 
1,369±102 

2, 706±11~ 
2,800±180 

700±250 
=200 

3, 68il±300 

I 
Submergence (-) or 

emergence ( +) relative 
to preearthquake 

j datum (feet) 

Data souroo 

1-3.3 ---- ___ Clark (11'66, p. 370)--------

Slight emergence.----- ____ _do _____ ----------------
_do _________________ ._._do_._________ --------

No apparent change .. , D. E. Dumond (written 
commun., March 28, 
1966). 

_---.do .. _______________ - ___ .do _______ -_--------. __ _ 
_____ do ______________________ do _____ --- ___ ----------
-----do ______________________ do ____________________ _ 
-4to -10... __________ Rainey and Ralph (1959) __ 

Comments 

Archacologic site in submerged beach 
deposits. 

Archaeologic site in elevated beach ridge. 
Do. 

Archaeologic site in present beach rid go. 

Do. 
Do. 
Do. 

Antlor bone from archaeological site in 
submerged beach deposits. 

1 -16------------------ -----dO------------------___ Do. 
1 -15 ___ ------------- Karlstrom (1964, p. 48) ____ Peat in tidal silts and bog deposits. Pos-

, slble signlllcant surncial su bsidenco. 
-2Y.J _______________________ do _________ -------_____ Do. 
I -7 ________ __________ Plafker and Rubin (1967)_ Rooted stump on delta. Indicated sub--

mergence may be due to significant 
surficial slumping of unconsolidated 
deltaic deposits. 

-11.2----------------- _____ do_____________________ Rooted stump on submerged beach. 

930±200 -17_ _ _____ _dO--------------------- Wood fragment from interbedded peat ann 
gravel on submerged beach. 

1,140±250 -6------- __ _ ____________ _do ____________ .------- Rooted stump on submerged beach. 

230±200 -8.5------ - ----------- ____ .dO--------------------- Do. 

ti60±200 -9. 7 _______________________ do_____________________ Do. 

380±200 1-8------------------ M. J. Kirkby (written Rooted stump in submerged river delta. 
commun., 1967). 

600±200 '-lz___ , ____ _cto _____________________ Wood fragment from submerged peat and 
gravel deposits. 

2,070±200 11+20 ______________________ do _____________________ Peat on elevated beach deposits. 
1'~~~~g =~~:L=·::::: :::==:: -~~~-i~~-~~~~·-~:-~~)=:::: Rooted stumps on deltaic and marsh 

1 deposits. Su btnergonco may be exag-
' gerated owing to surficial subsl-

denc. 
700±50 -1ij, 8----- ______________ ..• do ________________ -----

fl!~~~~~~~~~~~~~~~=~~~ ~~~~l~~~~~~~.~~~:~?~~~~J Peatri~~m e~vated terrace. 

725±35 
700±30 

7, 650±330 
3, 770±200 

390±160 1 -14 ______ ----------- Rubin and Alexander Rooted stump on submerged rocll: Plat-

710±200 
(1958). form. 

-H ___________________ P!afkcr and Rubin (1967)- Do. 
5, 120±220 1+20 _____ , ___________ Rubin and Alexander Shells on elevated terrace. 

(1958). 
+22 _________ --------- _____ dO--------------------- Driftwood on elevated terrace. 
+58------------------- Levin and others (1905, Do. 

1,350±200 
2,390±200 

4,470±250 
p.392). 

+137 _________________ Levin and others (1965, Do. 

>200 
p. 392-393). 

-8 ____________________ Plafker and Rubin (1967). Rooted stump on submerged beach. 

-15. 9_________________ Reinmitz (1966, p. 85)- ____ Rooted stump on deltaic and marsh 
dc£~~its. 

860±50 

1, 700±100 -22. o_ ---------------- -- ___ do ________ -------------: 

north ward at moderate to steep 
angles, with north sides relatively 
upthrown. Horizontal movements 
on major longitudinal faults are 
largely restricted to the northwest­
trending Fairweather fault and to 
the northwest and east-west trend­
ing parts of the Denali fault sys­
tem, both of which are predomi­
nantly right-lat.eral. Geologic rela­
tionships across many of the faults 
suggest that they have undergone 
recurrent movement during Olno­
zoic and much of Mesozoic t;ime 
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and that the sense of displa.cement 
along some of them has changed 
with time. The orientation and the 
Quaternary displacement on these 
faults reflects tangential compres­
sion oriented north-south to north­
west-southeast along the margin of 
the Gulf of .Alaska, perhaps rotat­
ing ti() a more nearly east-west 
direction in central Alaska. The 
broad fault pattern implies that 
the Pacific Ocean basin is moving 
north to northwest relative to the 
mainland. Thus, the ocean basin 



appears to be shearing relatively 
past the mainland of British Co­
lumbia and southeastern Alaska 
along the system of northwest­
trending right-lateral strike-slip 
faults, whereas it shears relatively 
beneath the continental margin 
and Aleutian Arc in central and 
"·estern Alaska along a system o£ 
imbricate thrust (underthrust?) 
faults. 

THE PREEARTHQUAKE 
HOLOCENE (RE'CENT) 
RECORD OF VERTICAL 

SHORELINE MOVEMENTS 

:Yumerous records o£ preearth­
quake differential shoreline move­
ments relative to sea level provide 
data on the history o£ vertical tec­
tonic movements during Holocene 
time. Reconnaissance studies of the 
displaced shorelines have brought 
out (1) a general similarity be­
tween the pattern of earthquake 
displacements and the long-term 
trend of Holocene coastal emer­
genP,e. or submergence, and (2) a 
remarkable recent widespread sub­
mergence over much of the zone 
that was uplifted during the 1964 
earthquake and over at least part 
of the zone that subsided. In addi­
tion, rn;diocarbon dating o£ mate­
rial from coastal sites has provided 
quantitative data on the duration 
and rat,es of these Holocene move­
ments. 

Data and interpretations pre­
sented in this section are largely 
taken £rom a preliminary paper 
by Plafker and Rubin (1967). All 
radiocarbon-dated samples re­
ferred to, sources, and other pcrti­
nent data are listed in table 5; 
sample locations are shown on 
fig11re 33. 

As used herein, the terms "up­
lift" and "subsidence" describe a 
tectonic rise or fall o£ the land; 
"emergenee" and "submergen·ce" 
indicate relative movements that 
may he the sum o£ both tectonic. 
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movements and eustatic sea-level 
changes. Tectonic movements in­
clude those that result from both 
diastrophic and isostatic processes. 
"Long-term" refers to shoreline 
changes relative to s&'t level having 
durations measured in thousands 
of years; "short-te.rm" refers to the 
general submergence that oceurred 
during the 1,350 years or less prior 
to the earthquake. 

Some of the observed rceent sub­
mergence in areas shown on figure 
33 is undoubtedly exaggerated by 
the loeal vibration-indueed com­
paetion or slumping of uncon­
solidated deposits during the 
earthquakes that frequently rock 
this seismieu.lly active region. As 
was demonstrated during the 1964 
eacl.hquake, surfieial submergence 
may be substantial in areas of thiek 
unoonsolidated saturated de­
posit.s-especially in those deposits 
that are not constrained on one or 
more sides, such n;s deltas, spits, 
and barrier beaches. Consequently, 
rooted tree stumps, on bedrock or 
on thin beaeh deposits overlying 
bedrock, were used to determine 
amounts and rates of pre-1964 
vertical displacement wherever 
possible. 

In the absence of a reliable local 
eustatic sea-level record £or south­
ern Alaska, it is assumed that 
Holocene sea levels were probably 
comparable to those in more tec­
tonically stable parts o£ the world 
where the sea-level reeord has been 
worked out in some detail. Three 
reecnt interpretations of eustatic 
sea levels are shown on figure 34. 
Most o£ these studies suggest 
either ( 1) a rather rapid rise in 
sea level at an average rate of 
about 0.08 inch per year until it 
reached appro:x:i.mately its present 
level between 2,000 and 6,000 years 
ago (Coleman and Smith, 1964), 
or (2) that sea level has be,en ris­
ing slowly and continuously from 
about -33 feet to its present level 
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during the past 7,000 years with a 
generally rising, but fluctuating, 
sea level between about 15,000 and 
7,000 years B.P. (Curray, 1961). 
Some authorities believe that sea 
level reached its present position 
from n,ooo to 5,000 years ago and 
has been fluctuating above and be­
low its present position by about 
3-6 feet ever since (Fairbridge, 
1961). For present purposes, it is 
significant to note that none of 
these studies suggest that eustatic 
sea-level fluctuations during the 
last 10,000 years were large enough 
alone to explain the relative shore­
line displacements found along tl1e 
eoast o£ south-central Alaska. 

LONG-TERM HOLOCENE 
EMERGENCE AND SUBMERGENCE 

The record of Holocene dis­
placements in the area affected by 
the. earthquake, as deduced £rom 
shoreline morphology and £rom 
radiocarbon dates, is outlined in 
the following section. Places re­
ferred to and the spatial distribu­
tion of radiocarbon-dated shore­
line samples in relation to the 1964 
deformation are shown in figure 
33. The age and pre-1964 position 
o£ these samples relative to sea 
level is shown in figure 34. 

Much of the shore in the moun­
tainous southern part of the area 
that subsided during the earth­
quake exhibits the eharacteristic 
features of a deeply drowned 
coast. Submerged shorelines oecur 
along most o£ Kodiak and the ad 
jacent islands, the southern Kenai 
Peninsula, the south shore o£ 
Kachemak Bay, and part o£ Turn­
again Arm. The northern and east­
ern parts of the Prinee vVilliam 
Sound region also appear to be 
submergent, although the evidence 
for relative shoreline movements 
is somewhat obscured by recent 
glaciation in most o£ the fiords. In 
these submerged mountainous 
areas, former rocky ridges are 
now peninsulas or islands, and 
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used in determining the relative 
ages of shoreline features. Pertinent 
data relating to the samples are 
given in table 5 

~200 

Emergent shoreline of Pleistocene or 
early Holocene age 

Number indicates approximate amount of 
uplift in feet 

---------a---------
Zero isobase of vertical tectonic dis-

placements associated with the 1964 
earthquake 

33.-Areal distribution of vertical displacements associated with the 1964 earthquake, areas of preearthquake submergence, and 
locations of radi.ooarbon~ated samples used to determine relative ages of shoreline features. 
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34.-Pre-1964 positions of radiocarbon-Uated samples relative to the pre-1964 sea level and proposed eustatic sea levels af Curray 
(1961), Fairbridge (1001), and Coleman and Smitb (1964). The duration of the inferred period of short-term subsidence is 

indicated by the stippled aroo. Sample locations at Yukon island (A), Girdwood (B), Middleton lsland (0), Katana (D), and 
Kukiak Bay (E) are connected by solid lines. 
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35.-Deeply submergt>d coast along the southern Kenai enlnsula. EmbaymentH, which 
11:ive the shore a distinctive scalloped appearance, are cirques whose floors are drowned 
to depths of as much as 300 feet below sea level Short>line shown wa~ submerged an 
additional 2-5 feet in 1964. Photograph by 'I'. L. Pewe. 

drowned river valleys or glacial 
cirques have become embayments 
(fig. 35). The general scarcity of 
well-developed sea cliffs, beaches, 
and similar shore features atte>ts 
to the recency of the submergence. 
Elsewhere in the subsided zone, 
coastal bogs of terrestrial peat and 
some aboriginal dwelling sites that 
are now inundated by high tides 
also indicate long-continued sub­
mergence relative to sea level. 

The most pronounced submer­
gence appears to be in the vicinity 
of the axis of maximum subsidence 
during the 1964 earthquake-a 
region which roughly coincides 
with the crest of the Kenai and 
Kodiak Mountains (pl. 1). Al­
•though the absolute maximum 
amount of postglacial submer­
gence cannot be determined, an 
indication of it is provided by dif­
ferences in the altitudes of cirque 
floors of probable 'Wisconsin age 
along this part of the coast which 
preslllilably were formed at a 
fairly uniform level. The lowest 
cirque floors along the outer coast 
of Prince William Sound and in 

most of the Kodiak Island group­
areas away from the region of 
maximum submergence-lie at al­
titudes ranging from 800 to 1,000 
feet above sea level, but cirque 
floors along the south coast of the 
Kenai Peninsula range in altitude 
from 300 feet below sea level to 
800 feet above sea level. This dif­
ference in cirque levels suggests at 
least 300, and perhaps as much as 
several hundred feet, of submer­
gence in the Kenai Peninsula area. 

In contrast to the zone of sub­
sidence, the coast in those areas 
where the land has risen relative 
to the sea is generally smoother in 
outline and commonly exhibits, 
among other features, one or more 
wave-cut terraces or uplifted 
beaches rising to elevations of at 
least 200 feet (figs. 36, 37). In the 
major zone of uplift such features 
are characteristic of the points and 
capes on the seaward side of Ko­
diak Island, the islands of the 
southern and eastern Prince Wil­
liam Sound region, much of the 
mainland coast east of Cape Suck­
ling, and Middleton Island on the 

Continental Shelf. Comparable 
emergent shores with postglacial 
terraces as much as 1,700 foot high 
occur all along the mainland coast 
to the east of the area that was 
affected by the 1964 earthquake. 

Relatively stable or emergent 
shores occur along parts of the 
Cook Inlet and Shelikof Strait 
coasts in areas that either subsided 
slightly, remained unchanged, or 
were slightly uplifted during the 
1964 earthquake (fig. 33). Many 
of these emergent shorelines are 
probably pre-Holocene features 
related to high eustatic sea levels 
rather than to tectonic movements 
(Hopkins and others, 1965, p. 
1113; Karlstrom, 1964, p. 34-37). 

The record of long-term Holo­
cene deformation within the ma­
jor zone of uplift in the area be­
tween the Copper River Delta and 
Cape Suckling is seemingly anom­
alous in that uplifted surfaces de­
scribed as marine terraces, and 
drowned forests or sphagnum-peat 
horizons, occur in close association 
with one another. Date'd marine 
terraces at Katalla (nos. 26, 27, 
fig. 34) and Cape Suckling (no. 
30, fig. 34) record net Holocene 
emergence; recent net submer­
gence is indicated by (1) a dated 
wood sample from the Copper 
River Delta (no. 36, fig. 34) that 
was submerged 22 feet in the 1,700 
years prior to the earthquake but 
was uplifted only about 6 feet at 
the time of the earthquake, (2) a 
widespread horizon of terrestrial 
peat of unknown age that was 
penetrated i11 borings at depths as 
much as 40 feet ·below sea level in 
the lower Copper River Delta and 
to a depth of 30 feet at Bering 
Lake (Tarr and Martin, 1914, p. 
462-463), and (3) fot'est horizons 
in the Katalla and Cape Suckling 
areas submerged prior to the earth­
quake by amounts that were con­
siderably larger than the earth­
quake-related uplift at ·these same 
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36.-l\luskeg-covered preeartllquake marine terrace on Middleton Island at an alti­
tude of 110- 12;:; feet- It is one of five uplifted terraces on the island, and surf-eut rock 
platform exposed between the base of the sea cliff and the new high-tide level is a 
sixth termce formed by uplift of about 11 feet in 1964. White specks are seagulls. 
Photograpb taken near 7 -foot tide stage, April 4. 1964. 

37.-The linear tree-covered beach ridge in this view is one of nine elevated beach 
ridges n.ear Katana, east of the Copper River Delta. Uplift of about 9 feet in 1964 
srrifted the shoreline several bundred feet senward where another beach ridge is in 
process of formation. Photograpb taken near zero tid<> stasre .. Tulv 2R 1964. 

localities. The relative ages of 
dated samples in these areas sug­
gest that the long-term displace­
ment may have reversed direction 
from uplift to submergence during 
the time interval between about 
3,770 and 1,700 years B.P. 

Radiocarbon dating of organic 

material from terraces, peat bogs, 
and archaeological sites in coastal 
areas affected by the earthquake 
has provided some preliminary 
data on average long-term dis­
placement trend~ relative to sea 
level at a number of localities. Dis­
placement-time curves at the five 
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localities (A-E) in the area for 
which multiple samples are avail­
able are shown in figure 34. Points 
on the graph are the preearthquake 
position relative to mean lower low 
water plotted against age in mil­
lenia of radiocarbon-'tlated ma­
terial from these five sites. The 
available dated samples were col­
lected by several different workers 
over a period of 30 years and were 
analyzed in three different labora­
tories. In spite of the small num­
ber of samples at each site, uncer­
tainties in their exact positions 
relative to S8<'t level, and the ever­
present prdblem of analytical or 
sampling errors, it is noteworthy 
that the results appear to be re­
markably consistent with one an­
other and with the displacements 
that O('_eurred in 1964. 

These data indicate that the two 
localities at Yukon Island (A) and 
Girdwood (B) have subsided rela­
tive to present sea level at an aver­
age rate of about 0.7- 1.0 foot per 
century during the time interval 
from 2,800 to 700 years B.P., 
whereas those at Middleton Island 
( 0) and Katalla (D) in the up­
lifted area have risen at the much 
greater average rate of at least 3.3 
feet per century between 7,650 and 
1,350 years B.P. The rate of uplift 
would be increased somewhat if 
any of the deduced eustatic sea 
levels are used in place of the 1964 
sea level. The shore at Kukak Bay 
(E), which was not affected by the 
earthquake, has apparently under­
gone no detectable net change in 
its present position relative to sea 
level since at least 1,450 B.P. 

Detailed study of the emergent 
shorelines shows that the long­
term vertical movements occurred, 
at ]east in part, as a series of up­
ward pulses separated by inter­
vals of stability or even gradual 
submergence. Evidence for peri­
odic uplift is exceptionally well 
displayed on Middleton Island 
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where the surface consists of a 
:fEght of five gently sloping and 
well-developed marine terraces 
separated by wave-cut cliffs or 
rises ranging from 20 to ao feet 
each (Miller, 1953; Plafker, un­
pub. data, 1963, 1964, 1965). The 
highest terrace, forming the flat 
central part of the island, has a 
general altitude of 130-105 feet. 
Sudden uplift of 10-13 feet dur­
ing the 1964 earthquake, which ex­
posed a sixth surf-cut terrace 
(shown on fig. ::16), suggests that 
perhaps the earlier terraces may 
also have been expcsed by a series 
of upward pulses during previous 
earthquakes. Radiocarbon-dated 
driftwood from the highest and 
lowest, of these preearthquake plat­
formS-on Middleton I sland dates 
initial uplift of the island at 
4~4'70±250 years ago and uplift of 
the lowest preeRrthquake tsrrace 
at approximately 1,350±200 years 
RP. (nos. 33, 31, table 5). Thus, 
the extntpolated average time in­
terval between successive uplifts 
of the three intervening terraces 
would be close to 800 ye;ws. 

Because moRt of the dated 
samples were taken from deposits 
laid down when the postglacial 
eustatic sea level was rising grad­
ually or was at about its present 
stand, the emergent shorelines 
probably result almost entirely 
from tectonic m o v em en t s. 
Although some slightly submerged 
shorelines may be attributed to the 
effects of a late Holocene rise of 
sea level and to local surficial sub­
sidence of unconsolidated depositsl 
in most, instances the submergence 
is so large when compared to 
deduced eustatic curves that it 
must also be at least partly due to 
tectonic subsidence. 

Regional submergence of the 
Kenai and Kodiak ~fountains is 
dearly anomalous in that the 
movements are in a direction that 
tends to reduce the elevation of 
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these youthful mountain ranges. 
Furthermore, because the net load 
of glacial ice on the mountains has 
been steadily diminished since the 
Pleistocene, isostatic adjustments, 
if any, should be upward. Thus, 
the submergence is !t counter­
isostatic process that can only be 
attributed to regional diastrophic 
movements. 

Less certain is the extent to 
which the regional postglacial up­
lift reliects isostatic compensation 
resulting from unloading of ice 
and the extent to which it is caused 
by diastrophic movements. Both 
processes are undoubtedly in­
volved. However, the known seis­
mic n.ctivity of the region, the 
evidence for pulsating rather than 
c.ontiuuous emergence, and the ap­
parent late Holocene reversals in 
the sense of the net displacements 
over part of the region suggest that 
the movements were also, to a large 
extent, diastrophic in nature. 

SHORT-TERM TECfONIC 
SUBMERGENCE 

Much of the coast in the region 
affected by tA)ctonic movements 
during the 1964 earthquake had 
experienced a pronounced submer­
gence for several centuries prior 
to that event. This phenomenon 
was probably first recorded by the 
great English navigat{)r, George 
Vancouver, who explored Prinee 
William Sound between May 25 
and June 17, 1194 (Vancouver, 
1801, v. 5, p. 335-336). He noted 
that on northern Montague Island 
"The shores are in general low, and 
as had been already observed, very 
swampy in many places, on which 
the sea appears to be making more 
ntpid encroachments than I ever 
before ,saw or heard of * * * 
[trees along the shore] were re­
du'Ced to naked, dead white stumps, 
by the encroachment of the sea 
water to t:heir roots; and some 
stumps of trees, with their roots 

still fast in the ground, were also 
found in no very advanced state of 
decay nearly as low down as the 
low water of spring tides." The 
fad that low water of spring tides 
is about 13 feet below the normal 
lo·wer growth limit of trees in this 
area indicates almost that amount 
of submergence prior to 1794. The 
characteristic appearance of these 
drowned forests in Prince William 
Sound and along the coast at Cape 
Suckling east of the Sound is illus­
trated by figures 38 and 39. 

Evidence for active submergence 
along the coast of the type first 
described Ly Vancouver was sub­
sequently noted by geologists, 
archaeologists, and botanists in the 
following places: ( 1) the Con­
troller Bay area east of Prince 
WillitLm Sound (Tarr and Martin, 
1914), (2) the Copper River re­
gion (Schrader, 1900, p. 404; 
Reimnitz, 1966, p. 112-125), ( 3) 
around Prince William Sound 
(Grant and Higgins, 1910; Moffitt, 
1954 ; Dachnowski-Stokes, 1941; 
De Laguna, 1956, ( 4) around 
Kachemak Bay on the southern 
Kenai Peninsula (De Laguna, 
1934), ( 5) in the upper Cook Inlet 
region (Karlstrom, 1964, p. 48), 
and (6) in at least two localities 
on Kodiak Island (Clark, 1966). 

Reconnaissance studies by the 
Geolog~crtl Survey of all these 
shorelines a;fter the 1964 earth­
quake suggest. that the submer­
gence observed is a regional phe­
nomenon that has affected much, 
if not all, of the Prince ·william 
Sound region, the mainland c,oast 
and islands east of Prince William 
Sound, the south coast of the 
Kenai Peninsula at least as far as 
Kachemak nay, parts of Turn­
a~ain Arm, and segments of the 
southeastern coast of the Kodiak 
group of islands. Undoubtedly, 
many more such localities could 
be found by detailed examination 
of the shorelines. Areas within 
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38.-Bleached trunks of spruce trees on Latouche Island, Prince William Sound, 
killed by salt-water immersion and partially buried in beach grevel as a result of 
about 8 feelt of submergence below preea.rthquake extreme high-ti'de leveL The locality 
was exposed by 8 feet of uplift in 1964. Photograph taken May 28, 1964. 

39.-Spruce tree stumps (foreground) rooted in a thin layer of peat on ·a surf-cut 
bedrock surface about 14 feet below pree-.uthquake extreme high water (tindica.ted by 
the rtop of the line of driftwood below the present forest edge in the background). 
Radiocarbon age of a stump near the base of the stadi<a rod was 710±200 years 
(no. 29, fig. 34). These stumps were exposed by about 16 feet of uplift in 1964. 

Photograph taken July 24,1964. 
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which there is evidence of pre­
earthquake submergence are indi­
cated on figure 33 and the ages and 
positions relative to sea level of 
the dated samples are shown on 
figure 34. In a few scattered locali­
ties within Prince William Sound, 
evidence of stable shorelines or of 
possible recent slight uplift (no 
more than 4 ft) was found. This 
evidence suggests that small areas 
may have acted as independent 
tectonic units that did not take 
part in the general submergence. 

The available data is insufficient 
for determining whether the sub­
mergence, which affected the off­
shore islands from Kayak Island 
to the Copper River Delta, ex­
tended as far out on the Conti­
nental Shelf as Middleton Island. 
Preearthquake sea levels that 
reached to the base of the prom­
inent sea cliff encircling much of 
the island indicate either a long 
period of relative stability and 
erosion or some submergence since 
the last upli:ft of the island 
roughly 1,350 years ago. 

The record of preearthquake 
submergence in the zone that was 
lowered in relation to sea level is 
much less complete than that for 
the zone that was raised, mainly 
because much of the evidence is 
now below lowest low tide. A vail­
able data suggest that submer­
gence occurred along parts of the 
coast of the Kenai Peninsula and 
the Kodiak group of islands but 
that submergence probably was 
much less than in the area from 
Prince Wi11iam Sound to Cape 
Suckling. No change in mean sea 
level attributable to tectonic move­
ments was detected in a 21-year 
tidal record at Seward and a 15-
year reeord at Kodiak. An appar­
ently large preearthquake sub­
mergence on the delta of Spruce 
Creek near Seward of about 6.9 
feet in less than 200 years, as indi­
cated by drowned rooted tree 
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stumps (no. 12, fig. 34), may be 
partly due to slumping and (or) 
compaction cif deltaic deposits. 

Radiocarbon dates from 
drowned terrestrial plants that 
were probably killed by sea-water 
encroachment provide data that 
permit a crude estimate of the du­
ration and average rate of the 
short-te.rm preearthquake sub­
mergence. Ages in radiocarbon 
years Yer·sns amount of submer­
gcnl".e of stunp1es taken {rom the 
~ost deeply submerged terrestrial 
\·egetat ion at eaeh site are plotted 
in the stippled area on figm·e M. 
The fairly regular linear distribu­
tion of 14 ont of. 16 samples, all 
from the area between Se"·ard and 
Cape Suckling, suggests a general 
submergence at 1t rate that aver­
aged roughly 1.7 feet per century 
for about. 930 years. On the other 
hand, positions of two samples 
(nos.15, 21, fig. 34) from this same 
general area, both of which are 
older than 930 years, reflect lower 
rates of submergence, as do three 
samples from the Cook Inlet re­
gion (nos. 8, 11, 15, fig. 34). The 
maximum indicated average rate 
of submergence is 8.6 feet in 230 
years or about 3.7 feet per century 
on Latouche Island in Prince 
William Sound. 

Absence of historic recoros of 
sudden earthquake-related rela­
tive sea-level changes and of geo­
morphic evidence for such move­
ments suggest that the submer­
gence was probably grodual or that 
it occurred in numerous small in­
crements over a long period of 
time. This time interval, as in­
ferred from daten submerged 
shorelines, was at least 930 years 
in the Prince William Sound 
region. The upper limit for the du­
ration of the submergence is far 
less certain; if it corresponds to 
the oldest dated submerged-forest 
sample along the coast (no. 21, fig. 
34) and the time of uplift of the 
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lowest prcearthquake marine ter­
race on Middleton Island (no. 31, 
fig. 34), it could be as much as 
1 ,850 years. 

Short-term fmbmergence oc­
curred a.t a time when sea level was 
at or near its present stand and in 
a region where overall isostatic 
disp1a.cements in response to gla­
cial unloading should have been 
upward. Isostatic adjustments be­
tween major ea.rthquakes such as 
the 1964 evem, could conceivably 
be responsible for some of the sub­
mer gene~ in areas of tectonic up­
lift. However, such aojustments 
are inadequate t.o explain either 
short-term submergence. in the 
Copper Ri,rer DeltJa-Utpe Suck­
ling area tha-t exceeds earthquake­
related uplift or submergence in 
areas of the Kenai Peninsula and 
Kodiak Island tha:t subsided both 
before and during the earthquake. 
By implication, this f~mt suggests 
that the submergence was caused 
at least partly by di'astrophism 
that involved a significant down­
\'v'ard-direded component of re­
gional strain of vari'aible amount 
and rate over much of the coastal 
belt affected by vertical oisplace­
ments during the 1964 earthquake. 

TECTONIC IMPLICATIONS 
OF THE RECORD OF 

HOLOCENE VERTICAL 
MOVEMENTS 

The history of Holocene verti­
cal movements in the region af­
fected by the 1964 earthquake, and 
in nea.rby areas, is a fragmentary 
one based largely on a rapid re­
connaissance after the earthquake 
and on incidental investigations 
by others. Additional work-in­
volving far more rn;diooarbon oat­
ing-is required to obtain detailed 
data on vertical movements at se­
lected localities in areas of net. 
Holocene emergence and submer­
gence. However, the following 
four tentative eonclusions regard­
ing the prehist.oric w.donie move-

ments seem to be indica.ted by the 
available data: 
1. Areas of net Holocene emer­

gence or submergence broadly 
correspond with those areas in 
whieh significant amounts of 
uplift and subsidence occurred 
during the 1964 earthquake. 
Thns, the tectonic movements 
thail:. accompanied the earth­
quake were appa-rently but one 
pulse in a long-continuing trend 
of deformation. This trend has 
resulted in regional emergence 
of parts of the continental mar­
gin, simultanoous submergence 
of the Kenai-Kodiak Mountains 
helt, and either relatives~'lbility 
or emergence along the shores 
of Cook Inlet and parts of She­
likof Strait. 

2. The amounts of net long-term 
Holocene emergence a.nd sub­
mergence of the coast, which are 
locaHy considerably larger than 
the postula:ted eustatic sea-level 
changes for the same time inter­
val, indicate that differential 
displacement of the shoreline 
results largely from tectonic 
movements. Progressive sub­
mergence of youthful moun­
tains recently unloaded of ice 
and pulsating emergence of the 
Continental Shelf and Gulf of 
Alaska coast are suggestive of a 
dominant regional diastrophic 
deformation. 

3. Steprike Jlights of Holocene ma­
rine surf -cut terraces at a num­
her of locu.lities along the coast 
suggest that the bng-tenn ver­
tical movements occurred as a 
series of upward pulses that 
were separated by intervals of 
stability or even gradual sub­
sidence that locally average 800 
years or more in duration. These 
upward pulses probably re-pre­
sent earthquake-related move­
ments comparahle in origin to 
those which affec.ted paris of the 
same coast in 1964. 



4. Gradual tectonic submergence 
prevailed during at least the 
past 900 years, and perhaps as 
long as 1,360 years, over much of 
the zone tha:t was uplifte-d and 
over at least part of the zone 
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tha't subsided during the 1964 
earthquake. This 1-v'idesprea.d. 
submergence is tentatively in­
terpreted as direclt, evidence 
for a significant downward­
directed component of regional 
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strain preceding the earthquake 
and its duration as the approxi­
mate time interval since the last 

major tectonic earthquake m 
this same region. 

MECHANISM OF THE EARTHQUAKE 

GENERAL 
CONSIDERATIONS 

According to the classic elastic 
rebound theory of earthquake gen­
eration (Reid, 1911), which is gen­
erally accepted by western geolo­
gists and geophysicists, shallow 
earthquakes are ge11erated by sud­
den fracture or faulting follow­
ing a period of slow deforma­
tion during which energy is stored 
in the form of elastic strain within 
rock adjacent to the fault. When 
the strength of the rock is ex­
ceeded, failure in the form of 
faulting occurs, the material on op­
posite sides of the fault tends to 
rebound into a configuration of 
elastic equilibrium, and elastic 
strain potential is released in the 
form of heat, crushing of rock, 
and seismic-wave radiation. The 
drop in elastic strain potential is 
possibly augmented or partially 
absorbed by net changes in gravi­
tational potential associated with 
vertical tectonic displacements. 

Field investigations demon­
strate that there is little likelihood 
that the primary fault along which 
the 1964 earthquake occurred is ex­
posed at the surface on land, nor 
is there evidence for movement on 
any of the known major continen­
tal faults. If the earthquake origi­
nated by rupture along one or more 
faults, the two most plausible 
models for the orientation and 
sense of movement on the primary 
fault consistent with the available 
fault-plane solutions and disloca­
tion-theory analyses o£ the re-
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40.-Diagrammatic section showing two alternative interpretations of the 19&-l Alaska 

earthquake bru;ed on focal mechanism studies (S. T. Algermissen, written commun., 

March 1965) and analyses of residual vertical tdisplacements by dislocation theory 

(Savage and Hastie, 1966) . Sootion is oriented through the focus of the main shock 

and roughly nonnal to the regional structural trend. P and T axes are the approxi­

mate orientations of the principal pressure and tension axes, respectively, at the 

hypocenter of the main shock indicated by the focal mechanism studies. 

sidua] ve11tical displacements are 

{1) relative seaward thmsting 
along a fault that dips northwest­
ward beneath the continental mar­
gin at u, low angle, and (2) dip­
slip movement on a near-vertical 
fault, the ocean side being rela­
tively upthrown, tJ1at strikes ap­
proximately along the zero isobase 

bebveen the major zones of uplift 

and subsidence (fig. 40). These two 

models, which are discussed in tl1e 

following sections, are referred to 

as the "thmst-fault model" and the 
"steep-fault modeL" 

Whet her the postulated shear­
ing resulted from the overcoming 
of frictional resistance to sliding, 
as set forth in the eJ.astic rebom1d 
theory of Reid (1911), or from 
some other process such as brittle 
fracture, creep instability, or prop­
agation of flaws cannot be ascer­
tained from available data. Sev­
eral writers ( 0 r ow a n, 1960; 
Griggs and Handin, 1960; Evison, 
1963, p. 863-884) have pointed out 
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deficiencies in the elastic rebound 
mechanism for earthquakes at 
depths of more than a few miles, 
where frictional stress on dry fault 
planes must vastly exceed the rock 
strength. However, such consid­
erations generally do not take into 
account the effect of pore fluids 
which must exist in the real earth 
do\VJl to the depths of the deepest 
hydrated mineral phases. Reeent 

· laboratory studies (Raleigh and 
Patterson, 1965, p. 3977-3~18; 
Griggs and Blacic, 1965; Raleigh, 
1967) suggest the possibility that 
the Reid mechanism may extend to 
depths at least as great as the lower 
ernst and upper Inantle in regions 
where frictional resistance to slid­
ing on faults may be reduced by 
local anomalously high pore pres­
sures or \Yhere the strength of the 
rock is lowered sufficiently in the 
presence of pore fluids to permiL 
britHe fracture. 

An alternative mechanism to be 
considered is one that explains tec­
tonic earthquakes as originating 
from sudden expansion and (or) 
contraction of large volumes of 
rock due to rapid phase changes 
(Evison, 1963). According to this 
concept, faulting is the result 
rather than the ca.usc of earth­
quakes. No evidence has yet been 
found from either natural or ex­
perimental petrologic systems to 
support the idea. that reconstruc­
tive solid-solid or solid-liquid re­
actions can occur fast enough 
throughout sufficiently large vol­
umes of rock to gene1·ate major 
earthquakes or to produce regional 
vertical displacements (Ghent, 
1965). Aside from the theoretical 
objections, it is difficult to conceive 
of a reasonable combination of 
equidimeusional volume changes 
that could cause the observed pat­
tern of vertical and horizontal dis­
placements that accompanied this 
earthquake. For these reasons, 
there is little likelihood that phase. 
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changes were a primary mecha­
nism for the 1964 earthquake, and 
this possibility will not be pursued 
further. 

THRUST-FAULT MODEL 
Most of the preliminary data 

available by the end of the 1964 
field season sugge..c;ted that the 
earthquake and the associated tec­
tonic deformation resulted from a 
relative seaward thrusting along 
the continental margin that was 
accompanied by elastic horizontal 
extension behind the thrust block 
(Plafker, 1965, p. 1686). The 
t h r u s t - f a. u 1 t model has been 
strongly reinforced by ,data subse­
quently obtainerl from (1) more 
detailed fieldwork on the surface 
displacements and preearthqnake 
movements by the Geological Sur­
vey during 1965, (2) comparison 
of pre- and post-earthquake trian­
gulation surveys for a large seg­
ment of the deformed region 
(Parkin, 1966, fig. 4), and ( 3) de­
tailed focal-mechanism studies o£ 
the main shock and larger after­
shocks (Stauder and Bollinger, 
1966). The essential features of the 
suggested model, which are illus­
trated diagrammatioo.lly by figure 
41, are presented below. 

OUTLINE OF THE MODEL 

According to the thrust-fault 
model, the earthquake resulted 
from shear fai'lure along an in­
ferred major zone of movement, or 
megathrust, which dips nort.hwest­
ward beneath the continental mar­
gin from the vicinity of the Aleu­
tian Trench, and on subsidiary 
faults within the ovet'thrust plate. 
The zone within which movement 
oecurred, as delineated by the belt 
of major aftershocks, parallels the 
Aleutian Trench on the northwest 
for a distance of some 600 miles 
and is from 110 to 180 miles wide 
(fig. 2). It lies almost entirely 
within the major zone of uplift a.nd 
the port.ion of the adjaoout zone of 

subsidence that is on the sea.ward 
side of the ~is of subsidence. 

The pattern of earthquake-re­
lated horizontal displacements 
(fig. 16) and the evidence for re­
gional preearthquake shoreline 
submergence along the continental 
margin (fig. 33) suggest that shear 
failure followed a long period of 
elastic strain accumurhvtion (930-
1,360 years) during which the up­
per plate was horizontally com­
pressed roughly normal to the 
trend of the Aleutian Arc and 
probably simultaneously depressed 
relative to sea level. A hypotheti­
cal deformation cycle is illustrated 
diagrammatically in figure 42. The 
data suggest that the dynamic 
drive was probably provided by 
underthrust of the lower plate, 
with 1t downward-directed compo­
nent of movement. R. K. Hose has 
pointed out tha.t distortional drag 
due to an underthrust would have 
generated a shear couple in which 
the relative strains and orienta­
tion of potential shear planes coin­
cide reasonably well with those 
deduced from fault-plane solu­
tions for the main shock and many 
or the larger aftershocks (oral 
commun., Nov. 1965). AHerna:tive 
mechanisms such as movement of 
the continental margin over the 
oceanic basin, or almost horizontal 
movements, could not be respon­
sible for the combination of both 
horizontal shortening and re­
gional submergence indicated by 
the available data. 

Previous seismicity in the re­
gion during the strain-accumula­
tion phase of the 1964 eart.hquake 
may have resulted from adjust­
ments 'vithin the strained volume 
of rock involving predominantly 
lateral offsets or relatively local 
dip-slip displacement. This pos­
sibility is suggested by the fact 
that, although prior historic 
earthquakes with magnitudes of 
1 or more have been recorded 
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41.- Schematic blof'k diagram Rhowing the postulated relatilonsh ip of the l'l{'ismic activity and tectonic displacement associated 
with the 1964 A1aska earthquake to major structural elements of south-central Aiaska. Horizontal and vertical scales equal 
below sea level; vertical scale above sea level exaggerated X 4. Drawn by H . T. Koelbl. 

(Wood, 1966, p. 24), none of these 
were accompanied by known re­
gional tectonic deformation-and 
certainly none with deformation 
on the scale of the 1964 earthquake. 

Faulting at the time of the 
earthquake presumably was ini­
tiated at the hypocenter of the 
main shock in northern Prince 
Wi11iam Sotmd, from which point 
it propagated simultaneously up­
dip towards the Aleutian Trench 
and along strike both towards the 
southwest and east within the area 
encompassed by the aftershocks. 
Shear failure was accompanied by 
eJastic rebound in the upper plate 

above the thrust, which resulted in 
(1) relative seaward displacement 
and uplift of a part of the con­
tinental margin by movement 
along the inferred megathrust and 
the subsidiary reverse faults that 
break through the upper plate to 
the surface, and (2) simultaneous 
elastic horizontal extension and 
vertical attenuation (subsidence) 
of the crustal slab behind the up­
per plate. These movements, pos­
sibly in combination with uni­
dentified submarine faulting ~md 
(or) underthrusting of the lower 
plate in the opposite direction, re­
sulted in the observed and inferred 

tectonic displacements at the 
surface. 

Indicated stress drops at the 
surface across the zone of subsid­
ence (on the order of a few hun­
dred bars) are comparable in mag­
nitude to those reported for other 
tectonic earthquakes; For the 
idealized case of homogeneous 
strain and purely elastic distortion 
of the crust, the stress drop ( P) is 
a ftmction of Young's modulus 
(E) of the slab and the reduetion 
of horizontal strain ( £) across it: 

D.P= & 

For an average E of 3X 105 ba-rs 
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(7X 1011 dynes cm-2
), and aver~ue 

and maximum strain across the 
subsided zone of 1.1 X 10-4 and 
3 X 10-', respectively, the average 
stress drop was only about 77 bars 
(77X106 dynes cm-2 ). The maxi­
mum drop, which occurs near the 
axi.c:; of subsidence, was about 210 
bars (210X106 dynes em-"). 

The mega.thrnst in the earth­
quake foc:~l region dips north to 
northwest a.t an angle of 9°- 15°, 
according to fault-plane solutions 
of the main shock and several 
ttftert:::hocks, but its precise depth 
and configuration are uncertain. 
The limit~ available data. on focal 
depths of the earthquake (p. 1 4) 
and on deep crustal structure 
(Shor, 1962, fig. 4; Hales and As­
ada, 1!)66, p. 420) suggest that the 
megarthrust may roincide ,.,ith the 
unstable interface at the base of 
the continental cmst beneath the 
continental slope and shelf. It 
prob'ably extends into the upper 
mantle toward the north to some 
unknown depth (no deeper tha.n 
the deepest hypocenters in there­
gion ) where stress relaxation is 
sufficiently rapid to absorb the ap­
plied force by plastic, rather than 
clastic, deformation. 

MAJOR UNRESOLVED 
PROBLEMS 

The cause of the slight uplift 
that occurred to the north of the 
major zone of subsidence is uncer­
tain. Presumably, this uplift in­
volves an elastic distortion related 
to stJ.'ain changes resulting from 
se·award thrusting along the con­
tinental margin at the time of the 
earthquake. It could represent an 
increase in vertical strain (Poisson 
bulge) resulting from a sudden in­
crement in the regional horizontal 
compres.c;ivc stra.in oriented 
roughly normal to the zone (R. 0. 
Burford, written commun., 1966). 
If this explanation for the uplift. 
is correct, retriangul<ation within 
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the areas of slight uplift should 
show transverse horizontal short­
ening. A test of the suggffition 
could be made if the postearth­
qua.ke triangulation net were ex­
tended northward into this zone. 

A second major problem is that 
there exists an apparent asymme­
try in the volumes of uplift (89 cu 
mi, 372 cu km) and subsidence (29 
en mi, 122 en km) in t.he two major 
zones that implies a substantial 
increase in net gravit!Ltional po­
tential. By making the assump­
tions that the displacements de­
crea.c:;e linearly from a maximum 
at the surfaeo to zero at the basa 
of the continental crust, that there 
were no density changes within 
the affected volume of crust, and 
that. the crust has an average den­
sity of 2. 7, the approximate upper 
limit for this change may be cal­
culated. An average lowering of 
2~ feet (75 em) in a crustal block 
having the dimensions of the zone 
of subsidence would result in a 
potential energy loss of 2.7 X 1019 

ft-lhs (3.6 X1026 ergs). The in­
crease in gravita.tional pooontial 
in the uplifted area would be about 
4.1Xl019 ft-lbs (5.6Xl026 ergs), 
as..<mming an average uplift against 
gravity of roughly 6 feet (1.8 m) 
for a wedge-shaped block with a 
length of 475 miles (100 km), a 
width of 115 miles (185 km), and 
an average thickness of about 11 
miles (18 km). 

These da.ta sugge:,'t an apparent 
net increase in gravitational po­
tential of about 1.5 X 1019 ft-lbs 
( 2 X 10'6 ergs). Even with the as­
sumption that vertical displace­
ments ext en d only halfwa.y 
through the slab, the indicated 
gravitational potential increase is 
still roughly two orders of magni­
tude larger thttn the total released 
seismic-wave energy of about 
1-2 X 1024 ergs (calculated from 
the empirically derived Guten­
berg-Richter relationship between 
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energy and earthquake magnitude 
log E=11.4+1.5 3/; Richter, 1958, 
p. 366). 

In fact, however, the net change 
in gravitational potential due to 
elastic-rebound mass redistribu­
tion in the crust must be con­
sidered as indeterminate because 
data arc unavailable on (1) the 
seaward and continentward limits 
of the displacement field, ( 2) pos­
sible elastic density changes at­
tendant upon stress drops within 
and behind the upper plate, and 
(3) the extent, to which the move­
ments mtty have been compensated 
by elastic depression of the denser 
mantle beneath zones of uplift and 
a corresponding rise beneath the 
zone of subsidence. 

REPRESENTATION BY 
DISLOCATION THEORY 

Savage and Hltstie (1966) and 
Stauder and Bollinger (1966) have 
used dislocation theory to compare 
theoretical profiles of vertical sur­
fa~e displacement for various 
gently dipping and horizontal 
overthrust models to the observed 
and inferred profile. Their as­
sumed models, with the corre­
sponding profiles along a vertical 
plane oriented normrul to the fault 
strike, arc plOit,ted to a common 
scale on figure 43. These models 
have, of necessity, been highly 
generalized to permit a mathe­
maticaJ analysis by dislocation 
thoory, and, in part, the studies 
are based upon preliminary and 
incomplete observational data. 

The basic assumption in this 
proc~dure is tha.t. the observed dis­
placements can be modeled by the 
corresponding fields of a planar 
dislooat.ion shoot in a homogeneous, 
isotropir,, elastic half-space with 
displwcement discontinuity match­
ing the observed or inferred fault 
slip. Inasmuch as the depth, con­
figuration, and net ~lip on the 
postulated faults are to a large de­
gree spe:culative, considerable lat.i-
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tude exists in the parameters used 
for those calculations. Further­
more, because faults that break to 
the surface are not dislocations in 
a semi-infinite medium, their con­
tribution to the deformation can 
only be examined qualitatively. 

Figure 43 shows that, although 
etOOh of the assumed models can 
approximately account for the ob­
served subsidence, none of them 
gives a dose fit between the theo­
retical and actual profiles )n the 
uplifted zone. Stauder and Bol­
linger (1966, p. 5293) suggest that 
the observed tectoni~ surface dis­
placements can be approximated 
to any desired degree by assuming 
combined differential-slip motion 
and a shallowly dipping thrust 
plane. Such a model would be more 
nearly in accord with the data 
which suggest a dipping master 
fault having the approximate con­
figuration shown in figure 43A 
with differential slip as indicated 
in figure 43B. To be realistic, how­
ever, it would also have to include 
the effects of ( 1) imbrication along 
known and suspected thrust or re­
verse faults that break to the sur­
face, (2) possible breaking to the 
surftOOe along the shallowing lead­
ing edge of the megathrust, and, 
perhaps ( 3) possible simultaneous 
underthrusting of the lower plate 
along an inclined fault plane. 

STEEP-FAULT MODEL 

OUTLINE OF THE MODEL 

According to the steep-fault 
model, the earthquake resulted 
from elastic rebound on a near­
vertical fault that strikes approxi­
mately along the line of zero 
change in land level, with the 
southeast block up and the north­
west block down relative to sea 
level. A steeply dipping fault was 
suggested by a preliminary fault­
plane solution based on surface 
waves (Press and Jackson, 1965, 

ALASKA EARTHQUAKE, MARCH 27, 1916-4 

METERS/FEET 

10 
30 

20 

200 100 200 KILOMETERS 

- 10 

Cook Inlet -5 Middleton 

f-----1 
100 MILES 0 

PATTO N BAY 

FAULT'-. 

-?'< 

t 100 

A leutian 
Trench 

t 0 

200 KILOM ETERS 100 
A 

200 
V> 
0: 
w .... 
~ 50 
g 

V> 
w 
-' 

" 
;;: 

L_------------------------~--------------------~--L so 

18m 

B 
Jip! 3 -1 8m (SS shown) 

l&n ~UI~ __ 2 l1 
\~lip: ~-lS~ horizontal. 

:J..-2.7tnVertical 
(ali $;hewn) 

43.-Comparison of observed and inferred profile of surface displacement along line 
R- R' of plate 1 (shaded line) with computed profiles for movement on faults of slip 
and cross-sectional configuration shown in diagrams below the profiles. Model A from 
Savage and Hastie (1966, fig. 3); models Band C from Stauder and Bollinger (1966. 
fig. 7). 

p. 867; Press, 1965, p. 2404) . How­
ever, Savage and Ha8tie (1966, p. 
4899-4900) have pointed out that 
a unique surface-wave solution for 
the fault orientation cannot be in­
ferred from the surface waves, in­
asmuch as the direction of rupture 
propagation is along the null axis 
and therefore the radia:tion of 
seismic waves will be essentially 
the same for either of the two pos­
sible fault planes. 

The main appeal of the steep­
fault model is that it can readily 
account for the gross distribution 
of uplift and subsidence in two 
major zones, as well as the occur­
rence of the earthquake epicenter 
close to the zero isobase between 
these zones. 

However, as noted elsewhere 
(Plafker, 1965, p. 1686), there are 
no compelling geologic, seismolog­
ic, or geodetic data in support of 
the steep-fault model. Aftershocks 
are not grouped along its postu­
lated trace, but instead lie mainly 
in a broad belt along the conti­
nental margin mainly to the south 
of the zero isobase (fig. 2). Fur­
thermore no field evidence exists 
for new surface breakage in the 
vicinity of the zero isobase-de­
spite the fact that it intersects the 
coast in more than 15 localities 
(fig. 3). And finally there is no evi­
dence that the line corresponds to 

a major geologic boundary with 
the seaward side relatively up­
thrown, as might be expected if it 
marked the trace of a major fault 
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along which vertical movement 
has occurred in the past. On the 
contrary the overwhelming ma­
jority of smface faults that paral­
lel the coast in this part of Alaska 
have exactly the opposite sense of 
displacement (fig. 29). 

The apparent absence of a sm·­
face dislocation along the zero iso­
base between the major zones 
prompted the suggestion that the 
displacement represents flexure 
above a near-verticaJ fault at 
depth (Press and Jackson, 1965, 
p. 868; Press, 1965, p. 24:05). Such 
a fault would have to extend to the 
considerable depth of 62-124 miles 
( 100-200 km) below the free sur­
face to accOlmt for the areal dis­
tribution of residual vertical dis­
placements normal to its inferred 
strike. 

REPRESENTATION BY 
DISLOCATION THEORY 

Observed residual tectonic dis­
placements have been compared to 
the theoretical surface displace­
ments that would occur on faults 
of varying inclination, slip, and 
dimension by application of 
dislocation theory (Press and 
J a:ckson, 1965; Press, 1965; Savage 
and Hastie, 1966). These analyses 
are subject to the same basic as­
sumptions as were previously out­
lined. Assumed models, with 
corresponding profiles along a 
vertical plane oriented normal to 
the fault strike, are plotted to a 
common scale on figure 44. The 
resulta,nt profiles show the same 
general spatial distribution of up­
lift and subsidence as the profile 
of observed and inferred vertical 

displacements along a northwest­
southeast line through the south­
west tip of Montague Island. They 
differ fundamentally, however, in 
that the axes of uplift and sub­
sidence are too dose together by 
at least 50 miles ( 80 km), or a 
factor of one-"haH, and the indi­
cated changes within the two 
major zones are notably more equal 
in amplitude than in the observed 
profile. The distance between tl1e 
two axes would tend to decrease 
even further if the faulting is shal­
low- as is suggested by the spatial 
distribution of the aftershocks. 
Even if the vertical displacements 
could be explai11ed by these mod­
els, no reasonable combination of 
fault dimensions, slip, and dip 
could also duplicate the systematic 
horizontal displacements observed 
in the field (fig. 18). 
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The earthquake of March 27, 
1964, wrus accompanied by regional 
vertical and horizontal displace­
ments over an area probably in 
excess of 110,000 square miles in 
south-central.Alaska. Major defor­
mation and related seismic activity 
were largely limited to an elongate 
segment of the continental margin 
lying between the Aleutian Trench 
and the chain of late Cenozoic 
volcanoes that comprise the Aleu­
tian Volcanic Arc. 

Geologic evidence in the earth­
quake-affected region suggests that 
the earthquake was but the most 
recent pulse in an episode of de­
formation that probably began in 
late Pliocene time and has con­
tinued intermittently to the pres­
ent. The net effect of these 
movements has been uplift along 
the Gulf of Alaska coast and con­
tinental margin by warping and 
imbricate faulting; subsidence or 
relative stability characterized 
most of the adjacent landward 
zone extending inland approx­
imately to the Aleutian Volcanic 
Arc. The length of time since the 
last major tectonic earthquake that 
involved regional warping, as in­
fen·ed from radiocarbon-dated 
displaced shorelines in the epicen­
tra.l region, appoars to have been 
about 9i\0-1 ,i\60 yea.rs. 

Because the primary fault or 
zone of faulting along which the 
earthquake is presumed to have 
occurred is not exposPn at the sur­
face on land, a unique solution for 
its orientation and sense of slip 
cannot be made. ~evertheless, the 
vertica] displacements, when con­
sidered in relationship to the focal­
mechanism studies and spatial dis­
tl-ibution of seismicity, strongly 
favor the hypothesis that the pri­
ma.ry fault was a major thrust 
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fault, or megathrust. The data 
suggest that the segment of the 
megathrust along whi~h slippage 
oocurred was 550-600 miles long 
and 110-180 miles wide and that 
it dips from tl1e vicinity of the 
Aleutian Trench at a gentle angle 
beneath the continental margin. 

According to the thrust-fault 
hypothesis, the observed regional 
uplift and transverse shortening 
along the continental margin dur­
ing the earthquake resulted from 
(1) relative seaward displac-ement 
of the upper plate along the dip­
ping primary thrust, (2) imbrica­
lion on the known subsidiary re­
verse faults that break through the 
upper plate to the surface, and (3) 
crustal warping. Movement on 
other subsidia.ry submarine re­
verse faults, as well as rebound of 
the lower pla.te toward the conti­
nent, may have contributed to the 
uplift. Simultaneous subsidence 
in the zone behind the fault. block 
presumably reflects an elastic hori­
zontal extension and verlical at­
tenuation of previously com­
pressed crustal material. Stored 
elastic-strain energy within the 
thrust block and the segment of 
crust behind the block that was af­
fected by subsidence was the pri­
mary source of energy dissipated 
during the earthquake in the form 
of ffilsmie waves, heat, crushing of 
rock, and, perhaps, net changes in 
gravitational potential. Major un­
resolved problems aro the cause of 
the slight uplift in the area north 
of the two major zones of defor­
mation and the apparent large in­
crease in potential energy over the 
displacement field. 

The implication of a genetic 
relationship between the 1964 
Alaska earthquake and the Aleu­
tian Arc appears inescapable in 

view of the nature of the surface 
deformation and seismic activity 
associated with the ea.rthquake. 
Available geologic, geodetic, and 
geophysical data from the region 
affected by tectonic deformation 
during the earthquake are com­
patible with the concept that arc 
slrnct.nres are sites of down-well­
ing mantle convection currents 
and that planar seismic zones dip­
ping beneath them mark the zone 
of shearing produced by down­
ward-moving material thrust 
against a less mobile block of t.he 
crust a.nd upper mantle. Conver­
sely, the data provide severo con­
straints for alternative hypotheses 
that relate deformation in the 
eastern Aleutian Arc, at least, 
primarily to transverse regional 
extension or to movement on major 
longitudinal strike-slip faults or 
shallow stoop dip-slip faults. 

Preearthquake strain directed at 
a gentle angle downward beneath 
the arc in the epicentral region is 
suggested by geodetic evidence for 
horizontal shortening of as much 
as 64 feet roughly normal to the 
Gulf of Alaska coast and by geo­
logic evidence for progressive 
coastal submergence in the same 
region in excess of 16 feet. If the 
duration of preearthqua.ke strain 
accumulation, as inferred from 
radiocarbon-dated downed shore­
lines, was about 9i\0-1 ,~60 years, 
average annual horizontal dis­
placement was a~bout 0.59-0.83 inch 
per year ( 1.5 to 2.1 em per year). 
The indicated short.ening, which is 
probably a minimum value inas­
much as there probably also was 
some permanent shortening, is 
reasonably compatible with sea­
floor spreading rates of about 2.9 
em per year in a northwesterly 
direction from the Juan de Fuca 



ridge. Such rates and spreading 
directions have been deduced from 
paleomagnetie studies of the north­
eastern Pacifie ocean floor (Vine, 
1966, p. 1407). Alternative driving 
mechanisms, in which the upper 
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plate overrides the ocean basin or 
in which the regional strain is di­
dected horizontally, do not readily 
aecount either for the widespread 
preearthquake subsidence relative 
to sea level that accompanied hori-
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