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Former sea floor a t  Cape Cleare, Montague Island, Prince William Sound, exposed by 26 feet of tectonic uplift. The surf-cut 
surface, which slops 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 &am consists mainly of the desiccated remains of calcareous algae and brycnoans. Photograph 
taken a t  about zeavr tide stage, May 30,1964. 
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The U.S. Geological Survey is publishing the 
results of its investigations of tlie Allaska earthquake 
of March '27, 1064, in a series of six Profasional 
Papers. Professional P:tper 543 describes the re- 
gional effects of tlie cartllquake. Eight cllapters in 
this volume have already heel1 publislled. Other 
Professional Papers in the series describe field in- 
vestigations and reconstruction and the effects of 
the earthquake on communities, on tlle hydrologic 
regimen, and on transportation, utilities, and 
communications. 21 selected bibliograpliy and an in- 
dex for the entire series will be published in the con- 
cluding volume, Professio~t Paper 546. 
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THE ALASKA EARTHQUAKE, MARCH 27,1964: REGIONAL EFFECTS 

TECTONICS OF THE MARCH 27,1964, ALASKA EARTHQUAKE 

By George Plaf ker 

ABSTRACT 

The March 27, 1964, earthquake was 
accompanied by crustal deformation-. 
including warping, h'orizontal distor- 
tion, and faulting-over probably more 
than 110,000 square miles of land and 
sea bottom in south-central Alaska. 
Regional uplift and subsidence occurred 
mainly in tn70 nearly parallel elongate 
zones, together about 600 miles long and 
a s  much a s  260 miles wide, that lie 
along the continental margin. From the 
earthquake epicenter in northern Prince 
William Sound, the deformation ex- 
tends eastward 190 miles almost to long 
142" and southwest\vard slightly more 
than 400 miles to about long 155". I t  
extends across the two zones from the 
chain of active volcanoes in the Aleu- 
tian Range and Wrangell Mountains 
probably to  the Aleutian Trench axis 

Uplift that averages 6 feet over broad 
areas occurred mainly along the coast 
of the Gulf of Alaska, on the adjacent 
Continental Shelf, and probably on the 
continental slope. This uplift attai~led 
a measured maximum on land of 38 feet 
in a northwest-trending narrow belt 
less than 10 miles wide that is  exposed 
on Jlontagur Island in south~vestern 
Prince William Sound. Two earth- 
quake faults exposed on Montague 
Island a re  subsidiary northv-est-dip- 
ping reverse faults along which the 
northwest blocks were relatively dis- 
placed a maximum of 26 feet, and both 
blocks were upthromn relatire to sea 
level. From Montagne Island. the faults 
and related belt of maximum uplift may 
extend southwestward on the Continen- 
ta l  Shelf to the vicinity of the Kodiak 
group of islands. To the north and 
northwest of the zone of uplift, subsi- 
dence forms a broad asynimetrical 
downwarp centered over the Kodiali- 
Kenai-Chugach Mountains that arer- 
ages 2% feet and attains a measured 
maximum of 7% feet along the south- 
west coast of the Kenai Peninsula. 
Afaximnrn indicated uplift in the Alaska 
and Aleutian Ranges to the north of 

triangulation orer roughly 25,000 
square rriiles of the deformed region in 
and around Prince William Sound 
shows that rertical movements there 
were accompanied by horizontal dis- 
tortion, involving systematic shifts of 
about 64 feet in a relaltive seaward di- 
rection. Comparable horizontal more- 
me~lts are  presumed to have affected 
those parts of the major zones of uplift 
and subsidence for which retriangula- 
tion data a re  un:~railable. 

I<egion;~l vertic.:~l t1eforrti:ltion gener- 
:~tetl  $1 trail1 of tlcstrnctive long-period 
sris~tiic. sen waves ill the Gulf of -ll:lska 
as  well as  l l ~ i i q l ~ ~  :~t~nosl~heric* and iono- 
sl~llcrit. t l ist~irl~nr~crs that were recortled 
a t  11oir1ts far  tlistaiit from Allaska. 
\\':~rl)irig resnltetl in l~ermanent tilt of 
larger lake ljasir~s ant1 temporary re- 
ctllctions in tlischnrge of some ~riajor 
rivers. Vlblift :In11 subsitlence relative 
to sea level caused profound modifica- 
tions in slioreli~ie ~riorl~hologp with at- 
t e ~ i d a ~ ~ t  c:~tilstro~)hic effects 011 t,he near- 
sliore biota : ~ n d  costly dn~nage to coastal 
innt:~llationt;. Syste~ri:~tic. horizontal 
~riove~tients of the 1:111d relative to 
ljodies of confirlet1 or sert~it~c~nfine~l water 
111:1y liirve c.:lnsetl n~lesl)lained short- 
11eriod ~rares-son~r of n~lrich were 
l~iglrly t1estrncti~-e-ol)s?rve(l during or 
i~l~rnetliatrly :~f tc r  the earthquake a t  
t.erti1i11 constiil 1oc:llities arid in Kenai 
1,:rkr. l'orosity int.rrases. probably re- 
1;ltetl to lrorizont;~l tlisplacerr~ents in the 
zone of snbsi(1encr. were reflected in 
lo\veretl vrll-water leve1,s :lilt1 in losses 
of snrfat.e water. 

?'he l~riniary filnlt, or zone of faults, 
a l o ~ ~ g  which the earthquake occurred is 
not rsl)osetl :1t the surface on land. 
I~'oc.;~l-~l~rc~h:~~~isrl~i st~idies, when Con- 
sitleretl in c ~ o n j n ~ ~ c t i o ~ ~  with the pattern 
of tlcforrr~:~tion illid seis~ri ic i t~,  sl~ggest 
that it n-as :I c o ~ ~ i l ~ l e s  thrust fault 

I ll~egntlirust ) t l i l )~~ing a t  :I gentle angle 
l)e~re:~tll t l ~ r  cw~~tinei~tal  niargin from 
the vicinity of the Aleutian Trench. 
11ore11leiit on the megathrust was ac- 
cor~ilj:~nied by sltbqiilinry reverse fault- 

ill the upper plate. Aftershock distri- 
bution suggests movement on a segment 
of the ~r~eg;ithrust, some 55@600 miles 
long and 11C180 miles wide, that under- 
lies most of the major zone of uplift 
:nid the sea\\-arc1 part of the ~na jor  zone 

,Ic.cordirig to the postulated model, the 
ol)st~rved and inferred tectonic displace- 
~ n r ~ n t s  that accompanied the earth- 
quake resulted primarily from (1 )  rela- 
tire sea\\-arc1 displacement and uplift 
of the seaward part of the block by 
~noviment along the dipping mega- 
thrust and bl~bsidiary faults that  break 
through the upper plate to the surface, 
and (2 )  simultaneous elastic horizontal 
estension and vertical attenuation 
(s~~bsiderlce) of the crustal slab behind 
thr  n1Jper plate. Slight uplift inland 
from the major zones of deformation 
presumably was related to elastic strain 
changes resulting from the overthrust- 
ing ; however, the data a re  insufficient 
to permit conclusio~~s regarding its 
cause. 

The belt of seismic activity and major 
zones of tectonic deformation associated 
wit11 the 1964 earthqmke, to a large 
estent, lie between and parallel to the 
hleut ia~i  Volcanic Arc and the Aleu- 
tian Trench, and are  probably geneti- 
tnlly relatrd to the arc. Geologic data 
iridicatc~ that  the earthquake-related 
tectonic movements were but the most 
recent 1)ul.e in ail episode of deforma- 
tion that probably begail in late Plio- 
cene tinit, and has continued intermit- 
tciltly to thc present. Evidence for pro- 
gressive coastal subinerge~ice in the de- 
fontled region for several centuries pre- 
ceding the earthquake, in  combination 
with transverse horizontal shortening 
indicated by the retriangulation data, 
suggests pre-earthquake strain directed 
a t  a gentle angle downward beneath 
the arc. The duration of strain accumu- 
lation in the epicentral region, a s  in- 
terpreted from the time interval during 
which the coastal submergence occurred, 

the zone of subsidence was 1% feet. Re- ing, ant1 perhaps ~vrerlclr faulting, with- probably is 93@1,360 years. 
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INTRODUCTION 

Among the most notable aspects 
of the 1964 Alaska earthquake was 
the great areal emtent and amount 
of the teotonic movements that ac- 
companied it. From the epicenter 
in northern Prince TT'illialn 
Sound, the region affected by tec- 
tonic deformation parallels the 
trends of the Aleutian Volcanic 
Arc, the Aleutian Trench, and 
the Gulf of ,Ilaslia coast for about 
600 miles (fig. 1). I n  south-ceiltral 
Alaska, where the northeastern 
end of the arc intersects the con- 
tinent at an oblique angle, the pat- 
tern of deformation can be ob- 
served in an exceptioilally com- 
plete profile extending more than 
200 miles northward from the sea- 
ward edge of the Continental 
Shelf across the northeastern end 
of the volcanic arc. Within this 
region, teotonic displacemellts on 
land include absolute vertical 
movements rai~ging from as much 
as 38 feet of llplift to '734 feet of 
subsidence, relative horizontal 
movements of about 64 feet, 
and dip-slip offset on reverse 
faults of as much as 26 feet. Fur- 
thermore. the available data incli- 
cate that these movements extend- 
ed over n large segment of the ad- 
ljacent offshore area where they 
may have been as large, or  larger, 
than those measured on land. 

This report substailtially en- 
larges upon a preliminary sum- 
mary and interpretation of the tec- 
tonic movements that accom- 
panied the 1964 earthquake (Plaf- 
ker, 1965). I t  presents the avail- 
able data on tlie distribution and 
nature of the earthquake-related 
displacements and of the mani- 
fold, of;ten disastrous, effects of 
khese movements. Geologic, geo- 
detic, and seismologic data perti- 
nent to the tectonics thak were 
available to t.he writer prior to 

completion of this report in July 
1967 are summarized. Implica- 
tions of the data for the earth- 
quake mechanism are reviewed, 
ancl x tentative qualitative model 
is outlined, \vhich attempts to ex- 
plain most of the observatioiis. 

ACKNOWLEDGMENTS 
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loy, and E. W. Richards of the 
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Whitten, E. J. Parkin and J. B. 
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EXPLANATION 

Epicenter of the 1964 earthquake 

Approximate limit of human perceptibility 
Dashed where inferred 

------------ 
Approximate limit of landslides, avalanches, and ground cracks 

Approximate area of major tectonic deformation 
Dashed where inferred 

Shallow depth Intermediate depth 
((70 km ), 170-200 km) 

Large earthquake eplcentrrs (.W>7) for period 1904-52 
(From Gutenberg and Richter, 1954) 
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-------,80-------- 

Approximate outer edge of continental shelf 
Lkpth i n  meters 

1.-Map of Alaska and adjacent areas showing the location of the 1964 earthquake, the area affected by the earthquake, 
epicenters of previous major earthquakes, belts of active voloanism, and the Aleutian Trench. 
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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 

THEi MAIN SHOCK 
The 1964 earthquake was cen- 

tered in a sparsely inhabited, 
mountainous area of northern 
Prince William Sound in south- 
central Alaska near the eatern end 
of the Aleutian Arc (fig. 1) .  I ts  
epicenter was located by the U.S. 
Coast and Geodetic Survey 
(Wood, 1966, p. 62) a t  lat 61.06" 
N., long 147.44" W. and its origin 
time was at about 5 :  36 p.m., Fri- 
day, March 27,1964, A.s.t. (03 : 36 : 
13.5, Saturday, March 28, 1964, 
G.m.t.) . The hypocenter, or focus, 
could not be determined more 
closely than between 12 and 31 
miles (20-50 km) in depth. 

Magnitude of the earthquake, 
based upon surface-wave ampli- 
tudes (M,) is estimated tol have 
been about 8.4 (Pasadena seismo- 
graph station). Earthquake vibra- 
tions were felt over an area in ex- 
ceiqs of a million square miles in 
Alaska and adjacent parts of Can- 
ada (fig. I ) ,  and they caused wide- 
spread damage throughout an area 
of about 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 
swim af reports. 

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- 

p ~ ~ -  

SEISMICITY 

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. Vec- 
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. 

Rupture along a fault of con- 
siderable length is suggested from 
(1) the exceptionally long dura- 
tion of strong ground motion, (2) 
the character of the radiated seis- 
nlic surface and body waves, and 
(3)  the extensive belt over whieh 
af tershocks were distributed. 

Eyewitness mounts  indicate 
that both the amplitude and dura- 
tion of ground motion definitely 
tended to be largest in areas of 
relaitively 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 powerplant built on bed- 
rock a t  Whittier. On the clearest 
of these records, trace vibrations 
lasted for nearly 4 minutes. At  
other bedrock sites on Kodiaik Is- 
land and on the Kenai Peninsula, 
where the motion was timed by ab- 
servers with pocket watches or 
clocks, i t  was 2%-5 minutes. 
Anomalously s h o r t durations, 
ranging from only 15 seconds to 
1% 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). 

According to most eyewitness 
accounts, the earthquake started 
without prior warning as a gentle 
rolling motion that lasted for a 
period of 20 seconds 'to 1 minute, 
shoak hard for as much as 4 min- 
utes, and then gradually subsided. 
There were no foreslhocks 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 hhe directions of 
vibrations vary widely, and at 
some places, prevailing vibration 
directions reportedly changed dur- 
ing the earthquake. The majority 
of the reports indicate a tendency 
for ground omillation to be 
grouped in the quadrants between 
northwest-southeast and north- 
east-southwest although i t  also 
was reported from all other quad- 
rants. A westward propagation of 
vibrations between Anchorage and 
Kenai is indicated by the fact hhat 
power failure due to @haking in 
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the Anchorage area caused an  
overload of the circluits a t  the in- 
terconnected Bernice Lake power- 
plant near ICenai, 53 miles farther 
from the epicenter, some 15-20 
seconds before the plan~t superin- 
tendent felt the tremors. 

On the basis of a study of seis- 
mic surface waves, Toksoz, Ben- 
Menaliem, and Harkrider (1965, 
p. 154) determined that  the rup- 
ture propagated S. 50" TT. from 
the epicenter of the main shock for  
n distance of about 370 miles (600 
lilri) a t  ;ti1 average velocity of 3 
klri l)er sec. Furumoto (1967) 
foui~tl from analysis of Rayleigli 
wares recorded by the Kipapa, 
TIawaii, strain seismometer that 
the rupture more problably I ) ~ o ~ : L -  
gated S. 30 t 5" TIT. for 500 miles 
(800 km) at this same velocity. A 
detailed study of P-phases by . 
Wyss and Brune (1967) suggests 
that the rupture actually broke in 
n complex series of events a t  an 
average pr~pagat~ion  velocity of 
3.5 km per sec and that  each event 
was charaaterized by more or  less 
distinct l~igh-amplitude bursts or 
events. Their data further indicate 
that,, although the rupture propa- 
gated initially in various azimu- 
thal direcitions, after an elapsed 
time of 44 seconds i t  continued 
only in a south\vesterward direc- 
tion. 

THE AFTERSHOCKS 
The epicenters and depth clistri- 

k)utioiis of 598 aftersllocks \T it11 
Richter magaitudes equal to or 
greater than 4.4 recorded tlirough 
December 31, 1964. are s h o \ ~ n  on 
figure 2. Of these, tlie largrc,t shock 
liad a magnitude of 6.7, six \yere 
larger tllail 6.0, 127 were lwt\veen 
3.0 ailcl6.0, and tlie re1irai:ider \I ere 
less than 5.0 (1-3. ('oast ant1 Gro- 
cletic Survey, Preliminary Ileter- 
mination of Epicenter cards). 
Iluring this sniiie period of time, 
thousailds of smaller aftershocks 
were also recorded. 

The aftershock sequence dimin- 
ished rapidly in frequency and in- 
tensity. 811 aftershocks \\-it11 mag- 
nitudes larger than 6.0 recorded 
teleseismically by the U.S. Coast 
and Geodetic Survey, occurred 
~ ~ i t h i n  the first several hours and 
most of those that were strongly 
felt occurrecl \I itllin 3 weeks of the 
mnin el-ent. Ilaily frequency of all 
sliocks c1rol)petl rapidly from a 
Iligll of about 120 the first (lay 
after tlie enrtliq~~ake to 30 in 5 
(lays, 1.5 i l l  10 d:tys, :uid :I steadily 
decreasing iiluiiber thereafter 
(,Jortlan, Laiider, and nlack, 1965, 
1). 1324). -1s iioted by Jordan and 
associ:ttes, tlie number of after- 
slioclrs a t  the I~eginniiig of the 
series may bc lliucll larger than 
indicated, Iwcxuse the first after- 
sllocxlis :Ire c~ollirnolily masked by 
the t m i ~ i  of large amplitude waves 
gelier:ttecl 1)y the lrlain :,hock :xiicl 
tliese I\-aves inay liave n duration 
of sereral hours at  distant st a t '  1011s. 

'rlie larger aftershocks (L11s4.4) 
were co~lcentrated iiiainly ill an 
arcuate belt 600 nliles long by as 
iilnch as 200 nliles ~ i d e  that 
r o ~ ~ g h l y  parallels the continental 
nlargin. From the epiceliter of the 
illail1 sllock it rstelicls 425 ~iriles 
sonth~\est \~-ard to tlre ~ i c in i ty  of 
the Trinity Islmrds niicl about 175 
nliles east11 nrd nearly to long 14.2" 
TIT. (fig. 2) .  Most of tlie largest 
aftershocks in this belt ( J l h 5 . 0 )  
\yere situated o\ er thnt par-t of the 
belt lying sea~i-arc1 from the zero 
iiobase bet\\ een the major zones 
of uplift and snl)siclence. Smaller 
:~ftcrsliocks (.1/%4.4) wele spread 
o\ er :I larger area that extends in- 
1:nltl fro111 the zero isobase beneath 
tlie coastal ~rio~nitaiiis that border 
tlie ( h l f  of Alasli-a, aiid the small- 
eit :~ftersliocli-i (A(< 4.4) \\-ere 
yc*:tttel.ed o ~ e r  all even larger area. 
r 7 I here n as a clistiiic*t colicentrntion 
of :tctivity TI-itliiii the :~ftersllock 
belt on tlie ('ontiiieiit:~l Slielf :xt t l l ~  
iontlin-eiterii ciicl aiicl in the area 
soutlieast of Prince TITilliam Sourld 

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 
tlie crustal block involved in the 
1964 earthqnake. Only about 3 per- 
cent of the aftershocks with mag- 
nitudes of 4.4 or more were outside 
the main belt of activity along the 
coi~ti i~ei~tal  margin. Their epicen- 
ters were widely scattered, mainly 
i11 the Shelikof Strait,-Cook Inlet 
areas aiid on the ocean floor sea- 
\~-ard from the Aleutian Trench 
axis. Significantly, none of the 
aftershocks were centered as fa r  
illlnlrcl as the chain of active vol- 
c:liioes in the Aleutian Range, 
southern Alaska Itange, and the 
Wraiigell Jlonntains. The possi- 
bility tliat they were directly re- 
lxtecl to vulcanism is thus ruled 
out. 

Depth distribution of the after- 
sl~ocks is less perfectly defined 
than their epicentral p o s i t i m  be- 
cansc of (1) inherent errors in 
the determination of liypocenters 
in areas of uncertain crustal struc- 
ture and seismic velocity, and (2) 
the wide spacing of the seismo- 
graphs on which the shocks were 
recorded. Algermissen (1965) 
found tliat hypocenters of after- 
sllocks \vith magnitudes greater 
than 5.0 were at  depths between :5 
and 25 iniles (5-40 km) and they 
average about 12 miles (20 kin). 
Only 25 of tlie eartl~quakes with 
~nagnitucles of 4.4 or  more were 
deeper than 22 miles (35 km),  the 
deepest ones being less tllaix 56 
iniles (90 kin). Sccording to Page 
(1967; also mipub. data) ,  the mi- 
croaftershocks-~vhicli had a spa- 
tial distribution similar to that 
of the aftersllocks-\-ere a t  depths 
of 22 inilcs (35 km) or  less. H e  
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suggests that subcrustal earth- 
quakes in and near the aftershock 
region may have represented the 
norm:tl seismicity of the re,' crlon. 
Aftershock hypocenters donot fall 
into ally 11-ell-defined planar zone 
:~lthongh there is x vngue teridelicy 
ton-:xrds a slight deepening of their 
1011-er limit beneatlr the continent. 
The proportion of hypocenters 
deeper than 12 miles rel* n t '  ive to 
those shallower than 12 n~iles  also 
sllo\vs ail increase in the same tli- 
rection (fig. 2 ) .  

Tlarge carthqankes at  sllnllo\~- 
and int ermecliat e clel)tlis are 
thought by lnost geologists :mil pr- 
ol)liysicists to resnlt fro111 s~ tdc l c~~  
r~iptnre, or faalting, ill  str:~inetl 
rocks. Aftershocks n l ~ i c l ~  f o l l o ~ ~  
large enrtllqu:tkes 1)resiimably re])- 
rcseiit contini~ol~s adj~lstinel~ts of 
tlic, strained rolunle of rock, or 
focal ~ g i o n ,  within which Saillt- 
i i ~ g  oc,curred (13enioff, 15151) . 
,Iccording to this model, tliere- 
fore, faulting :~ssociated with tht. 
1964 earthquake nas  largely con- 
firiecl to the part o i  the contillerltal 
margin extending rongl~ly 150-200 
rniles no r th~~arc l  from the axis of 
the ,Ileutian Trench, it n:ts lim- 
ited in depth to the cntst, or 1)er- 
haps the upper~niost part of the 
mantle, and its lo\\-er liliiit 1 1 1 : ~  

(leepen sliglitl 1)ene:ttll tlie arc. 

FOCAL MECHANISM 
STUDIES 

Mecl1,znisrn studies of tllc 111ili11 

shock, of a nu~nber of larger after- 
sllo(~lis, :xnd of one l~rc>liocali tll:rt 
occnrred about 7 n c c l i ~  prior to 
the cartllqnxlie pro\-ide data i.elt.- 
vnnt to the fault orientation :11id 
se~isc of disl)lac.e~nent : ~ t  I lie enrtll- 
q~iake fotai. I3otly-\~ a\-e iolr~t io115 
tlefine a pair of orthogonal ~)l:tl~e, 
at tlie fori~s, on(' of I\ llicall 111~~>11111- 
:rl>ly csontail~s tlle :tcti\r fitult 5111.- 

f':we. Iiillerent in tlle I'oc.;~l n~ec.li- 
:t~iisln stuclies :we tlie 1):isic ns- 
snnlptioiis of :ti1 elastic-rebou~ld 

source and initial displacements at  
the earthquake foci that approxi- 
~nately reflect the regional stress 
field. 

Focal mechanism studies of P- 
waves for the main shock yield one 
well-defined nodal plane that 
strikes between N. 61" and 66" E. 
and dips 82"-85" SE. (Stauder 
and Bollinger, 1966. Algernlissen, 
1965 : written commun., March 19, 
1965). The alternative 10x1--angle 
plane is restricted by the data 
to a plane that clips towards 
the no r t l i~~es t  : Allgermissen's solu- 
tion suggests an inclination of 
about 8". I f  the well-defined nodal 
plano is regarded as tho fault, 
plane, its strike was N. 61"-66" E. 
and the motion was predoniinautly 
dip-slip on a steep reverse fault 
with the southeast side relatirely 
~lptliron 11. A\lterilati\ el?. if tlle 
<teel) ~iotlal plane i Y  c.on*iclerecl to 
1 ) ~  norillnl to the ~ ~ ~ o t i o i l .  tlie fanlt 
~roultl  1)e a nort l l r~est-dippi~~g 
tllrliit. Focal 1i1ec21anisl1i stltdies 
of the nlaiil >li0('li ;tlone cannot 
clistingnish nhicll of these t\~-(-o 
planei is the falilt 1)lane. Snrf:tce- 
n-are stnclies t l ~ t  define the direc- 
tion of rupture ])lay l~crmit clis- 
tinction bet~vcen tllc fault and 
:1uxi1iarY 11Iaii~~ i i i  case5 1~1lerc the 
itrlkes of the t \ \ o  1)laiiei tliffer 
.ignific:liltly. Hov-ever, :is ilotcd 
1,- Savage and Hastie (1966, 1,. 
4000), snrfacc waves (lo not pel-- 
mit a unique -elution for t11r 1962 
~ : t r t hqun l i~  11rcau-c. the tlirec.tion 
of nlptllrc propagation iy essen- 
tially tlia -anle for either plane. 

Stnacler and Bollingel. (1966) 
detcnnincd focal incchanisms, 
\lased on c.oiill)inecl P-wave first- 
n~o t io~ i  :tnd .c-\\ nve polarization 
d:lt:t, for :t 111.cql1(it~Ii mid 23 after- 
shockz i l l  tlie I<otliali 1sl:tnd a~icl 
Princc TT'illi:~n~ Yonncl areas. Most 
of these sointioils have oiie near- 
vertical nocl:~l pla~ie that resembles 
the well-defined lloclal plano for 
tlie main shock; the other dips 

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 east of the sound. 
This systematic variation in orien- 
tation of the steep nodal plane 
tends to fol lo~r a change in trend 
of tectonic features along the 
coastal belt. Four aftershock so- 
lutions in the Prince William 
Sound area and one located sea- 
~vxrcl from tlio Aleutian Trench 
off Bodinli Island, however, are 
 noma ma lo us in that they do not cor- 
respond to this general pattern. 

The preshock :~ild a11 t.11e after- 
sllock fault-plane solutions are 
subject to the same ambiguity of 
interpretation as the main shock. 
Thus, on the basis of all the in- 
diricl~tal solutions (except for the 
f i r n  a1)parcntly  noma ma lo us ones) 
tho motion a t  tlie source of the 
ennhquake and the related pre- 
ancl aftershocks may be (1) al- 
most entirely dip-slip on a steeply 
dipping reverse fault along which 
the seaward side is relatively up- 
t l ~ r o \ \ ~ ~ l  or (2) dip-slip on a 
northward-dipping t i~ rus t  fault 
along which the  land^\-ad block 
overrides tlic s a ~ \ \ ~ a ~ d  block in an 
:Lverage 8. 25" E. direction to 
the soutl~\\ est of Prince William 
Sonnd aiid in :r S. 10"-15" Mr. di- 
rection to tlie east of Prince Wil- 
liam Souild (Stauder ancl Bollin- 
ger, 1966, p. 5295). I n  considering 
the sohttians in relation to one 
another, Stauder :~ncl Bollinger 
observe that in the first alterna- 
tive the fanlting m:~y consist of 
en eclieloil ~,epmenCs that f ollom a 
sinuous 1)atli roughly paralleling 
the curving trend of both tlle af- 
tershocli belt and the zero isobase 
between the lllajor zones of earth- 
quake-re1 atecl vertical tectonic de- 
forma,t,ion (lig. 2) .  111 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 dtrection of motion is 
roughly normal to the trend of 
the aftershock belt and the zones 
of tectonic deformation. 

The stwp plane in solutions of 
the main 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 
pattern of vertical displacements 
associated with the earthquake. 

These d5fferences 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 mdl 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 

gest a maximum-stress axis at the 
foci of these earthquakes oriented 
approximately normal, or a t  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. 149) 
that suggest dominantly tangen- 
tial compressive stress on land 
within the region affected by tec- 
tonic movements during 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 t ip  of the Kodiak 
group of islands northeastward 
through Prince William Sound 
and thence eastward to about long 
142" W. (fig. 3). I n  a northwest to 
southeast direction, the deforma- 
tion extends a t  least 200 miles from 
the west shore of Cook Inlet to 
Middleton Island at the seaward 
edge of the Continental Shelf. I n  
addition, crustal wallping 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 

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. 

REIGIONAL VERTICAL 
DZSPLACEMENTS 

Notable tectonic changes in land 
level during the 1964 eartrhquake 
occurred over an area of a t  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- 
ments 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 oontours, or lines of equal 
vertical displacement based on 
these data, and the approximate 
axes of the major upwarped and 
downwarped zones. The deforma- 

tion includes two broad major 
zones of warping, each dbout 600 
miles long and as much as 130 miles 
wide. The seaward zone is one of 
uplift that includes a fringe of 
ooast along the Gulf of Alaska, the 
adjacent Continental Shelf, and 
perhaps the continental slope; i t  is 
bordered to the northwest and west 
by a zone of subsidence. Glight up- 
life 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 
coast (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 relative to sea level, (3)  
differences in the pre- and post- 
earthquake positions of the upper 
growth limits of sessile intertidal 
organisms or the lower growth 
limit of terrestrial 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 offsllore 
areas where detailed preearth- 
quake bathymetry was available, 
approximate vertical displace- 
ments were also obtained from 
comparison of pre- and postearth- 
quake depth s o u n d i ii g s. The 
amount and distribution of the 
vertical displacements inland from 
the coast (pls. 1, 2) \\-as precisely 
determined along the highway- 
railroad routes between Semard, 
Anchorage, Fairbanks, and Val- 
clez by coniparison of pre- and 
postearthquake level lines tied to 
tidal bench marks. 

Isobase contours plotted on 
plates 1 alld 2, ~ ~ l i i c l i  were derived 
from all the sources listed above, 
re~resent  absolute changes in alti- 
tucle related to the earthquake. The 
accuracy of the contouring varies 
greatly from place to place de- 
pending upon the type anld amount 
of data, but, because it is esseil- 
tially nil areraging process. the 
contouring tends to be most ac- 
curate ill areas where many data 
points are available, and least ac- 
curate in areas mhere data are 
sparse. I11 general, contours shown 
as solid or dashecl lines are esti- 
mated to 1w nccarate a t  least to 
\\-ithill i.1 contour interval; at 
most 1,laces they are probably ac- 
cm.ate to ~ritlliii half aal interval. 

The various techniques used for 
determining vertical displacement, 
estimates of their relative preci- 
sion, and sollrccs of data are out- 
lined belo~v. 

COMPARISON O F  PRE- AND 
POSTEARTHQUAKE TIDE-GAGE 

READINGS 

The directions and relative 
amounts of vertical displacement 
were determined from coupled 
pre- and postearthquake tide- 
gage readings made by the U.S. 
Coast and Geodetic Survey a t  two 

TABLE 1.-Land-level changes based o n  comparison of pre- and postearth- 
quake tide series at tide stations in south-central Alaska 

[After Small (1966, p. 19-22) and U.S. Coast and Geodetic Surrey (unpub. data April !E! 1966). 
Asterisk indicates station is plotted in fig. 10: double asterisk indicates stahdard tide-gage 
station operational before and after the earthquake] 

Land 
move- 
ment 
(feet) 

Location 

Prince William Sound 

Length of tide series 

*Cordova - - - - - - -___  1950-1951 (2 May-Nov. 1964 
vears) 

1 +6.2  

I Preearthquake 

Port Fidalgo_- _ _ _. 

Valdez - _ _ _ _ _ _ _ _ -. 
* Whittier-- -_ _ _ _ - _. 

*Chenega Island- _. 

Green Island---- _. 

Postearthquake 

" 1 

*Port Gravina- - - - - July 17-Sept. 26, 1 1913 
June 15-Aug. 19, 

1915 
Aug. 24-26, 1915 

1924-26 (3 years) 

June 12-29, 1956 

May-Nov. 1965 $6. 2 
July 3-31, 1964 1 + 4 5  

July-Aug. 1957 

Aug. 23-Sept. 20, 
1911 

*Sawmill Bay, 1 May, 1927 (1 
Evans Island- _ _ month) 

*Port Chalmers- _ - - 

~ a ~ - ~ u n e  1964; 
Oct.-Dec. 1964 

July-Nov. 1965 
July 7-Aug. 4, 

1964 

~ u l y - ~ e ~ t .  1933 
(3 months) 

August, 1965 

May 19-30; July 
7-Aug. 6, 1964 

July 19-Aug. 23, 
1965 

May 2 e J u n e  1; 
June 14-July 7, 

Hogg Bay- - - -  - _ - -  June 15-July 21, July 20-Aug. 16, 1 1927 1 1965 

Kenai Peninanla and Cook Inlet 

Aialik Bay -------. 

*Two Arm Bay- _ _ _ 
Chance Cove- - _ _ - 

Shelter Cove--- _ - - 
*Port Dick - _ _ _ _ _ _ _  

**Homer- _ _ _ _ - _  _ _ _ _ 

May 20-July 13, 
1928 

1926-38 (13 
years) 

July 6-Sept. 21, 
1912 

July 20-Sept. 18, 
1928 

May 14-July 25, 
1930 

JuneAug.  1927 
(3 months) 

Aug. 1-Sept. 26, 
1930 

Oct. 3-Nov. 17, 
1962 

April 30-Oct. 8, 1 1908 
May 8-Sept. 29, 

1910 

See footnote a t  end of table. 

1965 
Jan.-Sept. 1965 
May-June 1965 

May 14-June 30, 
1965 

Mav 15-June 30. 
1965 

July 1965 

May 21-June 30, 
1965 

June-Dcc. 1964; 
Scpt.-Nov. 
1965 

May 22-June 4, 
1965 

June-Oct. 1964 

April-July 1965 

June IS-July 31, 
, 1964 
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TABLE 1.-Land-level changes based on cornparsion of pre- and postearth- 
quake tide series at tide stations i n  south-central Alaska-Continued 

I I 

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 
i t  mas inoperative at the time of 
the earthquake, and the tectonic 
subsidence mas 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 a t  the 
page. This difference amounted to 
about 2.9 feet. 

Accuracy 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 a t  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 relative 
land-level changes in the time in- 
terval between tide observations. 
At most of the temporary stations 
such errors are believed to be small 
because, dhere other sources of 
data such as estimates by local 
residents or measured differences 
between pre- and postearthquake 

Land 
move- 
ment 
(feet) 

Location 

I Preearthquake / Postearthquake 

Length of tide series 

I 

Kenai Peninsula and Cook Inlet-Continued 

June-Sept. 1910; May-Oct. 1964 1 -2.6 
June-Oct.. Dec. 
1922; ~ a y - N O V .  
1923; May- 
Sept. 1924; 
Mav-Oct. 1925 

I 1 April-Oct. 1965 1 -2. 3 

Kodiak group of idends 

I I I 
Carry Inlet - - - _ _ _ _  July 1931 July 8-Aug. 7, 1 1965 

J U ~ $  1 1 ~ ~ ~ .  8, 
1965 

July 10-Aug. 7, 
1965 

Redfox Bay _- - - - -_  

*Tonki Bay - - - -__ -_  

Nachalni Is land___ July 30-Sept. 8, June 14-July 10, 1 1941 1 1965 

July-Aug. 1926 

Aug. 23-31, 1932 

Dolphin Point- - - - ~ e p t . - i ~ - ~ c t .  1, ~ u n k - 7 - ~ u l y  8, 1 1941 1 1965 
St. Paul Harbor..-_ June-Oct. 1964 

May-Nov. 1965 1 
*Ugak Bay - - - - - _ - -  August 1932 / June l 2 J u l y  10, 1 

1 96.5 
Port Hobron - - _ _ _ _  June 1-Sept. 19, 1 1928 
J a p  Bay - - - _ _ _ - - - -  July 1931 

~ u i i  >%-Au~. 27, 
1965 

July 28-Aug. 24, 
1965 

*Lazy Bay - - - _ _ - _ -  May 16-Sept. 29, 
1929 1 J u ~ ~ S e p t .  30, 

~ u ~ ~ - l l - 3 0 ,  July 
I - A u ~ .  14, 1964 

July 28-Aug. 15, 
Aua. 20-24. 

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

July l&Aug. 17, 
1965 

July 22-Aug. 17, 
1965 

Uyak Bay - - - - - - - -  

*Port OJBrien--..- - -  

July 14-30, 1908 

June 22-July 30, 
1929 

~ u l y  Aug. 1964 

June 8-Julv 19. 

Alaska Peninsula 

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

operative standard stations, and series of pre-earthquake tidal ob- 
34 temporary stations within the servations had been made and 
region affected by tectonic move- where tidal bench marks had been 
ments during the earthquake established that were not destroy- 
(table 1). Such measurements ed during or before the earth- 
were made at localities where a quake. 

**Kukak Bay - - - - - - -  July-Aug. 1949 July 17-Aug. 16, 
(2 months) 1 1965 

1 Change between 1964 and 1965 possibly due to surficial compaction. 
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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 
tlie 7.0-foot uplift of tihe Sawmill 
Bay station on Evans Island, 
Prince William Sound, derived 
from the tidal observations ( table 
1) .  I t  is about 2 feet too lo-\\- ~vheii 
coillpared with (1) the 9.0-foot 
estimated uplift of shoreline fea- 
ture., \\-hose preearthquake heights 
were precisely known to residents 
of the area and (2) the 8.9 feet 
of uplift indicated by differences 
in the pre- and postearthquake 
ilpper growth limit of barnacles 
(pl. 2). The preearthquake tidal 
observations at this particular sta- 
tion coilsist of a 1-month series 
taken in 1927. 37 years before the 
postearthqnake series with which 
it was compared. Therefore, either 
about 2 feet of uplift occurred in 
the area during the 37years prior 
to the earthquake or the tidal meas- 
urements are in error. Because 
Sawmill Bay had d e n  continu- 
ously inhabited during this time 
interval and because there was 
no indication of preearthquake 
changes in land level, it appears 
probable that the latter alternative 
is the correct one. 

THE UPPER GROWTH LIMIT OF SESSILE, 
INTERTIDAL ORGANISMS RELATIVE TO 

SEA LEVEL 

Vertical displacements in coast- 
al areas were determined mainly 
from more t211aii 800 measurements 
of the upper gro~t-tli limits of in- 
tertidal sessile marine organisms 
relative to sea level along the long, 
iiltricatcly embayed rocky coast. 
I n  Prince Willianl Sound and 
Resurrection Bay, where we used 
outboard-motor-powered skiffs for 
studying these changes during 
1964, measurements were made 
contiiiuously along the shore at 
spacings of about 1-5 miles except 
in those places where cliffs, heavy 
surf, or floe ice in fiords prevenltd 

boat landings or where the upper 
gram-th limits were not mell-de- 
fined. During both the 1964 and 
1965 seasons, measurements of 
vertical displacement mere also 
made at localities shown on plates 
1 and 2 that were accessible by 
light plane or helicopter along the 
ocean coast, on the offshore islands, 
and around the shores of the KO- 
disk group of islands. 

I11 ineas~~ring land-level change 
from the displacement of sessile 
marine organisms relative to sea 
level, tlie zonation of plants and 
animals between tide marks was 
used-a zonation that has long 
been recognized by marine ecol- 
ogists. The intertidal zone along 
the predominailtly steep and rocky 
coastline of south-central Alaska 
is inhabited by certain species of 
organisms-notably barnaoles, 
mussels, and algae-whose verti- 
cal growth limits are usually well 
defined (pl. 3A, facing p. I 16; fig. 
4).  The zonation of intertidal 
organisms in the Prince William 
Sound region was studied in detail 
by a party headed by G Dallas 
Hanna of the California Academy 
of Sciences in 1965. To the writer's 
knowledge, there were no pub- 
lished preearthquake data on the 
intertidal ecology for any part of 
the Gulf of Alaska coast. 

I n  particular, the commoii acorn 
b a r n a c 1 e, Ralanus bnlanoides 
(Linnaeus) , and closely similar 
forn~s such as B. gZunduZa are 
widely distributed on rocky shores 
:lac1 form a conspicuous band with 
:I sharply defined, readily recog- 
nizable upper limit (figs. 5-7) 
The common olive-green rockweed 
(Fucm distichus), which has an 
upper growtli limit near that of 
the barnacles, served as a. useful 
datum for measuring land-lei-el 
changes dong shores where bar- 
nacles were absent or poorly de- 
veloped (pl. 3R. facing p. 114). 
The upper limit of this zone, re- 

ferred to as the "barnacle line," 
corresponds roughly to the top of 
the Balanoid or Midlittoral Zone 
of Stephenson and Stephenson 
(1949) ; to Zone 2, the High Tide 
Region, or the Upper Horizon of 
Ricketts and Calvin (1962) ; and 
the Upper Intertidal Zone of Rigg 
and Miller (1949). The barnacle 
line usually, but not always, ap- 
proximates the lower growth limit 
of the dark-gray-to-black encrust- 
ing lichen (Verrucariu) 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 intertidal 
organisms depends mainly on the 
ability of immature individuals to 
survive prolonged exposure to air 
,znd on the tidal characteristics at 
any given locality (Kaye, 1964, p. 
591-592). I n  referring to the sur- 
vival ability of barnacles, Kaye 
has (termed this maximum expo- 
sure interval the "lethal limit." He  
found experimentally that it was 
close to 150 hours for yearling bar- 
iiaoles and ranged to an absolute 
maximum of 192 hours for mature 
barnacles. Eiiccus, which has a 
nearly identical upper growtli 
range, must have approximately 
the same "lethal limit." To a lesser 
extent the upper growth limit of 
barnacles and Pucus depends upon 
a number of other factors which, 
in parts of Prinoe William Sound, 
locally cause the barnacle line to 
deviate as much as 0.6 foot from 
iks average height ak any given 
locality. Wave action during the 
lowest annual ileap tides and pro- 
tection from desiccation by shady 
locations tend to elevate the upper 
growth limit; exposure to fresh 
water near large streams or tide- 
maker glaciers tends to depress it. 
Annual variations in sea level may 
cause further slight upward o r  
downward shifts of khe organisms' 
upper growth limits. 
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4.-Characteristic parallel bands formed by zoned intertidal marine organisms 
long unlifted west shore of Knight Island, Prince William Sound. Encrusting 
lichens form the upper dark band and brawn laminarians form the lower one; 
light-coloed barnacle zone is between the two. Photograph taken at about 2-foot 
tide stage, May 20, 1%. 

5.-Measuring height of the barnacle line a t  Port Bainbridge in an area of the 
Kenai Peninsula uplifted 5.7 feet. Protograph taken a t  4.4-foot tide stage, June 21, 
1964. 
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6.-Barnacle line clearly marked by upper limit of light-gray barnacles and 
desiccated rockweed in dark patches and by the lower growth limit d dark-gray 
encrusting lichens of the splash zone. Uplift of 3.2 feet in Whale Bay, western 
Prince William Sound. Photograph taken a t  3.0-foot tide stage, June 22, 1964. 

'?.-Barnacle line on hull of S.S. CoZdBroolc, Middleton Island. The upper growth 
limit of the dark band of barnacles on this vertical surface is clearly defined and 
a t  a uniform level, even though i t  is in a locality that was exposed to open-coast 
surf conditions prior to the earthquake. Indicated uplift is 11.7 feet. Photograph 
taken a t  6.5-foot tide stage, July 26, 1965. 
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KODIAK 
ISLAND 

i 
4 / R:?y lqlands,, - -00' 

- ,  
-, 

8.-Yariations of mean tide rarige ill areah of ho~~th-c.e~itntl Alahlia IT here tide 
levels were used a s  a datum i11 measuring vertical displacement of the coast. Triangles 
show locations of perma~ient tide gages prior to the earthquake. Dnta fro111 U.S. Coast 
and Geodetic Survey (1964). 

Specific data on the norrnal up- 
per gro~vth limit of barnacles and 
Fums relative to title levels were 
unavailable for the part of coastal 
south-central *%lask:t that \\-as af- 
fected by vertical tectonic dis- 
placements associated wit21 the 
earthquake at the time this s t ~ ~ d y  
was made. Hon-ever, else\~here on 
the Pacific Coast of Sort11 Amer- 
ica and in other areas of the worltl 
the height of tlle barnacle liiic 
rougllly approximates a~ulual  
mean high wixter along shores ~ ~ i t h  
a small or inoderate tidal range. 
In  the region \\-here mensul.ements 
of vertical displacemellts were 
made during this study, tidal 
range, and hence the height of the 
barnacle line, differs from place 
to place along tlie coast. F o r  exam- 

l'le, the ineail tide range (that is 
the difference in height betneen 
mean high and mean low water) 
1-aries from n iniilinlum of 6.4 feet 
xlong the ocean coast of the KO- 
diak group of islands to a maxi- 
mmn of 15.9 feet at Honler near 
the entrance to Cook Inlet (fig. 8). 
Even higher tides-as high as 30.3 
feet-prevail within Cook Inlet. 
EIo\re\ er, the exceptionally large 
tidal range, in combination \\-it11 a 
general 1;~cli of stable rocky sllorei 
:~itd an increasingly iinpoveri~lled 
nlarinc f a l ~ n : ~  toward the llencl of 
the inlet precluded uic of marinc 
organisms for measuring vertical 
displacement. 

On figure 9 are sliown the var- 
iations in the 1964 positions of six 
of the important sea-level datum 

planes corresponding to  mean tide 
ranges of 6.4 feet t o  15.9 feet 
in south-central Alaska? Kays 
(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 B'ucus growth above o r  be- 
low water level at any stage of 
tide. On smooth steep rocky slopes 
sheltered froin heavy surf, this 
line is sharply defined and can be 
readily determined to within 0.2 
foot or less. On sloping shores or 
shores exposed to heavy surf it 
tends to be less regular, although 
even under s11cll condikions i t  gen- 
erally can be determined with con- 
fidence to  within 0.5 foot. At mmt  
places where the barnacle line 
was above water, its height was 
measured with a hand level or sur- 
veyor's level and stadia rod. Where 
the barnacle line was visible under 
\ ~ a t e r ,  its clepth belo~v the surface 
\\-as ineas~u.ed directly with the 
stadia rod. 

Stage of tide a t  the time of 
measureineilt was then determined 
froin the 1T.S. Coast <and Geodetic 
Survey table of predicted tides for 

1 Extreme high and low water are the high. 
rst and lowest predicted a ~ n u a l  tides; the 
clxtrtln~e Iiigh-water hne is also the wproxi- 
mate  l o ~ v e r  limit for  growth of terrestrial 
v p r e t n t i n n  : ~ l n n r  sllorrs sh~rltered from wave ~ - .  ~ ~. - 
splnsl~. I{ecause tidses in south~ce~ntrad Alaska 
arc. of tllc se~nidiurnal  type, the ler,els of the 
t n . ~ ~  dnilv hizll and lorn tides dliffer, varying 
I~et \yeen ' ;~  maximum (spring tidtes) and a 
m i n l r n l l r n  i n r n n  t ides).  denendinc on the 
in&Elc%ns~~  of' the tide-prbdncin? forces. 
Thus. ~ n c - ; ~ n  hi-11 ~ v a t e r  (MHTV) and, mean 
low IT-atrr (31E\~), are the average heights 
of a l l  hirh a n d  low tides within the period 
of ~ ~ ~ c a i i i r e m e n t  Mean lower low. water 
(1\ILLW). the nlearl of the  spring txdes, is 
the  tid,tl (latun1 plane rommonly used as the 
7~1.n , l n t l l n r  hx t l ~ e  U S Coast and Geodetic 

inrs over a rive% rleriocl. because the tidial 
clirvr is not ' ir  simule sine curve. but  rather 
i h  COmpollndled of k number of simple sine 
curves, some of which have fixed phme rela- 
tionshius with reslpect to each other (Max- 



the closest reference station, and, 
finally, the position of the barnale 
line relative to the mean lower low 
water (MLLW) datum was cal- 
culated. For measurements made 
close to the 16 U.S. Coast and 
Geodetic Survey tide gages that 
were installed in the area imme- 
diately following the earthquake, 
we later made corrections to the 
actual, rather than the predicted, 
tides. During the period of field- 
work, i t  was found that few tides 
deviated by as much as 1.5 feet 
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30 - 14 I I I I I I I 
I the barnacle line and the "normal" 

preearthquake upper growth limit 
for the barnacles and Pucw as in- 
dicated in figure 10. 

I - 
I 

The "normal" preearthquake 
I upper growth limit of barnacles 

24 -- 8 - and Fucus relative to MLLW was 
determined empirically at the 17 
localities listed on figure 10 where 

22 -- 6 - the amount of vertical displace- 
ment was known from Coast and 

20 -- 4 - Geodetic Survey tide gage read- 
ings. I t s  position at these localities 

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

Differences in the height of the 
barnacle line in local areas of simi- 
lar tide range provided a powerful 
tool for determining relative 
changes in land level along the 
coast even where the absolute 
change was not known. Absolute 
uplift or subsidence relative to sea 
level at any given locality .ivm 
taken as the difference in height be- 
tween the measured elevation of 

18--2 
t; 
W 
I& 

z 16--0 
F- 
I 
% 
W 14 -- 

barnacle line dropped to 1.7 feet 
belo\\- MHW. 

The derived curve for the ap- 
proximate height of the barnacle 
line is only a crude approximation 
to the actual position of the bar- 
nacle line. I n  addition to uncer- 
tainties in measuremellt of the po- 
sition of the postearthquake 
barnacle line relative to sea level, it 
incorporates inherent errors in the 
determination of land-level change 
at the temporary tide-gage stations 
as discussed previously (p. I 11). 

-2 - 1 I - 
I I heights are plotted against the 

I mean tide range at the station. The 
least-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 mean tide range. For 
the ion-er tides of 6.4-10.0 feet 
which prevail along most of the 

I I I I 
I I I I Gulf of Alaska and in Prince Wil- 

0 - -16 I I I 1  I I I I I I 
6 7 8 9 10 11 12 13 14 15 16 liamSound,itrangedfromMHW 

MEAN TIDE RANGE. IN FEET to 0.6 foot below MHW level ; for 
9.-Tidal parameters in areas of south-central Alaska where tide levels were used the higher mean tides of as much 
as a datum in measuring vertical displacement of the coast. Data from U.S. Colast as 15.4 feet at Seldovia ill lower 
and Geodetic Survey (1964). Cook Inlet and Shelikof Strait, the 

I I I 
I I I 

I 
- I - 

I I I 
I I 

I 
I 

I I 
I 

I 
I I Mean t ~ d e  level I 

I 
I 

- I I - 
I I I 

I I 
I 

I 
I I I 

I 
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was taken as the measured height 
relative to MLLW corrected for 
the amount of tectonic uplift or 
subsidence indicated by the tide- 
gage readings. On figure 10 these 
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EFFECTS OF THE EARTHQUAKE ON 
INTERTIDAL ORGANISMS 

d (right) .-Sharply mned intertidal marhe 
organisms along west shore of Port B$h- 
bridge. The barnacle line, uplifted 6.1 feet, is 
a t  the contact between the upper black band 
d encrusting lichens an4 the 1Tght-g~ay band 
of barnacles. Greenish material in the lower 
part of the rock face is m u h e  algae; i ts 
upper limit marks the approximate position 
of the postearthquake BarnacIe line. Photo- 
graph taken a t  3.1-foot tide stage, June 18, 

1 growth B (left).-Barnacle limit of olive-brown line defined rockweed by upper and 

C (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. 

lower limit of dark-gray encrusting lichens. 
Shoreline shown (Malina Bay, Afognak 
Island) subsided about 3 feet during the 
earthquake. Photograph taken a t  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) Fwus along the shore of 
Clader Island, Prince William Sound. The top of the band of desiccated algae was 
aear the preearthquake barnacle line and the tap of the band of living algae war 
near the gostearthquake barnacle line. The 3.0-foot difference between their eleva- 
tions was a masure  of the teetonic uplift in this area. Photognraph taken at 8.&foat 
tide stage, June 13, 1984. 

B.-Extensive area of brawn terrestrial vegetation a t  Kiliuda Bay, Kodiak Island, 
killed by salt-water immersion after about 4 feet of tectonic subsidence and an  
unknown amount of st~rficial 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, 1984. 
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10.-Height of upper growth limit of barnacles above mean lower low water for 
mean tide ranges of 6.4-15.0 feet in south-central Alaska. The least-square curve 
for the upper growth limit of barnacles is based on measurements made a t  17 
strations (dots) where the vertical displacement was determined independently by 
the U.S. Coast and Geodetic Survey (Small, 1966) from tide-gage observations. 
Standard deviation is  0.627 foot. 

18 - Data Points 

However, the validity of using the 
empirically determined barnacle 
line mas generally confirmed by 
our observations in late 1964 and in 
1965 that the upper growth limits 
of new postearthquake barnacles 
and Fucus were generally within 
about 1 foot of this line. 

The precision of the land-level 
changes determined by the bar- 
nacle-line 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. Under the least favorable 
combination of circumstances, 
such as along se,gments of the coast 
exposed to heavy surf or s~vells or  
in areas of high and erratic tides 
in Cook Inlet and Shelikof Strait, 
measurements may locally be in  
error by as much as 2% feet. I n  
such areas, however, more reliance 
mas placed on changes indicated 

I- 
W 
W LL 

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

DIFFERENCES IN THE EXTRE3fE PRE- 
AND POSTEARTHQUAKE GROWTH LIM- 

ITS OF SESSILE INTERTIDAL ORGA- 
NISMS AND TERRESTRIAL VEGETATION 

Throughout the region aff ected 
by tectonic land-level movements, 
1jostear.thqnake changes in the 
upper grolvtll limit of barnacles 
: ~ n d  Fztcztr or  in the lo\+-er gro~vth 
limit of terrestrial vegetation pro- 
ridecl direct indications of the 
clirection ant1 approximate amount 
of movement. Thus, along uplifted 
sllores a band of dead barnacles, 
Fucus. and other sessile organisms 
developed ~vithin 2 months after 
the earthquake. The height of this 
band reflected the amount of up- 
lift (111. 4 9 ) .  By July of 1964 a 
new \-josteartllquake line of young 
i)arnacles, mld in some places 
F u c ~ x .  was \\-ell establishecl on 
most shores. Tlle height of this 
line above 01. Itelo~v the preeartll- 
quake line furnished a direct meas- 
ure of the amount of uplift or 
subsidence (pl. 3 C ;  fig. 11). Simi- 
larly, at many places, the amount 

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

of subsidence could be clearly de- 
termined within 2 months after the 
earthquake from certain ephem- 
eral features such as the eleva- 
tion to which the highest spring 
tides inundated terrestrial vegetx- 
tion (fig. 12). By  the 1965 field 
season, land plants hat1 become 
sufficiently well established over 
much of the uplifted shore that the 
approximate amount of uplift 
clould be determined from differ- 
ences in the pre- and postearth- 
quake lower growth limits (fig. 
13). This method was particularly 
useful in areas of uplift such as 
JIiddleton Island where, for  some 
~mkno\~-n  reason, barnacles and 
Fztczl-7 Ilnd not become established 
in the intertidal zone even a year 
after the earthquake. 

Lancl-level changes determined 
from clifferences in pre- and post- 
earthquake positions of the barn- 
acle line or  of the lower limits of 
terrestrial regetation provide rea- 
sonably precise values for the tec- 
tonic morements where the post- 
ear'thqnake growth limits have had 
time to reach a position in equi- 
librium with the local tides and 
where the earthquake-related dis- 
placements have not caused signifi- 
cant changes in the tidal chwac- 
terigtics. Such measurements are 
thought to represent the actual 
vertical change a t  least to within 
1.0 foot, xncl probably to within 
0.5 foot in inost places. 

DIFFERENCES IN THE HEIGHTS OF 
PRE- AND POSTEARTHQUAKE STORM 

BEACHES 

1 6 -  
measurements, range indicated by vertical 

d bar) 
3. Chenega Island, Prince William Sound 

k 4. Lazy Bay, Kodiak Island 
5. Port Chalmers, Montague Island, Prince 

1 4 -  William Sound 

3 6. Sawmill Bay, Evans Island, Prince William 
cz 

$ 1 2 -  
Prince William Sound 

4] 9. Cordova, Prince William Sound ( average of 
Z 28 measurements; range indicated by ver- 

tical bar) 
2 10 - 10. Larsen Bay, Kodiak Island 
W 
> 11. Port O'Brien, Kodiak Island 
0 
m 12. Seldovia, Kenai Peninsula 
4 13. Port Dick, Kenai Peninsula 

14. Port Chatham, Kenai Peninsula 
15. Two Arm Bay, Kenai Peninsula 

Along uplifted sandy shores on 
JIontague Island in Prince Wil- 
li:1111 Sound nncl along the linear 
stretch of coast east of Kayak 
Isl:tncl, tlir :llnonnt of uplift coulcl 
be approximated in 1965 from the 

!? 
w 
I 

6 

relative positions of pre- and post- 
earthquake storm beaches (fig. 
14). The accuracy of such meas- 
urements is difficult to  evaluate, 
nlthough where they could be 

17 16. Tonki Bay, Afognak Island 
17. Ugak Bay, Kodiak Island 

I I I I I 

6 8 10 12 14 16 

MEAN TIDE RANGE, I N  FEET 
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11.-Conspicuous white band of postearthquake barnacles along the shore of 
Kizhuyak Bay, Afognak Iskand. The difference in elevation between the upper 
growth limit of the yearling barnacles in the photograph and the preearthquake 
barnacles, which were a t  water level, indicates a t  least 3 feet of tmtonic subsidence. 
Photograph taken July 20, 1964. 

12.-Drowned brush and trees along shore of Harriman Fiord, Prince William 
S m d .  !L%B 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 a t  this loaality. Pholtograph taken a t  0.9- 
fmt tide stage, June 10,1964. 
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I 13.-777ild flowers and grass growing among dead barnacles ( ~ h i t e )  on shore of 
I Middleton Island uplifted about 11 fwt .  The differences in the lower growth limits d 

pre- and postearthquake terrestrial vegetation provided a direct indication of the 

1 approximate ammnt  of uplift. Photograph taken July 26, 19%. 

14.--Coast a t  Cape Suckling uplifted about 13 feet during the earthquake. The 
diffmnce in elevc~ticm between the postearthquake storm beach (mlarked 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 smooth area between 
the upper limits of driftwood land the sea cliff is now a marine terrace, anid the 
farmer idand in the  foreground is a stack on its surface. The flat surface on the  
stack is probably a n  older marine terrace. Photograph taken a t  about zero tide stage, 
July 24, 1965. 

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 mere made in 1965. This 
method mas used only where no 
other means T V ~ S  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 questionnaires. The 
m o u n t  of them changes and the 
confidence limits expressed by ob- 
servers are sllown on plates 1 and 
2. Most of the estimates were 
made by fishermen, mariners, log- 
gers, and other coastal residents 
who 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 displamments 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 Sound, c.hanges in land 
level were determined by leveling 
from the water surface to U.S. 
Coast and Geodbtic 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 a t  the time 
of measurement correspond with 
predicted tides, is believed to be 
within 0.5 foot. 
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COMPARISON OF PRE- AND 
POSTEARTHQUAKE DEPTH SOUNDINGS 

Submarine control for the off- 
shore uplift indicated southwest 
of Montague Island is provided 
by comparisons of detailed bot- 
tom soundings taken by the U.S. 
Coast and 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, 11o1.v- 
ever, the inferred submarine dis- 
placements could' locally be in er- 
ror by 10 feet or more. 

COMPARISON O F  PRE- AND 
POSTEARTHQUAKE LEVELINGS 

The amount and distribution of 
the vertical tectonic movements 
inland from the coast were de- 
fined by the U.S. Coast and Gw- 
detic Survey's prompt releveling 
of 722 miles of previously sur- 
veyed first-order level lines con- 
necting the cities of Sevard, An- 
chorage, Valdez and Fairbanks 
(pl. 1 ;  fig. 3). Details of the 
methods used in these surveys 
were presented by Small (1966) ; 
changes in elevation between suc- 
cessive levelings at bench marks 
along these routes have been tab- 
ula<ted by Wood (1966, p. 1 2 6  
130). The changes indicated 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 because there is evi- 
dence for minor gradual regional 
movement along some lines where 
repeated levelings were made 
prior to 1964. A t  a few bench 
marks along these routes, which 
were located on unconsolidated 
deposits, the indicated subsidence 

was anomalously large. Such 
anomalous measurements obvi- 
ously represented change; caused 
by accidental displacement of the 
bench marks or by local phenom- 
ena such as frost heaving, surfi- 
cia1 settling, or thawing of per- 
mafrost rather than to tectonic 
movements; they are not shown 
on plate 1. 

DISTRIBUTION OF LAND-LEVEL 
CHANGES 

Figure 3 summarizes the known 
and inferred areal distribution of 
land-level changes. The deforma- 
tion extends for almost 600 miles 
along the Gulf of Alaska coast 
from t,he southwest tip of the KO- 
diak group of islands through the 
Prince William Sound region and 
e~stward to the vicinity of Yaka- 
taka wliere it seems to die out. The 
deformed region consists essen- 
tially of (1) a broad zone of subsi- 
dence centered along the axis of hhe 
Kodiak-Kenai-Chugach Moun- 
tains, (2) a major zone of uplift 
that borders it on the seaward side 
and extends from the 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 Aleutian 
Ranges. The distribution of subsi- 
dence and uplift in thense 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 hhe Kenai 
Peninsula, the northern and west- 
ern parts of Prince William 
Sound, and probably the western 
segment of the Chugach Moun- 
tains (pls. I, 2 ; fig. 3). Areas of 
subsidence in most rocky embayed 
coastal areas are clearly defined by 
the various criteria outlined in the 
preceding section or by qualitative 
indicators of shoreline submerg- 
ence. I n  sheltered embayments the 

changes may be noticeable where 
the subsidence is as little as 1 foot. 
Such effects were most pronounced 
in areas of lowest mean annual tide 
range (fig. 8), inasmuch as both 
the frequency and duration of 
shoreline immersion for a given 
amount of subsidence vary in- 
versely with the tidal range. 

Along coasts with large tidal 
ranges and nonrocky shores, 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 mast 
near the head of the inlet. I n  this 
area, and along Shelikof Strait, the 
northwestern limit of the zone of 
sub~sidence 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 betiween 
the south side of that bay and the 
general area of Katmai Bay. 

Control on the distribution and 
absolute amount of suhidence in- 
land from the coast is provided by 
the Coast and Geodetic Survey's 
releveling of the first-order net 
s h a m  on figure 3. Subsidence was 
indicated on all these lines south 
of the approximate southern mar- 
gin of the Alaska Range except 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 without abrupt changes of 
level across the Kenai Mountains 
northward from Seward and 
across the Chugach Mountains 
north of Valdez (pl. 1 ) .  Within the 
Ghugach Mountains, subsidence of 
about half a foot extends eastward 
at least to Chitina. The northern 
limits of the zone are approximate- 
ly defined by the leveling along 
The Alaska Railroad and Richard- 
son Highway. Because of the small 
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measured land-level changes on 
those lines, errors of as little as 0.5 
foot could cause shifts of as much 
as 30 miles in the positioln of the 
northern boundary of b11e zone. 

MAJOR ZONE O F  UPLIFT 

The main zone of uplift on land, 
as determined from shoreline 
changes, includes (1) a narrow 
fringe of points, capes, 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 (3) 
the coastal belt extending about 
120 miles east of the sound. Direct 
indications of uplift of parts of 
the contiguous Continental Shelf 
are afforded by emergence of all 
the offshore islands and reefs, in- 
cluding 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 about ll/z feet according 
to a local resident (Mr. Hall Nel- 
son), and Chirikof Island, where 
there apparently was no change in 
level (Neal Hoisington, written 
commun., 1965). I t s  eastern limik 
is probably at, or just west of, 
Yakataga. 

The trend of the isabase con- 
tours in the nodheastern 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- 
t,inental margin in a broad zone 
extending south\~estward at least 
to the latitude of southern Kodiak 
Island. Seaward projection of the 
trend of the isohase contours from 
the area between Yakataga and 
Middleton Island also suggests 
that uplift occurred over much of 
the continental slope and could 
have extended to the toe of the 

continental slope, as is shown in 
figure 3 and on plate 1. 

Independent evidence for up- 
li6t over a large segment of the 
Continental Shelf and slope comes 
from tlie seismic sea waves (twn- 
ami) generated by the submarine 
morements. Because seismic sea 
waves are gravity waves set up in 
the ocean mainly by rertical dis- 
turbances of the sea bottom, the 
sense of displacement in the gen- 
erative area can be determined 
under favorable conditions from 
the initial 11-:-ater motion at suit- 
ably situated tide stations. Tide- 
gage records outside the immedi- 
ate area affected by the earthquake 
show an initial rise that indicates 
a positive wave resulting from up- 
ward motion of the sea bottom 
(Van Dorn, 1964, p. 166). The 
initial direction of water move- 
ment along the coast of the Gulf of 
Alaska TI-ithin tlie area affected by 
the earthquake is less clear, how- 
ever, because there were no op- 
eratire tide gages, and in many lo- 
calities t he water movements 
reported by eyewitnesses were 
complicated by (1) changes of 
land lerel along the coast, (2) lo- 
cal waves generated mainly by 
submarine landslides, and (3) 
seiches, or other water disturb- 
ances related to horizontal tecton- 
ic displacement. 

The shape of the source area 
\~i th in  which the train of seismic 
sea wares was generated can be 
approximated from an envelope 
of imaginary 17-ave fronts project- 
ed back toward the wave source 
from observation stations along 
the shore at which arrival times 
are known. Ilistances traveled by 
tlie wares call be determined if 
both the wave relocity 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, 

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 source by this method. How- 
ever, its general position as de- 
rived by Van Dorn (1964, fig. 8), 
Pararas-Carayannis (1967), and 
M.G. Spaeth (oral commun., 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 crest 
along the adjacent coast, 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 sources 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 extends about 350 
miles from the vicinity of Monta- 
gue Island in Prince William 
Sound to the area offshore from 
Sitkalidak Island in the Kodiak 
group. This inference is support- 
ed by the fact that at the north- 
east end of this axis on Montague 
Island warping and faulting have 
resulted in uplift of 38 feet in a 
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E X P L A N A T I O N  

* 
Wave travel direction inferred from 

shoreline damage or eyewitness  
accounts 

Calculated maximum distance trav- 
elled by initial wave 
Dashed where approximate 

Axis of uplift 
Dashed where inferred 

Axis of subsidence 

- - - - - -  0 ------- 
Zero isobase contour 

Epicenter of major aftershock (M > 6.0) 

0 
Station listed in table 2 

15.-Submarine extension of the mne of maximum uplift and faulting on Montague Island as inferred from movement directions 
and calculated travel distances of seismic sea waves generated by the tectonic displacements. 



TECTONICS 

TABLE 2.-Travel t imes of seismic sea-wave crest to near-source observation 
stations 

[Locations shown on figure 15. Travel time from start of the earthquake (5:36 p.m., A.s.t.11 

Station 
I 1 Travel 

time 
(minutes) 

No. I ~ a m e  
(fig. 15) 1 I 

Reported / 
S C K M ~ ~ ? ~  of j 
motion 

Data source 

5 Kodiak Naval / 
Station. 

1 

10 Puget Bay---- 
11 Middleton 

Island 
12 ; Cape 

~ I 
Kaguyak -.... 3 8 3 ~  5 , ? ' Larry \Iatfay (radioed 

I message received a t  

' stream gage. 
Up. _ _ Fleet Weather Central, 

Kokiak Naval Station. 

Old Harbor). 
2 Old Harbor_-- 48 Up ____.. Larry Jlatfay. 
3 Cape Chiniak- 38 Up _ _ _ _ _ _  Fleet Weather Central, 

Kodiak Naval Station. 
4 Kalsin B a y  - - 70 ? U.S. Geological Survey 

Down__ Jerry Tilley. 
Down-. _. Guy Branson. 
Up ._._._ Scottie McRae. 
Up-. .-._ Bill Sweeney. 
Up- _ _ _ _. 1 Sam Hatfield. 
Down__ _. 1 Dwight Meeks 

I 
Down__ - - 1  Charlie Bilderback. 

Yakataga. 
13 Saltery Cove.. 30 ? Ran Hurst. 

i 

I Approximate. 

belt about 6 miles mide (Plafker, 
1968), and comparable displace- 
ments are known to have occurred 
on the adjacent sea floor (Malloy, 
1964). Similarities in maximum 
wave-runup heights along physio- 
graphically comparable segments 
of coast, both on the Kellai 
Peninsula opposite Montague Is- 
land and on the ocean 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. I f  so, the ini- 
tial wave form resulting from sea- 
floor displacement had the ap- 
proximate shape sho~\-11 by profile 
A-A', figure 15. Other factors, 
hen-ever, such as rate of uplift, ini- 
tial slope at  the wave source, ancl 
energy loss along the propagation 
path preclude direct correlation of 
runup heights with displacement 
a t  the source. 

PROBABLE ZONE O F  SLIGHT UPLIFT 

Minor uplift, prabably asso- 
ciated with the eahhquake, has 

been detected in three arms ad- 
jacent to, and inland from, the 
zone of subsidence (fig. 3 ) .  The 
distribution of uplift in  these three 
areas strongly suggests the possi- 
bility that they may be part  of a 
continuous zone, roughly 100 miles 
mide, that  parallels the major 
zones of subsidence and uplift. 

Slight uplift in  the Alaska 
Range is indicated by U.S. Coast 
and Geodetic Survey releveling 
along both the Richardson High- 
way and The Alaska Railroad 
(Small, 1966, fig. 9). Comparison 
of the 1964 leveling with a line run 
in 1952 shon-s general uplift d o n g  
tlle Ricllardson Highway in a zone 
from about 25 miles north of 
Glennallen to within 50 miles of 
Fairbanks (fig. 3 ) .  nlaximum up- 
lift recordeci 0x1 this line was 0.89 
foot near tlle ceniter of the zone, 
with irregular but generally pro- 
gressive decreases toward the 
north and south. Land-level 
changes indicated by comparison 
of 1922 and 1964 levelings along 
The Alaska Railroad are less con- 

sistmt 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 f t )  in only 12 years between 
the successive surveys on the Rich- 
ardson Highway strongly suggests 
that at least the major part of the 
measured changes were probably 
associated with the earthquake. 
Furthern~ore, 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 t o  tidal datum 
planes. Thus, i t  is tentatively con- 
cluded that tlle uplift along lthese 
two lines represents earthquake- 
related uplift over a broad zone 
centered in the general area of the 
Alaska Range. 

Residents along the Iliarnna, 
Chinitna, and Tuxedni Bays on 
the northwest shore of h k  Inlet 
(pl. 1 ; fig. 3) report a decrease in 
the Eleight of tfdes after the earth- 
quake that suggests shoreline up- 
lift  of 1-2 feet. There is little 
doubt about the validity of these 
estimates, particularly in  I l i m n a  
and Tnxedni Bays, where mfer- 
ence marks existed whose pre- 
earthquake relationship to tide 
levels Irere precisely known. Be- 
t~veen 1963 and 1965 a slight up- 
lift, presumably related to the 
earthquake, occurred also on the 
TX-est side of Augustine Island (R. 
TJ. Detterrnan, oral commun., 1965) 
where beach berms have been low- 
ered 1,!-1y2 feet. The observed 
changes along the northwest side 
of Cook Inlet strongly s u g p k  
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 lthe entrance 
to Cook Inlet, inasmuch as d e e p -  
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 shown at a 
smaller scale in figure 3. The iso- 
base contours may be picturud as 
the amounts of vertical displace- 
ment of an im:~ginury surface that 
was l~orizontal before the earth- 
quake. The resulting map, there- 
fore, is a special form of structure- 
contour map showing the configu- 
ration of the deformed surface. 
The maps and profiles indicate that 
the deformation occurred 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 vplift in the ad- 
jacent ~ - a r p s  on the seaward and 
landward sides. The zero isobases 
between the zone of subsidence and 
the adjacent zones of uplift are 
axes of tilt across which the sense 
of vertical displacement relative 
to the preearthquake position 
changes gradually. No abrupt 
changes of level have been found 
betxveen 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 tlie coastal mountain ranges. 
The axis of subsidence plunges 
gently northeastward from the 
Kadiak Mountains anld southwest- 
1%-ard from the Chugach Moun- 
tains to a low of 7% feat on the 
south coast of the Kenai Penin- 
sula. I n  cross section the down- 

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 2-31/3 miles on the sea- 
ward 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 possibili-ty of 
minor earthquake-related move- 
ment on a conspicuous north- 
south-trending lineament. 

Apparent reduction in crustal 
volume within the zone of subsi- 
dence, as calculatad by summing 
the average volumes included be- 
tween successive isobase contours 
on plate 1, is about 29 cubic miles. 
Total area of the zone affmted by 
subsidence is about 48,000 square 
miles, and the average amount of 
subsidence within it is roughly 
21/2 feet. 

MAJOR ZONE OF UPLIFT 

The major zone of uplift along 
the continental margin is a broad 
upwarp with a maximum ampli- 
tude of 15 feet, upon whioh 
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 of khe uplift- 
ed zone trends southwestward 
from Montague Island, presum- 
ably to the area offshore from Sit- 
kdiclak Island in the Kodiak 
group. Maximum uplift along this 
axis on Montague Island is 38 feet 
and it may be as much as 50 feet 
on the sea floor. 

The position of lthe axis of up- 
lift to the northeast of Montague 
Island is uncertain; i t  may con- 
tinue offshore from Hinchinbrook 
Island and the Copper River Delta 
to intersect the coast at Cape Suck- 

ling where 13 feet of uplifk was 
measured. Because of the scarcity 
of d&a points in the Cape Suck- 
ling area, the shape of the de- 
formed surface there cannot be 
closely defined and the possibility 
cannot be ruled out that 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 uplift av- 
erages 1 foot per 2.1 miles nodh- 
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 be16 of extreme uplift 
and surface faulting in southern 
Montague Island. The iwbases in 
the central and southeastern part 
of Prince William Sound re- 
flect a broad undulating pla,t,forrn 
4-8 feet above its preearthquake 
position. I n  a t  least two areas of 
western Prince William Sound, 
local flattening or even reversals 
of slope are indicated. 

Data on bhe configuration of the 
upwarped surface in the Kodiak 
Island area, although less conclu- 
sive, suggest northwestward tilrt- 
ing that is as steep as 1 foot per 
mile s t  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. The 
slope between the most southeast- 
erly capes of Montague 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 uplift sea- 
ward from Middleton Island dies 
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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 invo1~-ed in subsidence, be- 
cause the distribution of uplift in 
extensive submarine areas must be 
inferred from the trend of isobase 
contours in the northeastern part 
of the zone and a few offshore con- 
trol points. I f  the deformation 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- 
dance. Total area of the upliftecl 
zone is inferred to be roughly 
60,000 square miles. Average 
amount of uplift is about 6 feet, 
except in the narrow axial belt of 
uplift and faulting extending 
southwest ward from Montague 
Island, where it is prohably 30 feet 
or more. 

PROBABLE ZONE OF SLIGHT UPLIFT 

Where the broad slight upwarp 
landward from the zone of subsi- 
dence is crossed by level lines, its 
axis seems to  be centered along the 
crest of the Alaska Range and its 
maximum indicated uplift is 0.89 
foot on the Richardson Highway 
line and 0.35 foot on The Alaska 
Railroad line. The upwarp crossed 
by these ~TT-O 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 about 
1.0 cubic miles. 

E,ARTHQUAKE FAULTS 

Faults on land associated with 
the 1964 earthquake were found 
only at  two localities on south- 
\vestern Montague Island in 
Prince William Sound and on the 
subsea continuation of one of these 
faults southn-est of the island. 
Comparable faults entirely on the 
sea floor may have gone unde- 
tected. As far  as could be deter- 
mined no definite movement 
occurred along any other faults on 
land, a l t h o ~ ~ g h  faulting at depth is 
suspected in some areas of uncon- 
solidated surficial deposits charac- 
terized by linear zones of land- 
slides or surficial cracks. 

MONTAGUE ISLAND FAULTS 

The location of, and displace- 
ment across, the earthquake faults 
oil and near Montague Island are 
shown on plate 1. Their surface 
characteristics and tectonic signi- 
cance are briefly summarized in 
the following paragraphs. I n  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 flexures ~1-it11 an average 
S. 37" E. strike. Surface dip of 
the fault is iiorth\~-est at about 85" 
near its s o n t h e i ~ ~  end and 50"-75" 
elsc\vhere along the scarp. Dis- 
placement on the fault is almmt 
entirely clip slip-the north\\-est 
side uptllro\vn relative to the 
southeast side. Tlir maximum 
ineasl~red rel-tical component of 
slip is 20-23 feet, and maximum 
indicated dip slip is about 26 feet. 
-1 left-lateral displacement com- 
]>orient of less than 2 feet near the 
soultllern end of tlie f:~ul~t is prob- 
ably a local plienomenon related to 

:L change in strike of the fault that 
causes it to trend at  an oblique 
angle to the N. 53" W.  principal 
horizontal stress direction. 

The Patton Ray falllit systenl 
\\-as traced by the U.S. Coast and 
Geodetic Survey (Malloy, 1964) 
for at least 1'7 miles on the sea 
floor southn-est of Montague Is- 
land. Indirect evidence, from the 
distribution of large aftershocks 
associated with the earthquake 
and from the distribution of sub- 
marine scarps, suggests that the 
faulting on and near Montague 
Island occurred a t  the northeastern 
end of a reactivated submarine 
fault system. This system approxi- 
inatcly coincides with the axis of 
up1 ift inferred from seismic sen 
waves between the southeast coast 
of Bodiak Island and Montague 
Islalid (fig. 15). The fault ap- 
p:~rently dies out on its north- 
\vestern end, although the possi- 
bility cannot be mled out thait i t  
is offset en echelon towlards bhe 
southeast (in a righthanded sense) 
and cont innes northeastward off - 
shore from Montague Island a t  
least as fa r  as Hinohinbrook 
Island. 

The shorter of the two faults, 
the Harming Bay fault, is a vir- 
tually continuous reverse fault 
with an average strike of N. 4'7" E. 
:tnd a total length of about 4 miles. 
Dip of tlie fault is 52"-75" NW. 
at  the surface. Displacement is dip 
slip except for a left-lateral strike- 
slip except for a left-lateral strike- 
of a foot ne:lr the southern limit 
of the exposure. The maximum 
1ne:lsnred vertical comy~onent of 
slip is 161,? feet near the middle of 
the fault, the indicated clip slip at  
that locality being about 20 feet. 

The two reverse faults on Mon- 
tague Islancl and the postulated 
submarine extellsioii of the Patton 
I3ay fault constitute a zone ~vithin 
nhicll crustal attenuation and 
illaximum kno\vn uplift occurred 
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dnring 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. Furthermore, 
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 tlint they are probably 
subsidiary features, rather than 
the primary faults along n-hich the 
earthquake originated. 

OTHER POSSIBLE EARTHQUAKE 
FAULTS ON LAND 

As far as could he detsrmined, 
there are no other surface f d t s  
on land along which movement 
occurred during the earthquake. 
A careful search for renewed 
movement on known preexisting 
faults did not reveal any detect- 
able surface displacements. Nor 
were any anomalous abruplt 
changes found in amounts of ver- 
tical movement along the coast or 
along lerel lines inland from the 
coast that ~vould suggest signifi- 
cant displacement on concealed 
faults. All reports of suspected 
faulting that were checked in the 
field proved to be landslides or 
surficial cracks in unconsolidated 
deposits. I t  is reasonably certain 
that if additional faulting did in- 
deed occur, its surface expression 
is far  more subtle than that on 
Montague Island. 

Some of tlie linear belts of con- 
centrated surficial cnacking and 
landsliding may reflect displace- 
ments on concealed faults. Foster 
and Karlstmm (1967, p. F24) sug- 
gested t1i:~t movement on a con- 
cealed fault may have produced 
a nortlleast-trending linear be16 of 
conspicuous surf ace fissures on the 
Keiiai lowland in the western part 
of the Keiiai Peninsula. However, 
no evidence has been found for ver- 

tical displacements where the belt 
crosses the U.S. Coast and Geo- 
detic Survey level line muth of 
Anchorage, and there is a notable 
absence of aftershock activity 
along the postulated fault. 

A second possible line of fault 
movemenft lies along the broad 
north-south-trending tropcmgraphic 
depression, referred to here as the 
"Kenai lineament," that extends 
northward from Resurrection Bay 
through the valley containing the 
eastern arm of Kenai Lake (pl. 
1 ) .  Faulting is suggested (1) by 
local concentrations of fissures 
seemi~ngly unrelated to  seismic 
shaking along The Alaska Rail- 
road (D. S. McClulloch, oral com- 
mull., October 1967), (2) by re- 
ported angular changes between 
points on either side of the linea- 
ment as indicated by comparison 
of pre- and posteanthquake trian- 
gulation surveys, m d  (3 )  by a 
distinct change in trend of isolb~ase 
contours across the lineament (pl. 
1 ) .  The geodetic data have been 
interpreted as suggesting left-lat- 
era1 displacement of as much as 5 
feet between stations about 4 miles 
apart on either side of the linea- 
ment (Wood, 1966, p. 122). These 
data, if correct, could indicate 
either slight movemen* on a north- 
south-trending concealed fault or 
crustal warping localized along 
the lineamyk. 

HORIZONTAL 
DISPLACEMENTS 

Although the vertical displace- 
ments that occurred during the 
earthquake are unusually large, 
they appe,zr to be secondary to the 
horizontal displacements indicated 
by retriangulation over much of 
the deformed region. During 1964- 
65, the U.S. Coast and Geodetic 
Survey carried out revisional tri- 
angulations in tlie area shown in 
figure 16. The resurvey includes an 
area of about 25,000 square miles 

bounded on the west by the Sew- 
ard-Anchorage highway, on the 
north by the Glenn Highway, and 
on the east by the Richardson 
Highway and the east cloast 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 coagt. A tellu- 
rometer traverse was also run 
around the south coast of the Ke- 
nai Peninsula from Seward to Ho- 
mer and from Homer tjo M o m  
Pass (at Kenai Lake) via Kenai. 
Because the precision of station lo- 
cations obtained by the tellurome- 
ter traverse is probably too low bo 
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- 
quake surveys. The preearthquake 
net coilsisted of : (1) a primary arc 
extending along the highway route 
from Anchorage northeastward to 
Valdez via Gleniiallen, surveyed in 
1941 and 1944, (2) a second-order 
arc across the north shore of Prince 
William Sound from Valdez to 
Perry Island, surveyed in 194748, 
(3 )  a third-order arc surveyed 
from Perry Island to Anchorage 
between 1910 and 1914, (4) third- 
order triangulation between 1900 
and 1961 for chart control across 
Prince William Sound and extend- 
ing south to Middleton Island and - 

westward along the southern Ke- 
nai Peninsula to Seward, and (5) 
:I double arc from Seward north to 
connections at Turnagain Brm, 
snrveyed by the U.S. Army Corps 
of Engineers in 194142. All t h w  
observations were combined into 
a single composite iidm-ork and a 
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16.-Map showing horizontal tectonic displacements in the Prince William Sound region and nearby 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 m-llicl~ one position-Sta- 
tion Fishhook-was held fixed . In- 
ternal scale and orientation for the 
net were furnished from 5 Laplace 
azimulths. 15 short taped )base lines. 
and 1 tellurometer length. which 
were included in the adjustment as 
observation equations . The post- 
earthquake triangulation survey. 
which JT-as all first-order work. was 
adjusted in the same way as the 
earlier ~vork . 

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

The horizontal shift of re- 
a ion covered stations relative to St  t '  

Fishhook between the pre- and 
postearthquake surveys. as com- 
puted by Parkin. are listed in table 
3 ss adjustment 1 and are S~OTT-n 
graphically as displaceinent vec- 
tors (dashed) in figure 16 . Re- 
cause the postearthquake net was 
not carried northward to an area 
of stability. changes sl~o\vn are 
relative rather than absolute . 
However. small angular shifts in 
the northern part of tilt. 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 (1) a gradual increase in 
displacement along tha Glenn 
Highway arc east of Station Fish- 
hook to almost 13 feet at  Station 
K l a ~ ~ a s i .  and (2) an apparent 32- 
foot shift of Middleton Island 
southwestward in a direction al- 

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

[Data after U.S. Coast and Geodetic Survey (Parkin. 1966. and B . K . Meade. written commun., June 24. 1966) . 
Adjustment 1: station 139 (Fishhook) held fixed; orientation and scale from azimuths and baselines of preearth- 
quakenet (Parkin. 1966. table 1) . Adjustment 2: stations 139 (Fishhook) and 55 (Klawasi) held fixed for addi- 
tional orientation and scale of preearthquake net . Station locations are shown in figure 16 except for stations 
180. 184. 186.188. and 218 . Azimuth: north=OO.] 

I Adjustment 1 I Adjustment 2 

AX (east 

Station 

4... ..................... 
5 ........................ 

29 ........................ 
47 ........................ 
50 ........................ 
55 (Klawasi) ............. 
56 ........................ 
57 ........................ 

102 ........................ 
107 ........................ 
108 ........................ 
117 ........................ 
118 ........................ 
125 ........................ 
126 ........................ 
132 ........................ 
133 ........................ 
137 ........................ 
138 ........................ 
139 (Fishhook) ............ 

Position shifts Resultant vector 
(feet) 
............ 

most normal to that of stations 
along the coast . 

The first of these anomalies is 
eliminated. and the second con- 
siderably reduced. by an alterna- 
tive preferred adjustment of the 
data in which two stations. Fish- 
hook and Klawasi spaced 140 miles 
apart. are held fixed to provide 
additional orientation and scale of 
the postearthquake net (fig . 17) . 

The assumption that the base line 
remained relatively stable in 
length and azimuth is justified on 
the basis of its position in the 
seismically inactive part of the net 
where there 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 horizontal shifts . 
The revised adjustment involves a 

Position shifts 
(feet) 

Resultant vector 

.-- 



TECTONICS 

Station 
F i s h h o o k A  

17.-Schematic diagram illustrating the method of deriving triangulation adjustment 
2 from adjustment 1. Accordi~lg to adjustment 1, the postearthqualce position of line 
AB is given by A C ;  point H shifted 12.74 feet S. 50" W. to point f'. For adjustment 2, 
which assumes no change in distance or azimuth between 9 and B, the postearth- 
quake net was rotated counterclockwise 0.0000124277 radians (angle BAG) and 
reduced in scale by the amount DC, or a factor of 0.9990881236 (the ratio of A B / A C ) .  

counterclock\vise rotatioil of the 
earthquake net of 0.0000124277 m- 
tli~uls and n decrease in scale by a 
factor of 0.9999881256-changes 
1)robably \\-ell ~vithin the limits of 
err-or of these s~~r\-eys.  The result- 
ing liorizontal shifts, \vllicll ap- 
1)ear to be more consistelit ~vitll the 
verfic:tl displacements, arc give11 in 
table :3 as adjustment 2 mlcl are 
plotted vectorially in figure 16 as 
sol id 1 ines. 1-i~less otller\~-ise spec$- 
fied, llorizontal displacements re- 
ferred to in the following sections 
are those of adjustment 2 .  

AMOUNT AND DISTRIBUTION OF 
THE DISPLACEMENTS 

Absolute magnitudes and pre- 
cise directions of tlie horizoiltal 
changes cannot be determined be- 
cause the preearthquake triangu- 
lation net coilsisted mainly of 
third-order surveys and bemuse 
the postquake survey, all of 
which was precise first-order 
work, was not carried nort1111-ard 
to an area unaffected by the 
earthquake. Nevertheless, most of 
the cha~lges are so large and sys- 
tematic that there call be little 
doubt that they are in the gem 
e r d  direction and are of the 
order of magnitude indicated by 
comparisoll of the tn-o surveys. 
The true orieiltatioll and amount 
of displacement of the st a t '  ions on 
the southeast shore of Moiltague 
Island (553) and on Middletoll 
Island (552) are especially un- 

certain. This uncertainty exists 
because (1) both stations nre in 
a part of the net where large dif- 
ferential eartllquake-r-elated rer- 
tical movements may have caused 
significant llorizoiital shifts in 
their positions, (2) tlie preearth- 
quake triangulation involving 
these stations was only third 
order and the stations were tied 
to the net in Prince William 
Sound througll several figures 
that are geonletrically weak. and 
(3) the stations are situatecl near 
the extremity of the net where 
errors in displacement relative to 
the fixed stations are likely to be 
at  a maximum. ,is a consequence, 
errors inherent in the adjust- 
ments coulcl equal or exceed the 
observed displacen~ents of these 
two stations in eit.ller of the tn-o 
alternative adjustments. 

Tlle pattern of horizontal dis- 
placements relative to stations 
Fishhook ancl 1Zla11-asi during the 
time between the surveys is 
brought out by the clisplacement 
vectors (solid) in figure 16. Ex- 
cept for Middletoll Islaild (552), 
they show relative sea~vard move- 
ments that are 1~redominantlg 
toward the sontll-sontheast in the 
western part of the area, almost 
due southeast in the central part, 
and east-southeast in the eastern 
part. Over the central pnrt of the 
net, the magnitude of the dis- 
placements relative to the base 

line increases progressively from 
the base line to a maximum of 64 
feet a t  station 609 on the main- 
land immediately west of Prince 
William Sound, after which it 
decreases toward9 the southeast. 
I11 the western and eastern parts 
of the net, displacements show a 
progressive increase in magnitude 
to the most seaward stations 
ainouating to as much as 52 feet 
sontll-sol1t111ve.t from Sev-ard 
(218) nntl 34 feet near Cordova 
(555). I11 :tddition, resurveys of 
ini:rll isolated triangulation nets 
sp:ulninp the straits froin La- 
to~~cl ie  nncl Knight Islands to 
Jlontapne Island indicate rela- 
tive qllortening of 10-13 feet in 
a north~vest-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 ~vhich 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 
displaceinent vectors (adjustment 
2, tzble 3) and on relative hori- 
zontal illovements within an iso- 
latecl se,ment of tho triangula- 
tion net bet~veen Montague, La- 
touche, and Knight Islands 
(Parkin, 1966, p. 9 ;  C. A. Whit- 
ten, \\-ritten commun., 1965). 

Isothismic contours in figure 20 
indicate that the entire area from 
the northern arc of the net to 
south~vcstern P r i n c e William 
Sound sho~ved a relative extension 
in a  sea\^-ard direction, whereas 
the part of the net southeast of 
the ICniglt Islaad-Latouche Is- 
land area showed a relative short- 
ening northwest-southeast clirec- 
tion. I n  other words, the position 
of Middleton Island, and perhaps 
the area southeast of the island, 
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18.-Profile showing measured and inferred tectonic displacements (above) and vectorial sm of the horizontal and vertical 
movements (below) along section B-B' of plate 1 and figure 16. 

remained essentially fixed re1 a t '  lve 
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 we11 with the 
observed imbric a t '  lon on reverse 
faults in this area (Plafker, 196'7b, 
p. G40-G41). However, the exact 
amount of shortening is uncertain 
because the geographic positions 
of the stations on the seaward 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' W. 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 indicated by (1) 
the 10- to 13-foot shortening in a 
northwest-southeast d i r e c t i o n  
indicated by reobservation of the 

small isolated triangulation net 
spanning M o n t a g u e Strait 
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 relative S. 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 rela- 
tive amount of movement of points 
on the ground surface along this 
line. 

The horizontal displacement 
data indicate that the zone of sub- 
sidence extended tranversely by 
an average of 1.1 X or 1.1 parts 
in 10,000, and reached a maximum 
of about 3 X 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 and i t  averages as much 
as 8 X  across the narrow belt 
of maximum uplift on Montague 
Island. Presumably, a comparable 
relationship exists between hori- 
zon'td displacements and the 
earthquake-related vertical move- 
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ments that ocurred outside the re- 
triangulated area. Extension of 
the retriangulation net over this 
area could provide a definitive 
test of this assumption. 

I n  a general way, the displace- 
ment vectors on either side of the 
Patton Bay fault (stations 610 
and 553) are consistent with the 
field observations that the fault 
has undergone reverse movement 
with resultant crustal shortening 
by imbrication in the dip direc- 
tion. I n  detail, however, there is 
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 eikher that the displacement 
was taken up largely by horizontal 
distortion between the fault and 
the two triangulation stations 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 that, regardless 
of the datails of the llorizontal 
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 shorn- the 
general sense and amount of the 
rebound within the retriangulated 
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. 

TIME AND RATE OF THE 
DEFORMATION 

Instrumental records of the 
time and rate of tectonic move- 
ments in the deformed area are 
nonexistent. Three standard tide 
gages at Seward, Hodiak, and 
Homer were located where they 
might have been able to record the 
vertical land movements relahive 
to sea level had they been opera- 
tive during the earthquake. 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 mras lost when 
it was washed away by seismic sea 
waves half an hour after the earth- 
quake, and the Homer gage mas 
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 rate of the 
movements can only be inferred 
from the reports of eyewitnesses, 
from photographs taken after the 
earthquake, and from the ~ a t e r  
and atmospheric disturbances 
generated by the movements. 

EARTHQUAKE-RELATED 
MOVEMENTS 

Numerous eyewitness reports of 
immediate \vithdrawals of water 
from uplifted coastal areas indi- 
cate that much, if not 311, of the 
deformation occurred during the 
11h-5 minutes of violent tremors. 
I n  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. I n  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- 
tinct upward accelerations during 
the earthquake. Another eyewit: 

ness (Guy Branson, oral commun., 
1964), from an area that subsided 
5 fed,  described a definite drop- 
ping or sinking sensakion 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- 
placements. 

All of the uplift and surface 
faulting a t  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 11-ere no noticeable shoreline 
changes after the 28th. His evalu- 
ation is corrol orated by residents 
along the coast in all areas affected 
by the tectonic displacements. 
Movement along strongly up1if;ted 
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 pattern of seismic 
air and sea waves. The peaks be- 
t ween compression and rarefaction 
on the La Jolla microbarograph 
record (Van Dorn, 1964, fig. 5) 
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 
subsidence. 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 tlle order 
of that required for an acoustic 
wave to propagate across the di- 
mensions of the generator. The 
elapsed time between the earth- 
quake and the :~rrival of the initial 
wave crest along the ocean coast of 
the ICenxi Peninsula fnrther sug- 
gests that the initiating disturb- 
ance along the submarine exten- 
sion of the axis of maximl~m uplift 
south~vest of Montague Island 
(fig 1 occurred during, or 
~ ~ i t l l i n  n few minutes after, the 
eart hqnnke. 

There is no direct evidence as to 
 hen the llorizontal displacements, 
tvllicll in  some inhabited localities 
were as much as 60 feet, occurred. 
No ohserrers 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 
139, horizontal displacements 
probably occurred during the 
earthquake, and at a rate fast 
enongh 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 enrth- 
quakes in Japan (Imamura, 1030, 
p. 141). These changes, which 1 are 
been termed "acute" tilting,. or 
deformations by ,Japanese scien- 
tists, have been a subject of speci~l 
interest because of their obvious 

potential importance in earth- 
quake prediction. 

During the field investigation of 
the 1964 Alaska earthquake, an 
effort \\-as made to ascertain 
whether any premonitory changes 
of level were noted by residents in 
coastal areas or xere recorded on 
operative tide gages. The only 
suggestion of preseismic changes 
was an observation made by an 
officer of Fleet Weather Central 
at the Kodiak Naval Station to the 
effect that tides in the area mere at 
least 11/2, and possibly 2$, 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 marigram prevented docu- 
mentation of the reported low 
tides. The Seward and Homer 
marigrxms for the time preceding 
the eahhquake do not show evi- 
dence of preseismic changes, nor 
have such changes been reported 
elsewhere by coastal residents. 

POSTEARTHQUAKE MOVEMENTS 

Relevelings, tidal observations, 
and gravity madings suggest 
either no postearthquake vertical 
changes or, p e r h a p s , slight 
changes in the earthquake-affected 
region. 

The most convincing indication 
of continued postearthquake move- 
ment comes from releveling in 
May-June and in October 1964 of 
n line 22 miles long extending 
northwest\~ard from Portage on 
Turnagain Arm and a third re- 
leveling from Portage to Anchor- 
age in the summer of 1965. Be- 
tween the preeanthquake leveling 
and the initial postearthquake 
leveling, Portage subsided 5.6 feet, 
the area 22 miles to the northwest 
subsided about 4.0 feet, and An- 
ohorage subsided about 2.3 feat 
(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- 
t age in the period between surveys 
(Small, 1966, p. 13). Comparison 
of the May-June 1964 and the 1965 
leveling suggests relative post- 
eart,hquake subsidence of 0.36 f m t  
a t  Anchorage and 0.52 foot a t  
Portage during this interval 
(Small, 1966, p. 17). TJnfortu- 
nlately, neither the October 1964 
line nor the 1965 line was tied to 
tidal bench marks, so ithe absolute 
postearthquake displacements are 
uncertain. Furthermore, because 
both Anchorage and Portage are 
situated in areas of extensive thick 
unconsolidated deposits, the possi- 
bility cannot be ruled out with the 
data available that some or dl of 
the indicated subsidence may be 
due to continued consolidation of 
soft sediments. 

Small (1966, p. 18) also reports 
a gravity increase of about 0.18 
mgal on Middleton Island relative 
to an Anchorage base station. This 
increas occurred between the time 
of a postearthquake 1964 mealsure- 
ment and one made in 1965 which 
would indicate about 2 feet of ad- 
ditional uplift between surveys. 
However, the possibility that this 
large difference in the successive 
gravity readings may be due Ito 
meter drift in one or both surveys 
is suggested by the fact that resi- 
dents of the island did not notice 
changes in relative tide levels dur- 
ing this same interval. Two feet of 
uplift at Middleton Island should 
have been readily detectable along 
the shore. 

A comparison of tidal observn- 
tions made in 1964 and 1965 pro- 
vides data on the postearthquake 
11and-level changes a t  14 of the sta- 
tions listed in table 1. However, it 
is difficult to separate purely tec- 
tonic movements from meteor- 
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ological e,ffects and the effects of 
surficial compaation a t  gages sit- 
uated on soft sediments. Tidal ob- 
servations in the zone of uplift a t  
Cordova, Por t  Chalmers, and Saw- 
mill Bay showed no detectable 
change suggestive of continued 
tectonic movements, but one sta- 
tion, Port  Gravina, apparently 
subsided 0.3 foot between 1964 and 
1965. I n  the zone of subsidence, 
gages a t  Seward and Por t  O'Brien 
had no detectable change in mean 
sea level; five gages a t  bedrock 
sites showed slight rises ranging 
from 0.1 to 0.5 fmt ,  possibly sug- 
gestive of postearthquake tectonic 
uplift. Con~parisons of 1964 and 
1965 tidal dbservations a t  Valdez, 
TVhittier, and Homer, in the zone 
of subsidence, indicated apparent 
continued subsidence ranging 
from 2.6 feet a t  Valdez to 0.3 foot 
a t  Whittier. The postearthquake 
subsidence at Valdez is definitely 
related to seaward extension and 
subsidence of the thick prism of 
deltaic deposits on which the tide 
gage is situated; much or all of the 
subsidence at the other ~TT-o sites, 
both of which are on thick de- 
posits of unconsolidated sediment, 
could also have resulted from slur- 
ficial effects. 

The available data on postearth- 
quake changes outlined above are 
internally inconsistent ancl incon- 
clusive with reference to postearth- 
quake ve~tical  movements. Disre- 
garding the Valdez, TlT1iittier, and 
Homer stations, where wperficial 
subsidence of unconsolidatecl de- 
posits is k n o ~ ~ n  or sl~spected to be 
large, the repented postearthquakr 
tidal observations indicate either 
recovery (by uplift) of as much 
as 0.5 foot or  no change in the 
subsided zone. However, the re- 
peated levelings on the Portage- 
Anchorage line and repeated grav- 
ity readings a t  Anchorage have 
been interpreted as indicating ei- 
ther continued subsidence or sta- 

bility in that part of tlle zone of 
subsidence. On the other hand, 
tidal observations in the zone that 
Tvas uplifted (luring the earth- 
quake suggests either postearth- 
quake subsidence of as much as 0.3 
foot or stability,  hereas as the pair 
of gravity nleas~~rements at Mid- 
dleton Islantl in this zone suggest 
additional uplift of about 2 feet. 
Repeated tidal observations, level- 
ing" :lntl gravity readings ox-er 
;L longer tiilic period will be re- 
quired before definite conclusions 
may 1x' drn\\-ii concerning the post- 
earthquake p:~ttern of adjustments 
in the deformetl region. I t  is abun- 
tlantly clear, from available data, 
Ilo\ve\*er, that there \\-as no large 
rapid posteart1lqu:~ke recovery of 
vertical displacement comparable 
to the recoveries reported after 
some major cai-thquakes :dong the 
coasts of Japan and South .liner- 
ica. 

EFFECTS OF THE 
TECTONIC 

DISPLACEMENTS 

Xegioilal vertical tectonic dis- 
~lacelnents, both upward and 
down\~arcl, have caused profound 
modifications in shoreline inor- 
phology and attendant widespread 
effects on the biota. Changes in the 
position of the shorelines re1 a t '  ire 
to sea level directly affected nn- 
inerous coastal installations, ship- 
ping, and the fislling and shell- 
fish i~ldustries. major indireot 
effect of the vertical movements 
\\-as tlle generation of :I train of 
destructive seismic sea \J7al-es that 
\\-ere responsible for 35 of the 115 
fatalities and for much of the 
property cla~nage attributable to 
the earthquake. The movements 
also appear to have generated at- 
mospheric and ionospheric dis- 
turbances that were detectable a t  
several places in the conterminous 
1-nited States. 

The systematic regional horizon- 
tal  displacements may have caused 
11-aves in certain confined and semi- 
confined bodies of surface water, 
and related porosity changes may 
hare caused temporary water 
losses from surface streams and 
lakes as well as drops in water 
levels of some wells that  tap  con- 
fined aquifers. 

Because the displacements mere 
along faults that are under water 
and in uninhabited places on land 
they did not damage any works of 
man. Had they occurred in inhab- 
ited areas. however, these displace- 
ments s ~ ~ r e l y  would have caused 
extensive dainage to structures 
built across them. It is also rea- 
sonably certain that phenomena re- 
lated to the reverse faulting, such 
as the Iaiidsliding, extension crack- 
ing, and severe warping that oc- 
curred in x belt as much as 3,000 
feet wide adjacent to the fault 
traces (Plafker, 196'7b), would 
hare been a definite hazard for  
engineering TT-orks. 

Most of the effects resulting 
from vertical movement of the 
shor~line have been known from 
other e:trthquakes in coastal areas 
throughout the world. Especially 
detailed descriptions have been 
given 1)- Tar r  and Martin (1912) 
of the varioi~s physiographic and 
biologic effects of uplift and sub- 
sidence associated with the great 
earthquakes of 1899, centered near 
Yakntat Bay along the Gulf of 
.ilaska coast. Effects of such move- 
iilents on the works of man have 
also been n11113ly documentecl for 
nuinerous major earthquakes 
along the coasts of South America, 
Sew Zealancl, India, Japan, and 
elsewhere. most of which have been 
summarized by Richter (1958). 
,ilthough submarine tectonic 
~llovements have long been sus- 
pected as the most probable gener- 
ative nlecllanism for seismic sea 
x7aVes, the 1964 Alaska earthquake 
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ological e,ffects and the effects of 
surficial compaation a t  gages sit- 
uated on soft sediments. Tidal ob- 
servations in the zone of uplift a t  
Cordova, Por t  Chalmers, and Saw- 
mill Bay showed no detectable 
change suggestive of continued 
tectonic movements, but one sta- 
tion, Port  Gravina, apparently 
subsided 0.3 foot between 1964 and 
1965. I n  the zone of subsidence, 
gages a t  Seward and Por t  O'Brien 
had no detectable change in mean 
sea level; five gages a t  bedrock 
sites showed slight rises ranging 
from 0.1 to 0.5 fmt ,  possibly sug- 
gestive of postearthquake tectonic 
uplift. Con~parisons of 1964 and 
1965 tidal dbservations a t  Valdez, 
TVhittier, and Homer, in the zone 
of subsidence, indicated apparent 
continued subsidence ranging 
from 2.6 feet a t  Valdez to 0.3 foot 
a t  Whittier. The postearthquake 
subsidence at Valdez is definitely 
related to seaward extension and 
subsidence of the thick prism of 
deltaic deposits on which the tide 
gage is situated; much or all of the 
subsidence at the other ~TT-o sites, 
both of which are on thick de- 
posits of unconsolidated sediment, 
could also have resulted from slur- 
ficial effects. 

The available data on postearth- 
quake changes outlined above are 
internally inconsistent ancl incon- 
clusive with reference to postearth- 
quake ve~tical  movements. Disre- 
garding the Valdez, TlT1iittier, and 
Homer stations, where wperficial 
subsidence of unconsolidatecl de- 
posits is k n o ~ ~ n  or sl~spected to be 
large, the repented postearthquakr 
tidal observations indicate either 
recovery (by uplift) of as much 
as 0.5 foot or  no change in the 
subsided zone. However, the re- 
peated levelings on the Portage- 
Anchorage line and repeated grav- 
ity readings a t  Anchorage have 
been interpreted as indicating ei- 
ther continued subsidence or sta- 

bility in that part of tlle zone of 
subsidence. On the other hand, 
tidal observations in the zone that 
Tvas uplifted (luring the earth- 
quake suggests either postearth- 
quake subsidence of as much as 0.3 
foot or stability,  hereas as the pair 
of gravity nleas~~rements at Mid- 
dleton Islantl in this zone suggest 
additional uplift of about 2 feet. 
Repeated tidal observations, level- 
ing" :lntl gravity readings ox-er 
;L longer tiilic period will be re- 
quired before definite conclusions 
may 1x' drn\\-ii concerning the post- 
earthquake p:~ttern of adjustments 
in the deformetl region. I t  is abun- 
tlantly clear, from available data, 
Ilo\ve\*er, that there \\-as no large 
rapid posteart1lqu:~ke recovery of 
vertical displacement comparable 
to the recoveries reported after 
some major cai-thquakes :dong the 
coasts of Japan and South .liner- 
ica. 

EFFECTS OF THE 
TECTONIC 

DISPLACEMENTS 

Xegioilal vertical tectonic dis- 
~lacelnents, both upward and 
down\~arcl, have caused profound 
modifications in shoreline inor- 
phology and attendant widespread 
effects on the biota. Changes in the 
position of the shorelines re1 a t '  ire 
to sea level directly affected nn- 
inerous coastal installations, ship- 
ping, and the fislling and shell- 
fish i~ldustries. major indireot 
effect of the vertical movements 
\\-as tlle generation of :I train of 
destructive seismic sea \J7al-es that 
\\-ere responsible for 35 of the 115 
fatalities and for much of the 
property cla~nage attributable to 
the earthquake. The movements 
also appear to have generated at- 
mospheric and ionospheric dis- 
turbances that were detectable a t  
several places in the conterminous 
1-nited States. 

The systematic regional horizon- 
tal  displacements may have caused 
11-aves in certain confined and semi- 
confined bodies of surface water, 
and related porosity changes may 
hare caused temporary water 
losses from surface streams and 
lakes as well as drops in water 
levels of some wells that  tap  con- 
fined aquifers. 

Because the displacements mere 
along faults that are under water 
and in uninhabited places on land 
they did not damage any works of 
man. Had they occurred in inhab- 
ited areas. however, these displace- 
ments s ~ ~ r e l y  would have caused 
extensive dainage to structures 
built across them. It is also rea- 
sonably certain that phenomena re- 
lated to the reverse faulting, such 
as the Iaiidsliding, extension crack- 
ing, and severe warping that oc- 
curred in x belt as much as 3,000 
feet wide adjacent to the fault 
traces (Plafker, 196'7b), would 
hare been a definite hazard for  
engineering TT-orks. 

Most of the effects resulting 
from vertical movement of the 
shor~line have been known from 
other e:trthquakes in coastal areas 
throughout the world. Especially 
detailed descriptions have been 
given 1)- Tar r  and Martin (1912) 
of the varioi~s physiographic and 
biologic effects of uplift and sub- 
sidence associated with the great 
earthquakes of 1899, centered near 
Yakntat Bay along the Gulf of 
.ilaska coast. Effects of such move- 
iilents on the works of man have 
also been n11113ly documentecl for 
nuinerous major earthquakes 
along the coasts of South America, 
Sew Zealancl, India, Japan, and 
elsewhere. most of which have been 
summarized by Richter (1958). 
,ilthough submarine tectonic 
~llovements have long been sus- 
pected as the most probable gener- 
ative nlecllanism for seismic sea 
x7aVes, 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 changes to hori- 
zontal tectonic displacements dur- 
ing previous earthquakes. 

PHYSIOGRAPHIC CHANGES 

Tectonic snbsiclence, augmented 
locally by surficial subsidence of 
unconsolidated deposits, resulted 
in narro~ving or, in extreme cases, 
complete submergence of beaches. 
Sea water inundated 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 a t  stream 
mouths or bay heads (Pl3afker 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 a t  the higher sea lev- 
els caused rapid erosion of shore- 
lines--especially those composed 
of poorly consolidated deposits 
that were brought witl~in reach of 
the tides (fig. 19). An irreplace- 
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- 

19.-Spruce krees on a spit near the mouth of Resurrection Bay killed by salt-water 
immersion and undermined by erosion af ter  the land subsided about 3 feet. Photo- 
graph taken at a $foot tide stage, July 10,1964. 

tide line seaward and theraby ex- 
pose parts of the littoral and, a t  
some places, the sublittoral zones 
(frontispiece; figs. 14, 20). I11 the 
areas of maximum uplift on south- 
western Montague Island, the 
emergent sea floor is as much as 
1,800 feet wide (Plafker, 1967b, 
pl. 1,2).  As a consequence, former 
beaches and sublittoral marine de- 
posits were rapidly incised by 
streams that cut down through 
them to new, relatively lower base 
levels (fig. 21). I n  many places, 
beach-barred lakes were drained in 
varying degrees by incision of 
their outlet streams. About 8 or 9 
feet of uplift a t  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 seaward 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 
normal position relative to sea 
level. Similarly, in offshore areas, 

upli'ft created new islands and ex- 
posed reefs a t  stages of tide when 
they formerly were under water. 

TILTING OF LAKE BASINS I 
Regional tilting or warping of I 

the land surface seems to  have I 

caused permanent shoreline I 

changes a t  Kenai and Tustumena 
lakes on the Kenai Peninsula. It 
may have had comparable eff ech 
on other lakes for which observa- 
tional data are unavailable. 1 

Tilting of Kenai Lake, which is 
about 25 miles long, is indicatsd 
by changes in the relative position 
of the bench marks that had been 

I 
established 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 

I 
west end of the lake is close to the 

I 

axis of subsidence (pl. 1) and that 
residents report a relative lower- 

I 
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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-mile- 
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 ea~hquake, 
water levels at the inlet 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 

20.-Rocky surf-eut platform a quarter of a mile wide a t  Cape Clmre, Montague the c m t  into the Kenai Lowland 
Island, exposed by 26 feet d tectonic uplift. The white band on the upper part of 2IZea (pl. 1). 
the platform consists mainly of barnacles and caloareous worm tubes; brown algae, 
or "kelp," cover much of the surface below the barnacle zone. Photograph taken a t  TILTING O F  RIVER DRAINAGES 

about zero tide stage, March 31, 1 W .  Compare with frontispiece, taken 2 months Regional tilting may also have 
later in same general area. temporarily reduced the flow of 

certain rivers, such as the Cop- 
per, Kenai, and Kasilof Rivers, 
whom flow directions were oppo- 
site to the regional tilt (pl: i). 
The Kasilof River was d u 4  
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. Immediately 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 
21.-Bay-head deposits in MacLeod Harbor, Montague Island, deeply incised by 
stream erosion following (about 33 feet of uplift. Arrows indicate the positions of approximately at their lowwt an- 
pre- and postearthquake high-tide shorelines. Photograph taken August 6, 19%. nual levels when the Oc- 

curred, slight changes in gradi- 
ent caused disproportionately 



large changes in dkcharge. 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 dkcharge 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 Lowland. 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 dbtailed 
governmental and privata studlies 
of the effects of the earthquike 
on intertidal organisms, land 
plants, and fish w e  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 effaot of 
subsidence was the fringe of ter- 
restrial vegetation killed by salt- 
water inundation at periods of 
high tides (pl. 4B; figs. 12, 19). 
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22.-Spruce trees in Nuka Passage on the southern Kenai Penimuk killed by re- 
peated inundation with salt water in an area of 6.3 feet of tectonic subsidence. 
Algae anti 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. Photograph 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. I n  some sheltered 
localities at which vegetation ex- 
tended down to the extreme high- 
tide line, dead vegetation was 
noticeable even where subsidence 
mas 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 \\-ere inundated. I n  such 
places, marine organisms en- 
croached up\\-ard into the new lit- 
toral zone and i t  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 spmies 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 than those resulting from sub- 
sidence, because the uplift caused 
complete extermination 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 uplliftsd 
shore. I n  areas where uplift ex- 
ceeded the local tide range, as on 
islands in southern Prince William 
Sound, on parts of the mainland 
coast to bhe 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 riew of surf-cut surface a t  Cape Gleare, Montague Island, shown in 
f r o n t i s p i e .  The white coating on the rocks consists primarily of desiccated cal- 
careous algae and bryowans; the dark mpelike objects are  stipes of lalninarians 
("kelp"). Photograph taken June 1,1964. 

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 a t  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). 

By August 1964 a few land 
)plants had encroached onto the 
fringe of shore reclaimed from the 
sea, and in the summer of 1965 
scattered clumps of grasses and 
~vildflowers 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. 
13). I n  a few years the bleak as- 
pect of these fringes of uplifted 
shore should become subdued by 
a luxuriant cover of brush and 
timber comparable to that grow- 

lancl plants 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 

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. I n  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 impohant 
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, received 
major damage due to changes in 
land level and seismic sea waves 
(Alaska Dept. Fish and Game, 
1965, p. 3 ;  Thorsteinsson, 1965). 
Spawning areas of upstream nii- 
grants, including the red and sil- 
ver salmon, where relatively un- 
affected by the earthquake. 

Many low-lying coastal lakes 
that were important habitats for 

jng 01' 'Ider 'PIifbd ter- 24.-Mass of dead starfish in a depression on the uplifted platform shown an figure 23. 
races in the area. By July 1965, Photograph taken May 31, 1964. 
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waterfo~vl and for fresh-water 
fish were damaged mainly by salt- 
water pollution related to subsi- 
dence or to draining in varying 
degrees resulting from uplift and 
incision of their oukleit streams. A 
few of the ilplifted lakes thait h r -  
merly received salt water through 
their outlets during high tides be- 
come entirely fresh with conse- 
quent ~11aliges in the number and 
species of fish they can support. 

GENERATION O F  SEISMIC SEA WAVES 

Most 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 ; Pldker  and K'achadoorilan, 
1966; Pararas-Carayannis, 196'7). 
Between the southern t ip of 
Kodiak Island and Kayak Island, 
these waves took 20 lives and 
caused desitrukkion all along the 
ocean coagt. The waves were espe- 
cially destructive along the ocean 
coast of the Kodiiak 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 ~ubsidence and compac- 
tion of llnconsolidated deposits 
during the earthquake. I n  addi- 
tion, the waves, which were re- 
corded 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 inibially investigaked by Van 
Darn (1964), who concluded that 
the waves were generated by a di- 
polar displaoement of water re- 
sulting from regional tectonic 
warping. He  inferred that the 
positive pole of this disturbance 
included much of the shallow Con- 

tinenbal Shelf bordering the Gulf 
of Alaska within the major zone 
of uplift, and that the negative 
pole lay largely under land or be- 
neath Cook Inlet and Shelikof 
Strait in the major zone of snbsid- 
ence. Prom preliminary data on 
the amount and distribueion of 
verbical displacements along the 
shore, Van Dorn (1964, p. 17) cal- 
culated that the total potential en- 
ergy imparted to the positive part 
of the seismic sea wave by subma- 
rine uplift (assuming (1) vertical 
displacement of 6 feet that in- 
creases progressively from zero at 
the southwest end to 6 feet a t  the 
northwest end and (2) source di- 
mensions of 240 miles by 100 
miles), was 1.7X 1014 ft-Ibs (2.3 X 
1021 ergs), or oiily about 0.01-0.05 
percent of the approximately loz4 
to 2X loz4 ergs of seismic-wave 
energy released by the main shock. 
Pararas-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 
water-wave energy of 5.88 X loz1 
ergs. 

The Geological Survey's subse- 
quent studies of the verrtical dis- 
placemei~ts on land and their prob- 
able extension beneath the sea 
provide additional daha relevant 
to the probabIe configuration of 
the initial positive wave and its 
energy content. These daka sug- 
gest that the 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 and that the 
offshore areas involved i11 the up- 
lift and the amounts of sea-floor 
displacement are considerably 
great.er than was indicated by pre- 
liminary reconnaissance snrveys. 
Thus, the general shape of the de- 
formed surface on the Continental 
Shelf may be roughly approxi- 

mated by a broad low-amplitude 
upwarp with minimum dimensions 
of 400 by about 75 miles, superim- 
posed upon which is a narrow belt 
of maximum uplift about 6 miles 
wide thait is inferred to extend 
some 350 miles southwestward 
from Montague Island. As indi- 
cated on profiles A-A', R-B' (7-6" 
plate 1, average uplift across the 
broad upwarp is roughly about 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 SheIf 
where the deformation field is un- 
known, the calculated energy 
should be considered as a mini- 
mum. 

If  the initial wave form approx- 
imates ehat of the uplift, total 
potential energy transferred to the 
water, Et was the sum of the 
energy in both the broad low-am- 
plitude part of the wave (El)  and 
in the narrow sul)erimposed high- 
amplitude part (E,). Total poten- 
tial energy transferred to the 
water, Et, derived by using Iida's 
equation (1963, 11. 65), was 

IT--here p is the density of wn 1%-nter, 
g is the gravitational acceleration, 
h is the :tverage vertical displace- 
ment, and-4 is the area over mhiclr 
the deformation occurred. Thew- 
fore, by substitution, 

El= (1 .1 )  (32) (15)'(6) (350) (5,280)' 
=4.6X 1014 ft-lbs (6.2X 10'' 

and their sum, 

Et= 1.5X 1016 ft-lbs (2X loz2 ergs). 
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These figures suggest that the 
total potential energy in the posi- 
tive part of the wave may be about 
an order of magnitude larger than 
that derived by Van Dorn, or 0.1- 
0.5 percent of the seismic ware 
energy release. According to the 
model used, roughly one-third of 
the energy was concentrated in the 
narro\l- high-amplitude pnrt of the 
wave along the axis of inaximum 
uplift and two-thirds was distrib- 
uted over the low-amplitude part 
of the \t7a\-e tt-llicll has an area 
roupl~ly 15 times larger. Thus, the 
relatirely greater damage and 
higher wave runups along the 
outer coast of the Kodiak group of 
islands and the Keilai Peninsula, 
as compared to the ocean coast of 
Prince William Sound and the 
mainland east of the sound, ap- 
pears to be a function of prox- 
imity to the narrow zone of high 
wave-energy concentration along 
the axis of maximum uplift. 

ATMOSPHERIC EFFECTS 

An atmospheric pressure wave 
that 15-as the atmospheric counter- 
part of the seismic sea waves was 
recorded on microbarograplls at 
the T'niversity of California at 
Berkeley and at the Scripps Insti- 
tute of Oceanography at La Jolla, 
Calif. The ware traveled at the 
speed of sound in air (roughly 
1,050 f t  per sec in the lower atmos- 
phere), reaching Berkeley, 1,950 
miles from the epicenter, 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 
times 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- 
placemeilts of the land and sea sur- 
faces that accompanied the earth- 
quake. 

The atmospheric pressure wave 
also seems to have caused a travel- 
ing ionosplleric disturbance that 
xas observed i11 Hawaii, Alaska, 
and the conterminous United 
States on high-frequency radio 
sounders (Row, 1966). The dis- 
turbance at Boulder, Colo., was 
cllaracterized by an abrupt onset, 
speeds appropriate to sound waves 
above 100 km in altitude, an oscil- 
latory long-period tail, and an ini- 
tial negative doppler. Computa- 
tions by R ~ T T  indicate that the es- 
sential feat~wes of the obserl-ations 
may be reproclnced by sudden ver- 
tical ground displacement of the 
type observed in the epicentral 
region be lo\^^ a plane isothermal 
gravitating atmosphere. 

WATER DISTURBANCES POSSIBLY 
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 mas displaced 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 direction of dis- 
placement, and it ~ ~ o u l d  simul- 
taneously be lowered along shores 
in the direction of displacement. 
For a given amount and rate of 
displacement, the effect of hori- 
zontal movement on the water 
mass 11-ould be proportionally 
greatest 11-here orientation of 
shores is normal to the direction 
of horizontal movement and rel- 
atively steep basin sides permit- 
ted the maximum energy to be 

25.-Schematic diagram illustrating 
the postulated effect of a sudden hori- 
zontal displacement on water in a n  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 a n  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-wave 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 a1- 
ternative explanation, however, is 
that the waves and seiche in 
Kenai Lake-a lake which lies in 
n 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, 
i t  is not possible to determine 
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quantitatively whether the hori- 
zontal displacements alone or in 
combination with tectonic tilting 
could generate the waves recorded 
at Kenai Lake. 

Sudden rises of water level dur- 
ing or immediately after the 
earthquake, observed at numerous 
coastal localities where there 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 displacements in a 
south-to-southeast d i r e c t i o n 
ranged from about 20 to 62 feet 
(fig. 16), Iocal wares of unknown 
origin were responsible for the loss 
of at least 28 lives and caused ex- 
tensive property damage at Che- 
nega, Port Ashton, Port San Juan, 
Port Oce'anic, Perry Island, and 
probably at Port Nellie Juan and 
Point Nowell (Plafker and others, 
1969). Similar waves that did not 
cause damage alms0 were reported 
at Port Wells, Unakwik Inlet, 
Tatitlek, Naked Island, and sev- 
eral other localities in Prince Wil- 
liam Sound. Much of the damage 
from local waves was concen- 
trated along east-west- to north- 
east-southwest-trending shorw in 
semiconfined bays or along deep 
steep-sided fiords and straits. 
These waves, which appeared at 
widely separated locdities in the 
sound within minutes after the 
eanthquake was first felt, must 
have been generated locally and 
almost simultane~usly. Most eye- 
witnesses observed a single large 
wave with runup as high as '10 feet 
(as at Chenega), preceded or fol- 
lowed by much smaller waves at 
intervals of a few minutes, The 
sudden onset, short period, and 
local distribution of the waves dis- 
tinguish them from the train of 
long-period seismic sea waves 
generated in the Gulf of Alaska 
that did not reach the outer coast 

of the Kenai Peninsula until about 
20 minutes after the start of the 
earthquake. That the waves may 
have been generated by relative 
seaward movement of the land 
mass in Prince JVilliam Sound is 
suggested by (1) their appearance 
during the earthquake, (2) their 
occurrence in an area where there 
mere large horizontal displace- 
ments, and by (:<) the orientation 
and configuration of the affected 
shorelines. 

Unexplained waves were also 
observed in widely scattered coas- 
tal areas of the Kenai Peninsula 
and Kodiak Islands, where retri- 
angulation data are unavailable 
but where significant 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 could 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 flats sug- 
gested to one observer that "the 
land was being shoved under the 
bay" (Waller, 1966a, p. D4). 
Rapid, calm rises in water level of 
9 feet at Kodiak (Plafker and 
Kachadoorian, 1966, p. D30) and 
of about 26 feet a t  Whittier (Plaf- 
ker and Mayo, 1965, p. 15) thak 
cannot be readily ascribed to any 
other cause may also have been re- 
lated to horizonbal displacement 
of the land. 

I n  summary, horizontal dis- 
placements of the magnitude indi- 
cated by retriangulation 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 conitrib- 
uting cause, of some waves ob- 
served in certain localities during 
or immediately after the earth- 
quake that cannot be directly re- 

lated to vertical tectonic displace- 
ments, regional tilting, seismic 
shaking, or submarine landslides. 

CHANGES IN ARTIBIAN-WELL LEVELS 

Systematic long-term drops in 
water levels of wells tapping con- 
fined aquifers in Pleistocene and 
late Tertiary strata were recorded 
a t  various widely spaced localities 
within the zone of tectonic sub- 
sidence (Waller, 1966a, p. Dl& 
Dl 8 ; 196613, p. A18-A26). Records 
of seven representative artesian 
wells from hchorage,  Chugid,  
and four communities on the 
Kenai Peninsula are shown in 
figure 26. The residua1 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 structure of the aquifers 
and a net increase in aquifer-pore 
space. Such changes could be 
caused by marrangement of grains 
or fractures as a result of the hori- 
vontal extension (on the order of 
2 X and (or) the elastic dila- 
tation that is known or inferred to 
have affected the areas in which 
these wells are located. 

A similar effect was looked for, 
but not found, in the oil wells of 
the Swanson River oil field located 
in the zone of tectonic subsidence 
near Kenai (R. I. Levorsen, writ- 
ten commun., 1966). Any small 
strain change that may have oc- 
curred probably was masked by 
changes 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 of tectonic uplift are 
in a thick deposit of glacial drift 
at Cordova (Waller, 1966b, p. 
A20-A21). Because these wells did 
not have recorders installed in 
them, their response to the earth- 



TECTONICS 

FEET 

Anchorage well 1, depth 5 4 0 ' ;  arteslan 
aquifer in Tertiary deposit 

- 1 0  
\ 
\ 
\,.---------- 

. O 1 -- 
7 

\ 
Anchorage well 5 0 5 .  depth 453'.  arte- 

slan a q u ~ f e r  ~n Ple~stocene depostts 

3. . ]  --- \ Chugiak well 120,  depth 124'; artesian 
aqulfer ~n Ple~stocenedepostts 

- 1 0  

4. O 1 - -7 Kenai well 17, depth 163'; artes~an r 

5. -I- 
Anchor Polnt-Kas~lof well9; depth 100'. 

1 artesian aqutfer ..- 
/- 

- 1 0  \ 

1 9 6 4  1 9 6 5  

DATE 

- 6. 0 -  -- 

7 .  0 - --- Homer well 15. depth 123': artes~an - 

%.-Artesian well records from the zone of tectonic subsidence 
showing systematic drop in water levels a t  the time of the 
earthquake. After Waller ( ISGa,  fig. 13 ; 196f3b, figs. 14,20, 22). 

- l 0 " " ' ~ " " ' " "  

5 - 

- 5  - 

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 earth- 
quake showed about a l-foot rise 
in water level, rather than the re- 
sidual drop that characterized 
wells in the subsided zone. 
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Changes in the levels of many 
lakes, streams, and shallow wells 
in unconfined aquifers were ob- 
served at numerous localities 
within the zone of tectonic subsid- 
ence. I n  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 an increase of intergranular or 
fracture porosity in the surround- 
ing materials consequent upon 
horizontal exteilsion and elastic 
dilatation across the subsided zone 
during the earthquake. 

- 

COASTAL FACILITIES AND SHIPPING 

Regional land-level changes- 
includiilg both subsidence and 
uplift-caused direct and costly 
damage to homes, canneries, trans- 
portation routes, airfields, docks, 
harbors, and other facilities 
throughout the affected areas (figs. 
2'7, 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 of man. Because 
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 mere 
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=.-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 depcsits. Since subsidence, the road has been flooded at 
high tide and subject to e r d o n  by waves. Photograph taken at 4.0-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 pltiw to f i e  earthquake. 

summarized by Hansen and Eckel in gravity at several stat.ions where 
(1966) and Eckel (1967), they ~ompnra~tive pre- and posteartll- 
need not be described here. qtwke gravity readings were made 

(D. F. Barnes, 1966; oral commun. 
GRAVITY CHANGES 

1966). The stations were didrib- 
Vertical displacements were ac- uted in both the zones of subsi- 

companied by measurable changes dence and the zones of uplift where 

changes in elevation ranged from 
-5.8 f w t  at Portage to about 
+ 11 feet a t  Middleton Island. Cor- 
responding gravity changes were 
between f0 .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 uncertain'ties in relocating 
some of the station positions pre- 
clude firm conclusims, 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 
OTHER 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 evenks 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 h w n  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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north-south some 420 miles along 
the Pacific Ocean coast, and at 
least sM) miles in an east-west direc- 
tion a t  the Gulf of Ancud near the 
southern end of the affected area 
(Saint-Amand, 1961). I f  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 ~rould 
be 17,000 square miles. The distri- 
bution of aftershocks and the 
source area of the destructive train 
of seismic sea waves associated 
with the earthquake suggest fur- 
ther that significant movements oc- 
curred over an extensive area of 
the sea floor adjacent to the cle- 
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. Warping as- 
sociated with one of these, the 
violent Chilean 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), but there 
are few data to support this asser- 

TABLE 4.-Comparative deformations of the 1964 Alaska earthquake and some other great earthquakes 

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- 
guc 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 1890 that were centered 
: ~ t  Yakutat Ray, 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 71/2 feet 
that accompanied the 1964 earth- 
quake have been recorded during 
previous seismic events, although 
a t  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 at the mouth of the 
Indus River in an area where sig- 
nificant surficial compaction of 
deltaic deposits was to be ex- 
pected. 

Following the 1923 Kwanto, 
Japan, earthquake, unusually 
large submarine displacements, 
involving as much as 825 feet of 
uplift and 1,320 feet of subsidence 
on the sea floor in Sagami Bay, 
were inferred from a comparison 
of pre- and postearthquake sound- 
ings (Richter, 1958, p. 570-571). 
However, because of (1) ~ossible 
errors in the positioning of the 
preearthquake survey and (2) the 
effects of submarine sliding, these 
data are of doubtful value for in- 
ferring tectonic movement ; con- 
sequently they are not included in 
table 4. 

Maximum relative 
fault displacement 

(feet) 
(H, horizontal; 

V, vertical) 

......... 2H?; 20-23V 

Submarine only, 
displacement 
unknown. 

No known surface 

.......... 
faults. 

21.5H; 6V. 

29H; 30V ............ 

No known surface 
faults. 

- - - - - -  6-7H; €-8V?L 

................. 6.6V 

............. 21H; 3V 

8+H?; 8V (on sub- 
sidiary faults). 

OH?; 35V ....... 

Maximum 
relative 

horizontal 
distortion 

(feet) 

64 ........... 

No data ..... 

do ....... 

-...... ....... do 

do ....... 

.......... 6.2 

. .  No data 

........... 15 

......... =20 

No data ..... 

do ....... 

Earthquake 

- 
1964 Alaska ............. 

Niigata, Japan ......... 

1960 Chile .............. 

.... Lituya Bay, Alaska 

Gobi-Altai, Mongolia-.. 

..... Nankaido, Japan 

Hawkes Bay, New 
Zealand. 

Data source 

This paper. 

Earthquake Research 
Institute (1964). 

Saint-Amand (1961). 

Tocher (1960). 

Florensov and Solo- 
nenko (1963). 

Inoue (1960, p. 84-85). 

Hmderson (1933). 

Muto (1932); Inamura 
(1930). 

Richter (1958, p. 476- 
486). 

Tarr and Martin 
(1012). 

Richter (1958, p. 4% 
50). 

......... Kwanto, Japan 1 September 1, 1 0  +6.6, -5.3 

............. San Francisco, Calif- -. 

Yakutat Ray, AIa*a ...... . .  

........... Assam, India 1 June 12, 1897.. - - ,  8.7 1 2,000 (minimum) . . .  No data ...........,.... 
1 

Date 

March 27,1964. - 

June 16,1964 .-.. 

May 22, 1960 .... 
----. July 10, 1958 8.0 No data; fault rup- None reported.. 

ture 115+ miles 

December 4, ................ 

............. ----. +2.9, -2.0-. 
1946. 

Frhruary3,1931. ...... +9, -2 to 3.. ..... 

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

Approximate 
Magnitude 

(Richter 
scale) 

8.4+ 

7.7 

8.3 

Probable area of 
surface warping 
(square miles) 

----- 
108,000 (major zones 

only). 
=20,000.. ............. 

17,000+ ............... 

Maximum vertical 
warping relative 
to sea level (feet) 

- 
+38, -7% ........ 

+4.9, -1.5 ........ 

+lo-13, -7.2 ......... 



ALASKA EARTHQUAKE, MARCH 2 7,  1g16 4 

The regional horizontal dis- 
placements associated with the 
1964 earthquake, which were 
a b u t  64 feet, are significantly 
larger than any previously re- 
corded. By contrast, regional dis- 
placements associated with the 
great 1923 Kwanto earthquake, as 
indicated by retriangulation, were 
less than 15 feet (Muto, 1932, fig. 
6) ,  and the maximum relative 

I n  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 affected 
by the earthquake. Earlier tec- 
tonic features and events, and 
contemporaneous 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-haring 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 interpretn- 
tion of the tectonic history. Sub- 
surface investigations in the vast 

displacement resulting from corn- larger than any others of definite 
bined distortion and fault offsets reverse type previously described 
associated with the 1906 Cali- (Plafker, 1967b). A few normal or 
fornia earthquake Ivas 21 oblique-slip fauits, however, have 
feet (Reid, 1911). undergone larger vertical dis- 

Measured vertical displace- 
ments across the two subsidiary placements. The largest of these 

earthquake faults on Montague was associated with the 1897 In- 

Island-the Pntton Bay fault dian earthquake and 
(20-23 f t )  and Hallning Bay was as much as 35 feet (Richter, 
fault (16% ft)-are considbrably 1958, p. 51). 

TECTONIC SEWING 

terrestrial areas of sparse out- genetically to i t  (fig. 1). Conse- 
crops and in the submarine parts quently, it is pertinent to review 
of the Continental Shelf and briefly the data and current hy- 
Aleutian Arc are in a state so potheses relevant to tectonic proc- 
rudimentary that geological in- esses within the arc. 
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- 
uable 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 Slaska. The belt of seis- 
mic 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 ~elarted 

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 arcnate deep 
oceanic trench - the 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 ocaan ba- 
sin-the Aleutian volcanic arc, 
(3) an associated bellt of aotive 
seismicity 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 between the trench bobtom 
and volcanic arc. 

The Aleutian Arc differs from 
most other arcs in that it partly 
traverses and partly follotvs along, 
the margin of the oceanic basin 
(fig. 1) .  I n  its western pant the 
arc consists (of the Aleutian Ridge, 
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which is surmounted by a chain of 
volcanoes that comprise the Aleu- 
tian Islands, and the Aleutian 
Trench, which lies a t  a distance of 
less than 155 miles (250 km) on 
the cpnvex (south) side of the 
ridge. As i t  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 
trench gradually shallows to be- 
come ind~istinguishable 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 rol- 
canoes in the Wrangell Moun- 
tains, which are separated from 
Mount Spurr, the most northerly 
volcano of the Aleutian Range, by 
a gap of 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 LYleutian 
Islands segment of the arc was 
summarized by Coats (1962), that  
of the Aleutian Range and nearby 
areas by Rurk (1965). Roth of 
these writers preseilted thorough 
reviews of available bathymetric, 
seismologic, and marine gwphysi- 
cal data as \\-ell as hypotheses con- 
cerning origin of the arc. Results 
of detailed marine geophysical sur- 
veys along the eastern end of the 
Aleutian Arc, carried out during 
1964 and 1965 by the Scripps 111- 
stitute of Oceanography and the 
U.S. Coast and Geodetic Survey, 

had not been published a t  the time 
this report was completed. 

SEISMICITY 

Figures 1 and 30 indicate that, 
in plan, most of the belt of con- 
centrated seismic activity is be- 
tween the trencll and the volcanic 
chain along the length of the arc; 
a small number of earthquakes oc- 
curred on the south \\-all of the 
L21entian Trench and north of the 
volcanic chain. Shallo\~--depth 
(>70 km) earthquakes hare oc- 
curred thronghout the area in- 
cluded betwen the hleutian 
Trench and the Aleutian ~olcanic  
arc, but most of the intermediate- 
deptll earthquakes (70-170 km) 
were located in the northern part 
of this area or north of the J-olcanic 
chain. The most easterly interme- 
diate-depth earthquakes h,z\-e been 
along the coast of the North Paci- 
fic Ocean at long 145" W. in the 
vicinity of tlie Wrangell JIoun- 
tains. I n  south-central Alaska the 
belt of seismicity associated with 
the Aleutian Arc bifurcates into a 
hroad zone of sliallo~r- and inter- 
mediate depth shocks that sweeps 
nor t l~~~-arc l  into central Alaska and 
n belt of shallo~v-focus earthquakes 
that extends eastward along the 
continental margin. Comparison of 
figures 2 and 31 shows that the 
spatial distribution of the seismi- 
city associated mith the 1964 
-1laska earthquake closely follows 
the pattern of previously recorded 
earthquakes along the arc and 
thereby iml~lies a genetic relation- 
ship between them, as suggested 
by ,Irtliur Grantz, shortly after 
the event (Grantz and others, 
1064, p. 2). 

From studies of earthquake dis- 
tribution along the ,Qleutian Arc, 
Benioff (1954, p. 391) concluded 
that the hypocenters lie in a broad 
zone that  dips northward from the 
vicinity of the Aleutian Trench a t  
an average angle of 28". Saint- 

Amand (1957, p. 1348) interprets 
the same data as indicative of a 
zone dipping a t  an angle of about 
45" between long 172O and 179" 
W. and a t  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 a t  angles of 
less than 15". 

Benioff postulated that the dip- 
ping seismic zone marked the loca- 
tion of a complex "reverse" fault 
(termed a "megathrust" by Coats, 
1962, p. 103) along which 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 
~OJJ-n-veiling mantle-convection 
currents, and the planar seismic 
zones dipping beneath them marl< 
the zone of shearing produced by 
down~vard-moving material thrust 
against a less mobile block of the 
crust and upper mantle. This hy- 
pothesis is in genera1 consistent 
mith 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 of the 
arc (p. I 60). 

Because of the scarcity of 
standard seismograph stations in 
Alaska as well a s  incomplete 
travel-time data for Alaska earth- 
quakes prior to 1964, the horizon- 
tal and vertical distribution of 
earthquakes could not be defined 
precisely enough to resolve details 
of structure within the broad seis- 
mic zone either a t  depth or Iater- 
ally along it. As  a result, large un- 
certainties exist regarding the 
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U.S. Geological Survey data; the thickness of crustal layers and the structure shown in the section are largely hypothetical. 3 

Holocene movement) 
Denali St. Amand (1957);Hamilton and Myers(l966);Grantz (1966) 
Castle Mtn-Lake Clark Mart in and Katz (1912, p. 72-75);Kelly (1963, p. 289); 

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

1987) 



ALASKA EARTHQUAKE, MARCH 27, 1964 

30.-Epicenters of earthquakes ( M  k 4) in central Alaska during the period January 1954 to March 1963. Shallow depth 
(6 70 lun) earthquakes indicated by ciimles; intermediaite depth (z 70 km) indicated by triangles. Data after Tobin and 
Sykes (1966). 
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precise orientation and lower 
depth limits of planes within 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- 
cantly laterally along the arc. The 
small number of fault-plane solu- 
tions of arc earthquake sequences 
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 entirely strike- 
slip (Hodgson, 1957, p. 641). The 
dip-slip solutions may be inter- 
preted as representing northwest- 
n-ard-dipping planes that parallel 
the trend of the eastern part of the 
arc and are oblique to it in the cen- 
tral part. Coats (1962, p. 95) ob- 
served that solutions yielding pre- 
dominantly strike-slip movement 
on steeply 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 of 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 
to tap eruptible 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 relatively abrupt transverse 
boundaries for aftershock se- 
quences of the February 1964 Rat 
Island earthquake (Jordan and 
others, 1965), the 1957 earthquake 
sequence in the Andreanof-fix 

Island region (Brazee, 1965), and 
the 1964 earthquake (p. I 15), all 
lend support to the inference that 
transverse faults segment the plate 
above tho megathrust into large 
tectonic blocks. Conversely, there 
is no seismological or geological 
evidence of systematic dextral 
strike-slip displacement paralIel to 
the arc in support of the specula- 
tion that it illarks the trace of a 
major fault along which the North 
Pacific Ocean basin is rotating 
counterclock~~ise relative to North 
America, as mas suggested by 
Saint-Amand (1957, p. 136'7). 

INFERRED REGIONAL STRESS 
PATTERN 

Bccording to the sea-ffoor 
spreading hypothesis, compressive 
forces should be directed roughly 
norinn1 to the arcs and the deep- 
sea trenches would be interpreted 
as clue to dragging down of the 
oceanic crust above a descending 
mantle convwtion current (Hess, 
1955,1957,1962). I n  the Aleutian 
Arc, transverse compression land- 
ward from the trench axis is sug- 
gested by (1) the orientation of 
major stress axes derived from 
mechanism studies of most, but 
not all, previous arc earthquakes 
(Ralakina and others, 1961: Len- 
sen, 1961, fig. 4) ; (2) the orien- 
tation of the axes of folded late 
Cenozoic rocks in the Aleutians, on 
the Alaska Peninsula and around 
the Gulf of Ailnska roughly par- 
allel to the arc trend (Coats, 1962, 
p. 93 ; Burk, 1965, p. 3 : fig. 29) ; 
and (3) the distrilbution and na- 
ture of tllc seismicity, surface 
faulting, and 71-arping associated 
with the 1964 earthquake. Both 
the pattern of residual displace- 
ments in 1964 (fig. 33, and the late 
Cenozoic fold-fault pattern (fig. 
29) near the eastern end of the arc 
suggest that regional compres- 
sional deformation extends acros  
it, from at hast the outer edge of 

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 north  all of the trench 
have revealed an apparent lack 
of features indicating transverse 
compression or the existence of a 
megathrust interseoting the sea 
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) concluded 
that there probably exists "crustal 
tension, rgther than compression, 
underthrust, or downbuckle." 
Marine reflection-refraction data 
suggest that the trench, with 
its relatively undeformed veneer 
of acoustically transparent sedi- 
ments, reflects an origin by tension 
or vertical movements of the crust 
(Shor, 1966, 1). 221; Ewing and 
others, 1965, p. 4599; Von Huene 
and others, 1966, p. 176). 

I t  should be emphasized, how- 
ever, that the geophysical investi- 
gations, particularly along the 
north wall of the trench, have pro- 
vided direct information only on 
the approximate geometry and 
properties of khe crust; they do not 
permit unambiguous conclusions 
regarding khe deformrutions or the 
nature of the causative forces. 
More data, including a knowledge 
of the lithology and internal struc- 
ture of the crustal rock in these 
areas, are required to determine 
whether feat~lres that seem to indi- 
cate absence of compression actu- 
ally reflect the regional 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 compression, must be 
largely limited to the part of the 
arc that lies seaward 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 tectonic history along the 
eastern 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 
regional compressive deformation 
in a general northwest-southeast 
to north-south direction around 
the margin of the Gulf of Alaska. 
It further indicates that at least 
three previous major orogenies 
c u 1 m i n a t e d in south-central 
Alaska during (1) late Eocene to 
early Oligocene time, (2) Late 
Cretaceous to earliest Tertiary 
time, and (3)  Middle ( ? ) Jurassic 
to Late Jurassic or Early Creta- 
ceous time. These earlier orogenies 
are indicated by inajor uncon- 
formities that divide the exposed 
section into four laterally continu- 
ous time-stratigraphic units that 
constitute gross subdivisions of the 
stratigraphic 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 elxgeosynclinal or 
geosynclinal sequences along the 
continental margin through fold- 
ing and imbricate faulting. Defor- 
mation of coeval rocks inland 
from the continental margin was 

significantly less severe. This rela- 
tionship may reflect a progressive 
reduction in horizontal compres- 
sive stress away from the conti- 
nental margin, an increase in 
crustal competence, or a combina- 
tion of both factors. I n  the moun- 
tains bordering tho 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 t r i b u t i o n  of coeval 
sequences to the north of the 
coastal mountains is not shown 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 of unconsolidated 
deposits. The larger plutons and 
active or dormant volcanoes in 
south-central Alaska are deline- 
ated on figure 29. 

A concise summary of the phys- 
iography and general geology of 
the area affected by tectonic move- 
ments during the earthquake, 
based on the compilation by 
Wahrhaftig (1966), has been given 
by Hansen and Eckel (1967) in 
the introductory volume of this 
report series and need not be re- 
peated here. The broad tectonic 
setting and structural history of 
Alaska has been presented by 
Payne (1955) and by Gabs and 
Gryc (1963). The stratigraphy 
and general geology of sedimen- 
tary basins in south-central 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. Grankz (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 include a 1 : 500,- 
000-scale compilation of the area 
between Prince William Sound 
and southeastern Alaska (Plafker, 
1967a) and a 1 : 250,000-scale com- 
pilation of most of the Kodiak 
group of islands (Moore, 1967). 
The following section is based 
largely on the publicakions cited 
above, but includes some mdifica- 
tions of the Cenozoic history bawd 
on previously unpublished U.S. 
Geological Survey data. 

POST-MIOCENE DEFORMATION 

The orogeny, which began in 
Pliocene time and 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, bwt p n t l e  else- 
where except in the immediate 
vicinity of major faults. During 
this orogeny, the was td  moun- 
tains were uplifted and in places, 
especially to the wwt 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 parallel the trends of the 
older structures in the Pacific Bor- 
der Ranges; there i~ a general in- 
crease in the intensity of folding 
and magnitude of fault displacs- 
ments from south to north across 
the deformed belt. 

Transverse trends occur in the 
structurally complex Controller 
Bay area east of Prince William 
Sound where folds involving Oli- 
gocene and Miocene strata are 
typically of small amplitude, 
tightly compressed, and wymmet- 
ric or overturned ; axial planes are 
inclined to the west or north. 
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Horizontal shotening of upper 
Oligocene and lower Miocene 
strata along one 5-mile north- 
south structure section in the Can- 
troller Bay area averages close to 
25 percent, (Don J. Miller, unpub. 
data). 

To the east of the Controller 
Bay area the upper Cenozoic rocks 
form broad synclines and tightly 
appressed asymmetrical anticlines 
cut by north-dipping overthrust 
faults that strike roughly parallel 
to the coast. At least some of these 
faults probably represent the lead- 
ing edges of thrust sheets devel- 
oped by gravitational gliding off 
the ixplifted Chugach-Saint Elias 
Mountains. On the south limbs of 
many of these anticlines, strata as 
young as late Pliocene are steeply 
dinnine or ov~rtiirned towards the 
north. At least 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. 

Marine sedimentary rocks of 
early Pleistocene or younger age 
on Middleton Island near the edge 
of the Continental Shelf have been 
titled northwestward at an aver- 
age angle of 28", truncated, raised 
above sea level, and displaced by 
active minor faults. A pervasive 
conjugate system of shear joints 
cutting the sequence reflects com- 
pressive stress directed northmest- 
southeast, normal to the strike of 
the beds. 

Bedded rocks of Oligocene 
through middle Miocene 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 overturned (Moore, 

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 l e s  than 
10". 

Late Cenozoic deposits along 
the Aleutian TTolcanic Arc, in the 
('ook 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 -rvhich trend 
nearly parallel with the main arc 
or at a slightly oblique angle 
(Payne, 1955: Coats, 1962, p. 93; 
Burk, 1965, 11. 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 crests in the subsur- 
face and the occurrence 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 
OLIGOCENE 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 c m -  
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 

in the southern belt commonly are 
of short wavelength, tightly ap- 
pressed with flank dips in excess of 
50" and locally overturned both 
toward the north and south. In- 
dividual folds are of small ampli- 
tude and lateral extent and are 
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. Conceivably, i t  could 
average as much as 45 percent or 
more across the entire outcrop 
belt; a net surface shortening of a t  
least 30 miles in the Prince Wil- 
liam Sound area. I n  a gross sense 
the strikes of bedding planes and 
fold axes tend to parallel lthe struc- 
tural trends of the older rocks. 
They are notably divergent and 
complex in northeastern 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 early Tertiary 
and older rocks in and near the 
Prince William 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 sea cliff along the north shore of MacLeod Harbor, Montague 
Island, Prince William Sound. 

placement that offset the sequence complex trough bounded on its the Alaska Range (Alaska Range 
is roughly parallel or at a slightly north side by the active Castle geosyncline of Payne, 1955), with 
oblique angle to  the trend of the Mountain fault. ,relatively slight deformation of 
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 percent. 
T h i s  figure undoubtedly ap- 
proaches the approximate maxi- 
mum amount of shortening in the 
sequence, because the section is lo- 
cated in a narrow structurally 

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- 
lspread intrusive activity in the 
Kodiak-Kenai-Chugach Moun- 
tains (Chugach Mountains geo- 
syncline of Payne, 1955) and in 

rocks in the intervening area 
(Matanuska geosyncline of Payne, 
1955). Figure 32 shows the style of 
deformation in one particularly 
well 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 
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32.-Structure of probable late Mesozoic rocks along the southeast coast of the Kenai Peninsula immediately west of Prince 
William Sound (Martin and others, 1915, p. 216). 

a ion on over- shortening by imbric t' 
thrust faults. A c o m p a r a b 1 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. Deformatioil 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 tlie cores of the eastern Chugacll 
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, 1966, sheet 3:  
Miller and MacColl, 1964) and on 
the Alaska Peninsula (Rurk, 1965, 
figs. 21, 22) indicate stnlctural 
shortening of Late Cretaceous 
strata that ranges from 5 to 20 per- 
cent and probably arerages no 
more than 10 percent. 

MIDDLE (?) JURASSIC TO EARLY 
CRETACEOUS DEFORMATION 

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

Nevadan orogeny, that began be- 
tween latest Early Jurassic and 
earliest hlidclle ,Jurassic time and 
may hare contiiiueci intermittently 
into earliest Cretaceous time. 
Rocks in the Seldovia geailticline 
were folded, complexly faulted, 
and regionally metamorphosed; 
deformation in the Talkeetna 
geanticline was considerably more 
variable and depended largely 
upon prosinlity to major batho- 
liths. The orogeiiy I T - ~ S  accom- 
panied or immediately followed by 
emplacement of (1) numerous plu- 
tonic masses that range in com- 
position fro111 lxridotite to grano- 
diorite in the coastal mountains 
belt and (2) plutons of felsic com- 
position and of batholithic size on 
the Alaska Peninsula and in the 
Talkeetna ,\fountains, with resul- 
tant contact metamorphism of the 
e~iclosing bedded rocks. The pre- 
vailing schistosity and slaty cleav- 
age i11 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, tlie trend of 
the mountains. 
,I slight uncon formity between 

rocks of Permian ancl Middle Tri- 
assic age in the Talkeetna Moun- 
tains (Maclierett and others, 
1964) and tlie apparent absence of 
bedded rocks of Pennsylvanian, 
part of Permian, and Early Trias- 
sic age throughout the region sug- 
gest that these times were in- 
tervals of uplift and erosion. 

MAJOR SURFACE FAULTS 
IN SOUTH-CENTRAL 

A M S K A  

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 the major faults delineated 
on figure 29, all but the Bruin Bay 
fault and the reverse fault along 
the 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 enrthquakes 
along the Gulf of Alaska, at Chiri- 
kof Island in 1880 (George W. 
Moore, 1962, uiipubl. data), at  
Yakutat Bay in 1899 (Tarr and 
Martin, 1912), 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 
[Locations of sample sites shown on fig. 331 

I I I 

Age (B.P.) Comments 
Submergence (-) or 

emergence (+) relative 
to preearthquake 

datum (feet) 

Data source 

1 1 P-1039 1 Kodiak Island .................... 1 
-- 

3,279 

5,5194~78 
3,945f 65 
1,460f 95 

2 P-1034 Sitkalidak Isalnd .................. 
............................. 3 P-1036 --.--do 

4 ............ Kukak Bay, Shelikof Strait ....... 1 I 
---.-do ................. ...................... 

.-do-. .-..-do ..- -..-.-......... --.-.-.-...-.---.-.-. 
..... do ................. ..---do.. ................... 
-4 to -10 ............. Rainey and Ralph (1959).- 

'-3.3 ................. 

...... Slight emergence 
----.-..... d o  

No apparent change ... 

Do. 
Do. 
Do. 

Antler bone from archaeological site in 
submerged beach denosits. 

7 ............---.. do ............................. 
8 / P-138 I Yukonlsland, Kachemak Bay ....I 

Clark ( l W ,  p. 370) -------. 

-----do ..................... 
...........--.-.-... d o  

D. E. Dumond (written 
commun.. March 28. 

..... do ............................. 
Girdwood, Turnagain Arm.. ...... 

- 
Archaeologic site in submerged beach 

deposits. 
Archaeologic site in elevated beach ridge. 

DO. 
Archaeologic site in present beach ridge. 

................ .---.-.-..-.------.-- -16.- .----do 
1-15 .................. Karlstrom (1964, P. 48) -.-. 

Do. 
Peat in tidal silts and , b g  deposits. Pos- 

sibje slgnlficant surficlal subsidence. 
.----do ............................. 

............................ Seward 
- 235 .................. .-.--do ..................... 

................... 1-7 Plafker and Rubin (1967)- 

Perry Island, Prince William 
Sound. 

Polnt Nowell, Prince William -17 ........................ do ..................... Wood fragment from interbedded peat and 
gravel on submerged beach. 

-6 .................... .-..-do ..................... Rooted stump on submerged beach. 

- 8.5 ...................... d o  ..................... Do. 

- 9.7 ..................... d o  ..................... Do. 

Sound. 
Columbia Bay, Prince William 

Sound. 
Latouche Island, Prince William 

Sound. 
MacLeod Harbor, Prince William 

Sound. 

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

. Patton Bay, Montague Island.. 

1-8 .................. M. J. Kirkby (written 
commun., 1967). 

1 -12 ................. -----do ...............-.---- 

Rooted stump in submerged river delta. 

Wood fragment from submerged peat and 
gravel deposits. 

Peat on elevated beach deposits. 20 W-1770 ..... do ............................. 
21 LJ-943 Copper River Delta area .......... 
22 LJ-945 . ..-do ............................. ! ! 1 +20.. .................... do ..................... 

-16.8 ................. Reimnitz (1966, P. 85) .-... - 13.9 ................. ---.-do.. .........-.-.-..... Rooted stumps on deltaic and marsh 
deposits. Submergence may be exag- 
gerated owmg to surlicial subsi- 
denc. 

............................. 23 LJ-0032 ..... do 
24 LJ-939 ..-.-do ............................. 

............................. 25 LJ-938 ..... do 
26 1-6 Katalla area ....................... 
27 1-7 ..... do ............................. 

.................. 28 W-376 Cape Suckling.. 

- 15.8 ................. -----do ..................... - 16.8 .-............... -----do .-.......-.-...-----. 
1 +I80 ................. Heusser (1960, p. 94) ....... 
1 +40- ................. -----do .--.....--.-..------- 

.................. 1-14 I Rubin and Alexander 

Peat from elevated terrace. 
Do. 

Rooted stump on submerged rock 
form. 

plat- 
(1958). 

................... -14 Plafker and Rubin (1967)- 
.................. 1 +20 Ruhin and Alexander 

(19.m). 

Do. 
Shells on elevated terrace. 

Driftwood on elevated t e r m .  
Do. 

................ 31 W-1724 Middleton Island. 
............................ 32 W-1404 -----do I I 

.----, 
+22 ................... --.--do ...........--...--... 

................... +58 Levin and others (1965, 
p. 392). 

+I37 .................. Levin and others (1965, 
p. 392-393). 

.................... -8 Plafker and Rubin (1967). 

Do. 

Rooted stump on submerged beach. 34 W-1722 Stockdale Harbor, Prince William I ) S o u n d .  
35 LJ-0033 Copper River Delta area .......... ................. ---.. -15.9 Reimnitz (1966, p. 85) Rooted stump on deltaic and marsh 

deposits. - n . 0  .--..............-.--. do ................... DO. 

I 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, faults in south-central 
Alaska that trend northeast or 
east are predominantly overthrusts 
or oblique overthrusts that dip 

northward 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 iault sys- 
tem, both of which are predomi- 
nantly right-lateral. Geologic rela- 
tionships across many of the faults 
suggest that they have undergone 
recurrent movement during Ceno- 
zoic and much of Mesozoic time 

and that the sense of displacement 
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 to 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 
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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, -\\.hereas it shears relatively 
beneath the continental margin 
arid Aleutian Arc in central and 
western Alaska along a system of 
imbricate thrust (underthrust ? ) 
faults. 

THE PREEARTHQUAKE 
HOLOCENE (RECENT) 
REClORD OF VERTICAL 

SHlORELINE MOVEMENTS 

Numerous records of preearth- 
quake dlifferential shoreline move- 
ments relative to sea level provide 
data on the history of 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- 
gence or submergence, and (2) a 
remarkable recent widespread sub- 
mergence over much of the zone 
that was uplifted during the 1964 
earthquake alld over a t  least part 
of the zone that subsided. I n  addi- 
tion, radiocarbon dating of mate- 
rial from coastal sites has provided 
quantitative data on the duration 
and rates of these Holocene move- 
rnents. 

Data and interpretations pre- 
sented in this section are largely 
taken from a, preliminary paper 
by Plaifker and Rabin (1967). All 
radiocarbon-dated samples re- 
ferred to, sources, and other perti- 
nent data are listed in table 5: 
sample locations are shown on 
figure 33. 

As used berein, the terms "up- 
lift" and "subsidence" describe n 
tectonic rise or fall of the land; 
"emergence" and "submergence" 
indicate relative movements that 
may be Dhe sum of both tectonic 

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 sea level having 
durations measured in thousands 
of years; "short-term" refers to the 
general subinergence that occurred 
during the 1,350 years or less prior 
to the earthquake. 

Some of the observed recent sub- 
mergence in areas sho~vn on figure 
33 is undoubtedly exaggerated by 
the local vibration-iaducecl com- 
paction or slumpi~lg of uncon- 
solidated deposits during the 
earthquakes that frequently rock 
this seismically active region. As 
\\-as demonstrated during the 1964 
earthquake, snrficial submergence 
may be substaiitial in areas of thick 
unconsolidated saturated de- 
posits--especially in those deposits 
that are not constrained on one or 
more sides, such as deltas, spits, 
and barrier beaches. Consequently, 
rooted tree stumps, on bedrock or 
on t-hin beach deposits overlying 
bedrock, mere used to determine 
amounts and rates of pre-1964 
vertical displacement wherever 
possible. 

I n  the absence of a reliable local 
eustatic sea-level record for south- 
ern Alaska, it is assumed that 
Holocene sea levels were probably 
comparable to those in more tec- 
tonically stable parts of the world 
where the sea-level record has been 
IT-orked out in some detail. Three 
recent interpretations of eustatic 
sea levels are shown on figure 34. 
Most of these studies suggest 
either (1) a rather rapid rise in 
sea level at an average rate of 
nbout 0.08 inch per year until it 
reached approximately its present 
level between 2,000 and 6,000 years 
ago (Coleman and Smith, 1964), 
or (2) that sea level has been ris- 
ing slowly and continuously from 
about -33 feet to its present level 

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 3,000 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, i t  is 
significant to note that none of 
these studies suggest that enstatic 
sea-level fluctuations during the 
last 10,000 years were large enongh 
alone to explain the relative shore- 
line displacements found along the 
coast of south-central Alaska. 

LONG-TERM HOLOCENE 
EMERGENCE AND SUBMERGENCE 

The record of Holocene dis- 
placements in the area affected by 
the earthquake, as deduced from 
shoreline morphology and from 
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 
of 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 characteristic 
features of a deeply drowned 
coast. Submerged shorelines occur 
along most of Kodiak and the ad- 
jacent islands, the southern Kenai 
Peninsula. the south shore of 
Kachemak Bay, and part of Turn- 
again Arm. The northern and east- 
ern parts of the Prince William 
Sound region also appear to be 
submergent, although the evidence 
for relative shoreline movements 
is somewhat obscured by recent 
glaciation in most of the fiords. I n  
these submerged mountainous 
areas, former rocky ridges are 
now peninsulas or islands, and 
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33.-Areal distribution of vertical displacements associated with the 1964 earthquake, areas of preearthquake submergence, and 
locations of radio~arbondatsd samples used to determine relative ages of shoreline features. 
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35.-Deeply submerged coast along the southern Kenai Peninsula. Embapments, which 
give the shore a distinctive scalloped appearance, are cirques whose floors are drowned 
to depths of as much as 300 feet below sea level. Shoreline shown was submerged an 
addition'al2-5 feet in 1964. Photograph by T. L. P6wC. 

drowned river valleys or glacial 
cirques have become embayments 
(fig. 35). The general scarcity of 
well-developed sea cliffs, beaches, 
and similar shore features attests 
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 i t  is provided by dif- 
ferences in the altitudes of cirque 
floors of probable Wisconsin age 
along this part af the coast which 
presumably were formed sut a 
fairly unifolrm level. The lowest 
cirque floors along the outer coast 
of Prince William Sound and in 

most of the Kodiak Island g r o u p  
areas away from the region of 
maximum submergence-lie a t  al- 
titudes ranging from 800 to 1,000 
feet above sea level, but cirque 
floors along the muth 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. 

I n  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 ot.her features, one or more 
wave-cut terraces or uplifted 
beaches rising to elevations of a t  
least 200 feet (figs. 36,37). I n  the 
major zone of uplift such features 
are characteristic of the points and 
capes on the seamward 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 %he 

Continental Shelf. Comparable 
emergent shores with postglacial 
terraces as much as 1,700 feet 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 pants of the 
Cook Inlet and Shelikof Strait 
coasts in areas that either subsided 
slightly, remained unchanged, or 
were slightly u p l i M  dudng 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 movemenh 
(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. D a e 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 in borings a t  depths as 
much as 40 feet below sea level in 
the lower Copper River Delta and 
to a depth of 30 feet a t  Bering 
Lake (Tarr and Martin, 1914, p. 
462463), and (3) forest 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 a t  these same 
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localities (A-E) in the area for 

36.-Muskeg-covered preearthquake marine terrace on Middleton Island at an alti- 
tude of 110-125 feet. Ilt is one of five uplifted terraces on the island, and surf-cut rock 
platform exposed between the base of the sea cliff and the new high-kide level is a 
sixth ternace formed by uplift of about 11 feet in 1964. White specks are seagulls. 
Photograph 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 near Katalla, east of the Copwr River Delta. Uplift of about 9 feet in 1964 
shifted the shoreline se'eral hundred feet seaward where another beach ridge is in 
proceelv of formation. I'hotograph taken near zero tide stage, July 28, 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 h submergence during 
the time interval between about 
3,770 and 1,700 years B.P. 

Radiocarbon dating of organic 

material from terraces, peat bogs, 
ancl archaeological sites in coastal 
areas affected by the earthquake 
has providecl some preliminary 
data on average long-term dis- 
placement trends relative to sea 
level at a number of localities. Dis- 
placement-time curves at the five 

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-(dated ma- 
terial from these five sites. The 
available dated samples were col- 
lected by several different workers 
over a p e r i d  of 30 years and were 
analyzed in three different labom- 
tories. I n  spite of the small num- 
ber of samples at each site, uncer- 
tainties in t,heir exact positions 
relative to sea 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 ancl with the displacements 
that occurred in 1964. 

These data indicate that the two 
localities at Yukon Island (A)  and 
Girdwood (R)  hare 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 a t  Middleton Island 
( 6 )  and Katalla (D) in the up- 
lifted area have risen a t  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 cElange in 
its present position relative to  sea 
level since at least 1,450 B.P. 

Detailed study of the emergent 
shorelines show8 that the long- 
term vertical movements occurred, 
at least 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 
flight of five gently sloping and 
well-developed marine terraces 
separated by wave-cut cliffs or 
rises ranging from 20 to 30 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 130-165 feet. 
Sudden uplift of 10-13 feet dur- 
ing the 1964 eartliyuake, ~vliich ex- 
posed n sixth surf-cut terrace 
(shown on fig. 36), suggests that 
perliaps the earlier terraces may 
also have been expcsed by a series 
of upward pulses during previous 
earthquakes. Radiocarbon-dated 
d r i f t ~ ~ o o d  from the highest and 
lowest of these preearthquake plat- 
forms-on Middleton Island dates 
initial uplift of the island at 
4,470C250 years ago and uplift of 
the lowest preearthquake terrace 
at approximately 1,350 * 200 years 
H.P. (nos. 33, 31, table 5). Thus, 
the extrapolated average time in- 
terval between successive uplifts 
of the three intervening terraces 
would be close to 800 years. 

Because most 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 
f r o m  tectonic m o v e m e n 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 deposits, 
in most instances the submergence 
is so large when compared to 
deduced eustatic curves that i t  
must also be at least partly due to 
tectonic subsidence. 

Regional submergence of the 
Kenai and Kodiak Mountains is 
clearly anomalous in that the 
movements are in a direction that 
tends to reduce the elevation of 

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 a counter- 
isostatic process that can only be 
attributed to regional diastrophic 
movements. 

Less certain is the extent to 
which the regional postglacial up- 
lift reflects 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 activity of the region, the 
evidence for pulsating rather than 
coiltinuous emergence, and the ap- 
parent late Holocene reversals in 
the sense of the net displacements 
orer part of the region suggest that 
the movements were also, to a large 
extent, diastrophic in nature. 

SHORT-TERM TECI'ONIC 
SUBMERGENCE 

Much of the coast in the region 
affected by tectonic movements 
during the 1964 earthquake had 
experienced a pronounced submer- 
gencs for several centuries prior 
to that event. This phenomenon 
was probably first recorded by the 
great English navigator, George 
Vancouver, who explored Prince 
William Sound between May 25 
and June 17, 1794 (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 
rapid encroachments than I ever 
before saw or heard of * * * 
[trees along the shore] were re- 
duced to naked, dead white stumps, 
by the encroajchment of the sea 
water to their 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 
fact that low water of spring tides 
is about 13 feet below the normal 
lower 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 wtive submergence 
a lmg the coast of the type first 
described by Vancouver wm sub- 
sequently noted by geologists, 
archaeologists, and botanists in the 
following places: (1) the Con- 
troller Bay area east of Prince 
William Sound (Tarr and Martin, 
1914), (2) the Copper River re- 
gion (Schrader, 1900, p. 404; 
Reirnnitz, 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 j 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 
Geological Survey of all these 
shorelines after 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 coast 
and islands east of Prince William 
Sound, the south coast of the 
Kenai Peninsula at least as far as 
Kac,hemak Bay, parts of Turn- 
again 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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which bhere 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. I n  a few scattered locali- 
ties within Prince William Sound, 
evidence of stable shorelines or of 
possible recent slight uplift (no 
more than 4 f t )  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. 

38.-Bleached trunks of spruce trees on Latouche Island, Prince William Sound, 'reearthquake sea levels that 
killed by salt-water immersion and partially buried in beach gm.vel as a result of reached to the base of the prom- 
about 8 f& of submergence below preearthquake extreme high-ttde 1weL The 1-@ inent sea cliff encircling of 
was exposed by 8 feet of uplift in 1964. Photograph taken May 28,1964. the island indicate either a long 

period & relative stability and 
erosion or some submergence since 
the last uplift 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 oomplete than that for 
the zone that was raised, mainly 
because much of the evidence is 
now below lowest low tide. Avail- 
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 William Sound to Cape 
Suckling. No change in mean sea 
level attributable to tectonic move- 
ments was detected in a 21-year 

39.-Spruce tree stumps (foreground) rooted in a thin layer of peat on a surf-cut tidal record at Seward and a 15- 
bedrock surface abmt  14 feet bdow preearthquake extreme high water (indicated by 
the top of the line of driftwoad below the present forest edge in the background). year record at Kodiak. An appar- 
Radiooarban age of a stump near the base of the stadia rod was 7102200 years ently large preearthquake sub- 
(no. 29, fig. 34). These stumps were exposed by about 16 feet of uplift in 1W. mergellce on the delta of Spruce 

Photograph taken July 24,1964. 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 of deltaic deposits. 

Radiocarbon dates f r o m 
dro~r-ned terrestrial plants that 
were probably killed by sea-water 
encroachment provide data that 
perinit a crude estimate of the du- 
ration and average rate of the 
short-term preearthquake sub- 
nlergence. ,lgrs in radiocarbon 
years versus arnoui~t of submer- 
gence of samples taken from the 
most deeply submerged terrestrial 
I-egetation at earl1 site are plotted 
in the stippled area on figure 34. 
Tht fairly reg-ular linear distribu- 
tion of 14 out of 16 samples, all 
froill the area between Seward and 
Cape Suckling, suggestq a general 
submergence at a 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 
Tlrilliam Sound. 

Absence of historic records of 
sudden earthquake-related rela- 
tive sea-level changes and of geo- 
morpllir evidence for sncli move- 
ments suggest that the submer- 
gence was probably gmclual or that 
it occurred in mxmeronc, small in- 
crements over a long period of 
time. This time interval, as in- 
ferred from dated submerged 
shorelines, was at least 930 years 
in the Prince William Sound 
region. The upper limit For the du- 
ration of the submergence is fzr 
less certain; if it corresponds to 
the oldest dated submergecl-forest 
sample along the coast (no. 21, fig. 
34) and the time of uplift of the 

lowest preearthquake marine ter- 
race on Middleton Island (no. 31, 
fig. 34), i t  could be as much as 
1.350 years. 

Short-term submergence oc- 
curred a t  a time when sea level was 
at or near its present stand and in 
a region where overall isostatic 
displacements in response to gla- 
cial unloading sho~uld have been 
upward. Isostatic adjustments be- 
tween major earthq;&es such as 
the 1964 event could conceivably 
be responsible for some of the sub- 
mergence in areas of teotonic up- 
lift. However, such adjustmentls 
are inadequate to explain either 
short-term submergence in the 
Copper River Delea-Cape Suck- 
ling area that exceeds earthquake- 
related uplift or submergence in 
areas of the Kenai Peninsula and 
Kodiak Island that subsided both 
before and during the earthquake. 
By implication, this Eack suggests 
that the submergence was caused 
at least partly by diastrophism 
that involved a significant down- 
ward-dirwted component of re- 
gional strain of variable amount 
and rate over much of the coastal 
belt affected by vertical displace- 
ments during the 1964 ea&hquake. 

TECTONIC IMPLICATIONS 
OF THE RECORD OF 

HlOLOCENE VERTICAL 
MOVEMENTS 

The history of Holocene verti- 
cal movements in the region af- 
fected by the 1964 eanthquake, and 
in nearby areas, is a fra-gmentary 
one based largely on a rapid re- 
connaissance after the earthquake 
and on incidental investigations 
by others. Additional mork-in- 
volving far more radiocarbon dab 
ing-is required to obtain detailed 
data on vertical movements a t  se- 
lected localities in areas of net 
Holocene emergence and submer- 
gence. However, the following 
four tentative conclusions regard- 
ing the prehistoric tsctorlic move- 

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

gence or submergence broadly 
correspond with those areas in 
which significant amounts of 
uplift and subsidence occurred 
during the 1964 earthquake. 
Thus, the tectonic movements 
that accompanied the earth- 
quake were apparently but one 
pulse in a long-continuing trend 
of deformation. This trend has 
resulted in regional mergence 
of parts of the continental mar- 
gin, simultaneous submergence 
of the Kenai-Kodiak Mountains 
belt, and eikher relative stability 
or emergence along the shores 
of Cook Inlet and parts of She- 
likof Strait. 

2. The amounts of net long-term 
Holocene emergence and sub- 
mergence of the coast, which are 
locally considerably larger than 
the postulated eustaltic 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 rece~ltly unloaded of ice 
and pulsating enlergence of t,h0 
Continental Shelf and Gulf of 
Alaska coast are suggeistive of a 
dominant regional diastrophic 
deformation. 

3. Stepl'ike flights of I-Iolocene ma- 
rine surf-cut terraces a t  a num- 
ber of localities along the coast 
suggest that the long-term 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. Thesc 
upward pulses probably repre- 
sent earthquake-related move- 
ments comparable in origin to 
those which affected parts of the 
same coast in 1964. 
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4. Gradual tectonic submergence that subsided dufing the 1964 strain preceding the earthquake 
prevailed during a t  least the e a ~ t h q ~ a k e .  This lyidespread and its duration as the approxi- 
past 900 years, and perhaps as submergence is tentatively in- mate time interval since the last 
long as 1,860 years, over much of terprded as direclt evidence major tectonic earthquake in 
the zone that was uplifted and for a significant downward- this same region. 
over at least part of the zone directed component of regional 

MECHANISM OF THE EARTHQUAKE 

GENERAL 
CONSIDERATIONS 

According to the classic elastic 
rehouncl theory of earthquake gen- 
oration (Reid, 1911), which is gen- 
erally accepted by western geolo- 
gists and geophysicists, shallow 
earthquakes are generated by sud- 
den fracture or faulting follow- 
ing a period of slo~v deforma- 
tion during ~vhich 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 augn~el~ted or partially 
absorbed by net changes in gravi- 
tational potential associated with 
vertical tectonic displacements. 

Field investigations demon- 
strate that there is little Iikelihoocl 
that the primary fault along which 
the 1964 earthquake occurred is ex- 
posed at the surface on land, nor 
is there evidence for morement on 
any of the k1101~11 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 of the re- 
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40.-Diagramniatic section showing two alternative interpretations of the 1964 Alaska 
earthquake based on focal mechanism studies (S. T. Algermiswn, written commun., 
March 1W) and analyses of residual vertical displacements by dislocation thwry  
(Savage and Hastie, 1966). Section is oriented through the focus of the main shock 
and roughly normal to the regional structural trend. P and T axes a r e  the approxi- 
make orientations of the principal pressure and tension axes, respectively, a t  the 
hypocenter of the main shock indicated by the f w a l  mechanism studies. 

sidual vertical displacements are 
(1) relative seaward thrusting 
along ;L fault that dips north\~-est- 
ward beneath the continental mar- 
gin at  a low angle, and (2) dip- 
slip morement on a near-vertical 
fault, the ocean side being rela- 
tively upthro\vn, that strikes ap- 
proximately along the zero isobase 
between the major wnes of uplift 
and subsidence (fig. 40). These two 

as the "thrust-fault model7' and the 
"steep-fault model." 

Whether the postulated shear- 
ing resulted from the overcoming 
of frictional resistance to sliding, 
as set forth in the elastic rebound 
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 a w a n, 1960; 

models, which are discussed in the Griggs and  aidi in, 1960; Evison, 
following sections, are referred to 1963, p. 863-884) have pointed out 
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deficiencies in the elastic rebound changes were a primary mecha- subsidence that is on the seaward 
mechanism for earthquakes at nism for the 1964 earthquake, and side of the axis of subsidence. 
depths of more than a f ew miles, this possibility will not be parsueid The pattern of earthquake-re- 
where frictional stress on dry fault further. lated horizontal displacements 
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 
down to the depths of the deepest 
hydrated mineral phases. Recent 
laboratory studies (Raleigh and 
Patterson, 1965, p. 3977-3978 ; 
Griggs and Rlacic, 1965 ; Raleigh, 
1967) suggest the possibility that 
the Reid mechanism may extend to 
depths at least as great as the lower 
crust and upper mantle in regions 
where frictional resistance to slid- 
ing on faults may be reduced by 
local anomalously high pore pres- 
sures or where the strength of the 
rock is lolvered sufficiently in the 
presence of pore fluids to  permit 
brittle 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 cause of earth- 
quakes. No evidence has yet been 
found from either natural or ex- 
perimental petrologic systems to 
support the idea that reconstruc- 
tive solisd-solid or solid-liquid re- 
actions can occur fast enough 
throughout sufficiently large vol- 
umes of rock to generate 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 
equidimensional volume changes 
that could cause the observed pat- 
tern of vertical and horizontal dis- 
placements that accompanied this 
earthquake. For t h s e  reasons, 
there is little likelihood that phase 

THRUST-FAULT MODEL 
Most of the preliminary data 

available by the end of the 1964 
field season suggested 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 l t  model has been 
strongly reinforced by data subse- 
quently obtained from (1) more 
detailed fieldwork on the surface 
displacements and preearthquake 
n~ovements 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- 
t a i l d  focal-mechanism studies of 
the main shock and larger after- 
shocks (Stauder and Bollinger, 
1966). The essential features of the 
suggested model, which are illus- 
traited diagrarnmatiwally by figure 
41, are presented below. 

OUTLINE OF THE MODEL 
According to the thrust-fault 

model, the earthquake resulted 
from shear failure along an in- 
ferreld major zone of movement, or 
megathrust, which dips northwest- 
ward beneath the continental mar- 
gin from the vicinity of the Aleu- 
tian Trench, and on subsidiary 
faults within the overthrust plate. 
The zone within which movement 
occurred, 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 and 
the portion of the adjacent zone of 

A 

(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 accumu1Btion (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 simulkaneously 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 'a downward-directed compo- 
nent of movement. R. K. Hose has 
pointed out that 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). Alternative 
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 earthquake 
may have resulted from adjust- 
ments within 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 
7 or more have been recorded 



Fault, showing sense and relative M-discontinuity (after Shor, 1962, fig. 4) Epicenter of larger aftershock (M>5.0) 
amount of displacement and projected hypocenter of after- 

Queried where inferred - - ?- 
shock within 25 miles of vertical 
section 

-_I-------- Relative direction and amount of ,-," -. - 
tectonic displacement . -, &+. 

Inferred megathrust zone Queried where inferred Active or dormant volcano 

Epicenter of main shock 

41.-Schematic block d iagram showing t h e  postulated relationship of the  seismic activity a n d  tectonic displacement associated 
wikh t h e  1964 Alaska ear thquake t o  miajor s t ruc tura l  elements of south-central Aiaska. Horizontal a n d  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 deform a t '  1011 
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 
William Sound, from which point 
i t  propagated simultaneously 11p- 
dip towards the Aleutian Trench 
and along strike both ton-ards the 
southwest and east \\-ithill the area 
encompassed by the aftershocks. 
Shear failure was accompanied by 
elastic rebound in the upper plate 

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

tectonic displacements a t  the 
surf ace. 

Indicated stress drops at  the 
surface across the zone of subsid- 
ence (on the order of a few hun- 
dred bars) are comparable i n  mag- 
nitude to those reported for other 
tectonic earthquakes. Fo r  the 
idealized case of homogeneous 
strain and purely elastic distortion 
of the crust, the stress drop (P) is 
a function of Young's modulus 
(E) of the slab and the reduction 
of horizontal strain (c )  across i t  : 

AP=Ee 

For an average E of 3 X lo5 bars 
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42.-Diagrammatic time-sequential cross sections through the crust and upper mantle in the northern part of the region affected 
by the 1964 earthquake. A, RAativeIy uns tmhed  condition after the last major earthquake. B, Strain buildup stage during 
which the continental m a r g h  is  shortened and downwamd. C ,  Obssrvecl and inferred displacements a t  time of the earthquake 
during which a segment of the continental margin is thrust s k w a r d  relative to the continent. Datum is  the upper surface of the 
crust bendaa'th the cover of water and low-velwilty sediments. VeFtical disflacements a t  the surface, which a re  indieated by the 
profiles and by arrows showing sense and relative amount of movement, are  about X 1,000 scale of the figure. 
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(7 X 1011 dynes ~ m - ~ ) ,  and average 
and maximum strain across the 
subsided zone of 1.1 X and 
3 X lo-', respectively, the average 
stress drop was only about 77 bars 
(77 X lo6 dynes cm-9). The maxi- 
mum drop, which occurs lthe 
axis of subsidence, was about 210 
bars (210 X lo6 dynes ~ m - ~ ) .  

The megathrust, in the earth- 
quake focal region dips north to 
northwest at an angle of 9"-15", 
according to fault-plane solutions 
of the main shock and several 
aftershocks, but its precise depth 
and configuration are uncertain. 
The limited available data, on focal 
depths of the earthquake (p. I 4) 
and on deep crustal structure 
(Shor, 1962, fig. 4;  Hales and As- 
ada, 1966, p. 420) suggest that the 
megalthrust may colincide with the 
unstable interface a t  the base of 
the continental crust beneath the 
continental slope and shelf. I t  
probably extends into the upper 
mantle toward the north to some 
unknown depth (no deeper than 
the deepest hypacenters in the re- 
gion ) where stress relaxation is 
sufficiently rapid to absorb the ap- 
plied force by plastic, rather than 
elastic, 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 strain changes resulting from 
seaward thrusting along the con- 
tinental margin at the time of the 
earthquake. It oould represent an 
increase in vertical strain (Poisson 
bulge) resulting from a sudden in- 
crement in the regional horizontal 
compressive strain o r i e n t e d 
roughly normal to the zone (R. 0. 
Burford, written commun., 1966). 
If this explanation for the uplift 
is correct, retriangulation within 

the areas of slight uplii% should 
show transverse horizontal short- 
ening. A test of the suggestion 
could be made if the postearth- 
quake triangul xtion net \\-ere ex- 
tended north~vard 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 
cu mi, 122 cu km) in the two major 
zone.; that implies a substantial 
increase ill net gravitational po- 
tei1ti:tl. By making the assump- 
tions that the displacements de- 
crease linearly from a maximum 
at the surface to zero a t  the base 
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 cm) in a crustal block 
having the dimensions of the zone 
of subsidence would result in a 
potential energy loss of 2.7X loz9 
ft-lbs (3.6x 10" ergs). The in- 
crease in gravitational potential 
in the uplifted area mould be about 
4.1 X l0l9 ft-lbs (5.6 X loz6 ergs), 
assuming an arerage uplift against 
gravity of roughly 6 feet (1.8 m) 
for a wedge-shaped block with a 
length of 475 iniles (100 km), a 
width of 115 miles (185 Inn), and 
an average thickness of about 11 
miles (18 km) . 

These data suggest an apparent 
net increase in gravitational po- 
tential of about 1.5 X I O l 9  ft-lbs 
(2 x 1O2"rgs). Even with the as- 
sumption that vertical displace- 
ments e x  t e n  d only halfway 
through the slab, the indicated 
gravitational potential increme is 
still roughly t ~ - o  orders of magni- 
tude larger than the total released 
seismic-wave energy of about 
1-2 X loz4 ergs (calculated from 
the empirically derived Guten- 
berg-Richter relationship between 

energy and earthquake magnitude 
log E= 11.4+ 1.5 M ;  Richter, 1958, 
p. 366). 

I n  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 are unavailable on (1) the 
seaward and continentward limitrs 
of the displacement field, (2) p- 
sible elastic density changes at- 
tendant upon stress drops within 
and behind the upper plate, and 
(3 )  the extent to which the move- 
ments may have been compensated 
by elastic depression of the danser 
mantle beneath zones of uplift and 
a corresponding rise beneath the 
zone of subsidence. 

REPRESENTATION BY 
DISLOCATION THEORY 

Savage and Hastie (1966) and 
Stauder and Bollinger (1966) have 
used dislocation theory to compare 
theoretical profiles of vertical sur- 
face 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 normal to the fault 
strike, are ploitted to a common 
scale on figure 43. These models 
have, of necessity, been highly 
generalized to permit a malthe- 
matical analysis by dislocation 
theory, and, in papt, the studies 
are based upon preliminary and 
incomplete observational data. 

The basic assumption in this 
procedure is that the observed dis- 
placements can be modeled by the 
corresponding fields of a planar 
dislocation sheet in a homogeneous, 
isotropic, elastic half-space with 
displacement discontinuity match- 
ing the observed or inferred fault 
slip. Inasmuch as  the depth, con- 
figuration, and net slip on the 
postulated faults are to a large de- 
gree speculative, considerable lati- 
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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 
each of the assumed models can 
approximately account for the ob- 
served subsidence, none of them 
gives a close fit between the theo- 
retical and actual profiles in the 
uplifted zone. Stauder and Bol- 
linger (1966, p. 5293) suggest that 
the observed tmtonic surface dis- 
placements can be approximated 
to any desired delgree by assuming 
combined differentid-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 4323. 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 
surface 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, 
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1964 earthquake 
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43.-Comparison of observed and inferred profile of surface displacement along line 
B-B' of plate 1 (shaded line) with computed profiles for movement on faults of slip 
and cross-sectional canfiguration shown in diagrams below the pmf~les. Model A from 
Savage and Hastie (1966, fig. 3) ; models B and C from Stamder and Bollinger (1966, 
fig. 7 ) .  

p. 867; Press, 1965, p. 2404). How- However, as noted elsewhere 
ever, Savage and H&ie (1966, p. (Plafker, 1965, p. 1686), there are 
48994900) have pointed out that no compelling geologic, seismolog- 
a unique surface-wave solution for icy or geodetic data in support of 
the fault orientation cannot be in- the steep-fault model. Aftershocks 

asmuch as the direction of rupture lated trace, but instead lie mainly 

propagation is along the null axis in a broad belt along the conti- 
nental margin mainly to  the south 

and therefore the radiation of of the zero isobase (fig. 2 ) .  Fur- 
seismic waves will be essentially thermore no field evidence exists 
the same for either of the two pos- for new surface breakae in the 
sible fault planes. vicinity of the zero isobase--de- 

The main appeal of the steep- 
fault model is that i t  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. 

spite tke 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 f.ault 
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44.-Comparison of observed and inferred profile of surface displacement along line 
B-B' of plate 1 (shaded line) with computed profiles for movement on steeply dip- 
ping faults of slip and cross-sectional consguration shown i11 the diagram below the 
profiles. Modd A from Press and Jackson (1965, fig. 1) ; model B from Savage and 
Hastie (1966, fig. 3) .  

along 11-1lich ~er t ica l  movement 
has occurred in the past. On the 
contrary the overwlielini~lg ma- 
jority of surface 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 sur- 
face dislocation along the zero iso- 
base between the major zones 
prompted the suggestion that the 
displacement represents flexure 
above a near-vertical fault at 
depth (Press and Jackson, 1065, 
p. 868; Press, 1965, p. 2405). Such 
a fault IT-oulcl hare to extend to the 
considerable depth of 62-124 miles 
(100-200 km) below the free sur- 
face to account 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 conpared to 
the t.heoretica1 surface displace- 
ments that .tould occur on faults 
of varying inclination, slip, and 
dimension by application of 
dislocation theory (Press and 
,Jackson, 196.5 : Press, 1965 ; Savage 
and Hastie, 1966). These analyses 
are subject to the same basic as- 
sumptions as TTere previously out- 
lined. Assumed models, with 
corresponding ~rofiles along a 
vertical plane oriefited normal to 
the fault strlke, are plotted to a 
common scale on figure 44. The 
resultant 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 close together by 
at least 50 miles (80 km), or a 
factor of one-half, and the indi- 
cated changes within the two 
major zones are notably more equal 
in amplitude than in the observed 
profile. The distance between the 
two axes would tend to decrease 
even further if the faulting is &al- 
low-as is suggested by the spatid 
distribution of the aftershocks. 
Even if the vertical displacements 
could be explained 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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SUMMARY AND CONCLUSIONS 

The earthquake of March 2'7, 
1964, was 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 pul'se 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- 
ferred from radiocarbon-dated 
displaced shorelines in the epicen- 
tral region, appears to have been 
about 930-1,360 years. 

Because the primary fault or 
zone of faulting along which the 
earthquake is presumed to have 
ocourred is not exposed at the sur- 
face on land, a unique solution for 
its orientation and sense of slip 
cannot be made. Nevertheless, the 
vertical displacements, when con- 
sidered in relationship to the focal- 
mechanism studim and spatial dis- 
tribution of seismicity, strongly 
favor the hypothesis that the pri- 
mary fault was a rnajor thrust 

fault, or megathrust. The data 
suggest that the segment of the 
megathrust along which slippage 
occurred was 550-600 miles long 
and 110-180 miles wide and that 
it dips from the 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 displacement 
of the upper plate along the dip- 
ping primary thrust, (2) imbrica- 
tion on the known subsidiary re- 
verse faults that break through the 
upper plate to the surface, and (3) 
crustal warping. Movement on 
other subsidiary submarine re- 
verse faults, as well as rebound of 
the lower plate 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 vertical 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 seismic waves, heat, crushing of 
rock, and, perhaps, net changes in 
gravitational potential. Major un- 
resolved problems are 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 earthquake. 
Available geologic, geodetic, and 
geophysical data from the region 
affected by tectonic deformation 
during the earthquake are com- 
patibls with the concept that arc 
structures arc 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 the 
crust and upper mantle. Conver- 
sely, the data provide severe 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 steep dip-slip faults. 

Preearthquake strain directed at 
a gentle angle downward beneath 
the arc in the @picentral 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 preearthquake strain 
accumulation, as inferred from 
radiocarbon-dated downed shore- 
lines, was about 930-1,360 years, 
average annual horizontal dis- 
placement was abouk 0.59-0.83 inch 
per year (1.5 to 2.1 cm per year). 
The indicated shortening, 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 
cm per year in a northwesterly 
direction from the Juan de Fuca 
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ridge. Such rates and spreading 
directions have been deduced from 
paleomagnetic studies of the north- 
eastern Pacific ocean floor (Vine, 
1966,p. 1407). Alternative driring 
inechxnisins, i11 xhich the upper 
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