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Former sea floor at Cape Cleare, Montague Island, P-fi‘;léé‘"W‘iﬂiﬁ'fﬁ» Sound, exposed by 26 feet of tectonic uplift. The surf-cut
surface, which slopes gently from the base of the sea cliffs to the water, is about a guarter of a mile wide. The white
coating on the rocky surface consists mainly of the desiccated remains of calcareous algae and bryozoans. Photograph
taken at about zero tide stage, May 30, 1964.
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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 volecanism, and the Aleutian Trench.
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3.—Map showing the distribution of tectonic uplift and subsidence in south-central Alaska.






TECTONICS

TasLe 1.—Land-level changes based on comparsion of pre- and postearth-
quake tide series at tide stations in south-ceniral Alaska—Continued

\ Length of tide series Land
Location move-
ment
Preearthquake Postearthquake (feet)
|
Kenai Peninsula and Cook Inlet—Continued
Anchorage._______ June-Sept. 1910; May-Oct. 1964 —2.6
June-Oct., Dec.
1922; May-Nov.
1923; May—-
Sept. 1924;
May-Oct. 1925
April-Oct. 1965 —2.3
Kodiak group of islands
|
Carry Inlet_._____ I July 1931 July 8-Aug. 7, —3.2
1965
Redfox Bay_______ July—Aug. 1926 Juily 1-Aug. 8, —3.4
965
*Tonki Bay..._._--| Aug. 23-31, 1932 July 10-Aug. 7, —52
1965
Nachalni Island. . .| July 30-Sept. 8, June 14-July 10, —3.9
1941 1965
Dolphin Point___ .| Sept. 10-Oct. 1, | June 7-July 8, —2.9
1941 1965
St. Paul Harbor___ June-Qct. 1964 —5.5
May-Nov. 1965 —5.0
*Ugak Bay_.._..__ August 1932 June 12-July 10, —4. 2
1965
Port Hobron..____ June 1-Sept. 19, July 26-Aug. 27, —. 7
1928 1965
Jap Bay_ ... ..__- July 1931 July 258~Aug. 24, .0
196
*Lazy Bay____.___ May 16-Sept. 29, | June 11-30, July —. 4
1929 1-Aug. 14, 1964
June 1-Sept. 30, July 28-Aug. 15, —.2
1930 Aug. 20-24,
1965
*Larsen Bay______. Aug. 19-22, 1929 | June 13-Aug. 31, —2.5
1964
July 18-Aug. 17, —2.4
1965
Uyak Bay__...__. July 14-30, 1908 July 22-Aug. 17, —1.9
1965
*Port O’Brien__._._ June 22-July 30, July Aug. 1964 —3.6
1929
June 8-July 19, —3.6
1965
**Women’s Bay.-. - 1950-59 (10 April-July 1964 —5.6
years)
Alaska Peningula
**Kukak Bay.._.___ July—-Aug. 1949 July 17-Aug. 16, —. 5
1965

(2 months)

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

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

I11

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

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 at many
is more than 30 years (table 1).
Positions of the preearthquake
tidal datum planes at these sta-
tions may not have been precisely
determined originally, and (or)
they may have changed from their
original values because of 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, where other sources of
data such as estimates by local
residents or measured differences
between pre- and postearthquake
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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 brown laminarians form the lower one;
light-colored barnacle zone is between the two. Photograph taken at about 2-foot
tide stage, May 20, 1964.

5.—Measuring height of the barnacle line at Port Bainbridge in an area of the

Kenai Peninsula uplifted 5.7 feet. Protograph taken at 4.4-foot tide stage, June 21,
1564.
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6—Barnacle line clearly marked by upper limit of light-gray barnacles and
desiceated rockweed in dark patches and by the lower growth limit of dark-gray
encrusting lichens of the splash zone. Uplift of 3.2 feet in Whale Bay, western
Prince William Sound, Photograph taken at 3.0-foot tide stage, June 22, 1964.

7—Barnacle line on hull of S.8. Coldbrook, Middleton Island. The upper growth
limit of the dark band of barnacles on this vertical surface is clearly defined and
at a uniform level, even though it is in a locality that was exposed to open-coast
surf conditions prior to the earthquake. Indicated uplift is 11.7 feet. Photograph
taken at 6.5-foot tide stage, July 26, 1965.
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&-—Variations of mean tide range in areas of south-central Alaska where tide
levels were used as a datum in measuring vertical displacement of the coast. Triangles
show locations of permanent tide gages prior to the earthquake. Data from U.S. Coast

and Geodetic Survey (1964).

Specific data on the normal up-
per growth limit of barnacles and
Fucus relative to tide levels were
unavailable for the part of coastal
south-central Alaska that was af-
fected by vertical tectonic dis-
placements associated with the
earthquake at the time this study
was made. However, elsewhere on
the Pacific Cloast of North Amer-
ica and in other areas of the world
the height of the barnacle line
roughly approximates anmual
mean high water along shores with
a small or moderate tidal range.
In the region where measurements
of vertical displacements were
made during this study, tidal
range, and hence the height of the
barnacle line, differs from place
to place along the coast. For exam-

ple, the mean tide range (that is
the difference in height between
mean high and mean low water)
varies from a minimum of 6.4 feet
along the ocean coast of the Ko-
diak group of islands to a maxi-
mum of 159 feet at Homer near
the entrance to Cook Inlet (fig. 8).
Even higher tides—as high as 30.3
feet—prevail within Cook Inlet.
However, the exceptionally large
tidal range, in combination with a
general lack of stable rocky shores
and an mereasingly impoverished
marine fauna toward the head of
the inlet precluded use of marine
organisms for measuring vertical
displacement.

On figure 9 are shown the var-
iations in the 1964 positions of six
of the important sealevel datum
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planes corresponding to mean tide
ranges of 6.4 feet to 159 feet
in south-central Alaska! Kaye
(1964) has reviewed the definition
of these tidal planes, the way in
which they are derived from tide-
gage records, and the control they
exert on the zonation of intertidal
organisms.

Field procedure for determining
land-level changes by the barnacle-
line method was to measure the
height of the upper limit of bar-
nacle or Fucus growth above or be-
low water level at any stage of
tide. On smooth steep rocky slopes
sheltered from heavy surf, this
line is sharply defined and can be
readily determined to within 0.2
foot or less. On sloping shores or
shores exposed to heavy surf it
tends to be less regular, although
even under such conditions it gen-
erally can be determined with con-
fidence to within 0.5 foot. At most
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
water, its depth below the surface
was measured directly with the
stadia rod.

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

1 Extreme high and low water are the high-
est and lowest predicted annual tides; the
extreme high-water line is also the approxi-
mate lower limit for growth of terrestrial
vegetation along shores sheltered from wave
splash. Because tides in south-central Alaska
are of the semidiurnal type. the levels of the
two daily high and low tides differ, varying
between a maximum (spring tides) and a
minimum (neap tides), depending on the
interactions of the tide-producing forces.
Thus, mean high water (MHW) and mean
low water (MLW) are the average heights
of all high and low tides within the period
of measurement. Mean lower low water
(MLLW), the mean of the spring tides, is
the tidal datum plane commonly used as the
zero datum by the U.S. Coast and Geodetic
Survey. Mean tide level (MTL) is the exact
midpoint of the range MHW-MLW. It dif-
fers by a few tenths of a foot from mean sea
level, the average of all hourly tide read-
ings over a given period, because the tidal
curve is not a simple sine curve, but rather
is compounded of a number of simple sine
curves, some of which have fixed phase rela-
tionships with respect to each other (Mar-
mer, 1951, p. 70).
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EFFECTS OF THE EARTHQUAKE ON
INTERTIDAL ORGANISMS

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

O (right).—Postearthquake yearling barna-
cles (light gray) among preearthquake
barnacles (yellow). Within 4 months after
the earthquake the new crop of barnacles
had base diameters of as much as 0.3 inch.
Large divisions in upper scale are inches.
Photograph taken August 2, 1964.
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B (left).—Barnacle line defined by upper
growth limit of olive-brown rockweed and
lower limit of dark-gray encrusting lichens.
Shoreline shown (Malina Bay, Afognak
Island) subsided about 3 feet during the
earthquake. Photograph taken at 6.5-foot
tide stage, July 20, 1964.
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EFFECTS OF THE EARTHQUAKE ON SHORELINE FEATURES

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

B.—Extensive area of brown terrestrial vegetation at Kiliuda Bay, Kodiak Island,
killed by salt-water immersion after about 4 feet of tectonic subsidence and an
unknown amount of surficial subsidence. Dikelike gray ridge of beach gravel was
built up in adjustment to the new higher base level. The area behind this beach
ridge may eventually become a shallow lagoon. Photograph taken July 17, 1964.
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11.—Conspicuous white band of postearthquake barnacles along the shore of
Kizbuyak Bay, Afognak Island. The difference in elevation between the upper
growth limit of the yearling barnacles in the photograph and the preearthquake
barnacles, which were at water level, indicates at least 3 feet of tectonic subsidence.
Pbotograph taken July 20, 1964.

12—Drowned brush and trees along shore of Harriman Fiord, Prince William
Sound. The color change (arrow) between the dead brown foliage (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 higb-tide line provided a measure of
tectonic subsidence, which was 7.2 feet at this locality. Photograpb taken at 0.9-
foot tide stage, June 10, 1964.
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13-—Wild flowers and grass growing among dead barnacles (white) on shore of
Middleton Island uplifted about 11 feet. The differences in the lower growth limits of
pre- and postearthquake terrestrial vegetation provided a direct indication of the
approximate amount of uplift. Photograph taken July 26, 1965.

14—Coast at Cape Suckling uplifted about 13 feet during the earthquake. The
difference in elevation between the postearthquake storm beach (marked by band
of light-colored driftwood) and the preearthquake storm beach, which was above the
base of the sea cliff, provided a crude measure of the uplift. The smooth area between
the upper limits of driftwood and the sea cliff is now a marine terrace, and the
former island in the foreground is a stack on its surface. The flat surface on the

stack is probably an older marine terrace. Photograph taken at about zero tide stage,
July 24, 1965.

307634 0 70—4
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compared with changes at nearby
rocky shores, they appear to give
results consistent, within about 8
feet, with those obtained from
barnacle lines. The measurements
between Kayak Island and Yaka-
taga (pl. 1) are particularly uncer-
tain because the shore there con-
sists of active sand dunes that had
partially concealed the old storm-
beach line by the time measure-
ments were made in 1965. This
method was used only where no
other means was available for
measuring vertical displacement.

ESTIMATES OR MEASUREMENTS BY
LOCAL RESIDENTS

Where possible, data on local
land-level changes were obtained
from local residents in interviews
and on form questionnaires. The
amount of these changes and the
confidence limits expressed by ob-
servers are shown on plates 1 and
2. Most of the estimates were
made by fishermen, mariners, log-
gers, and other coastal residents
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 displacements 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, changes in land
level were determined by leveling
from the water surface to U.S.
Coast and Geodetic Survey tidal
bench marks of known preearth-
quake elevation. The accuracy of
these determinations, which de-
pends mainly upon the precision
of leveling and the degree to
which the actual tides at the time
of measurement correspond with
predicted tides, is believed to be
within 0.5 foot.









122 ALASKA EARTHQUAKE, MARCH 27, 1964

15¢ 154° 152° 15C° 148° 1?(1“ 1.?4" 14‘?‘
T T 7 T <
62 r J e ] il Sl
/ Fal 5l
~
N o
\\
/ (
’ \
J \
/ X
e
—
/ — & '
f L =3 & g
O Epicenter
v &  Anchorage picenter  ygides /Q’
] S A
7 . B, \§
(W £ LS
/ °PRINCEY
' V& %
/ HILLIAIW
I’ §' ‘r/ g =
5 & SOUND
o P /
al qll
4
7
f
7
,l Kayak island )
! Homer 2 »
4 600 rEET "/

Seldovia
o

’
o A
; °
/ >
/ (.\Q*
l’ %‘ &;"yv
7’
AF K
Vi oghna )N%
w
58 |-
Q
e
(No wave damage) METERS / FEET FEET/METERS
~“A A’
,Tnnlty Islands [P e ’,*’m 30 rl 30 1d
1 7 .- 8 ’ 8
\ o L 6 20 | e
\ e _- \ 3
560 L A \ 3= Lot 2 I ~— —__ _ Aleutian Trench ¢
S - —
P b\;\_ __“,— 3 i0 / \\\ C 5
/ o / -~
o — — T °©
—
/ o 50 100 MILES —2 ~l_ T—— —2
L ] —10 —10
! . ) Profile along line A-A’ showing inferred initial wave form
; g =4 LOOKEOMETERS caused by tectonic displacements of the sea floor
'_¥77L,A B S e B Bl F I i, SIS =8 = - PP ST TS N S| SR St
EXPLANATION
; o
Wave travel direction inferred from
shoreline damage or eyewitness Axis of subsidence
accounts
ZAxaes D 2 =
______ —_

Zero isobase contour
Calculated maximum distance trav-

elled by initial wave

L]
Dashed where approximate

Epicenter of major aftershock (M >6.0)

Axis of uplift @
Dashed where inferred Station listed in table 2

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















TECTONICS

127

151° 150° 149° 148° !
T v q‘ | | _[
(13
} 7
,,
o
>
€1R Station Klawasi
\ >
%
62° |- : - —
% Glennallen o
: ‘
=N = ' o |
x "‘- ; : “ 3 ‘\ 7 ‘\\h\
q -
&‘ Station, 132 220 k, o Q é‘/j}‘ 3 3
\ Fishhook S>> f575 5
- & ;
‘...nn”
( 4
VA,
< ,-,.-' Anchors « ‘Esj -
& ¥ fawe"" .--.-.-.
.- ." \\ ,. ) - '.'q-
i \\EI@ / © ” EPIGENTER .

o B,
SEER, = Whittig;.-'"

60°

0
552] 5"

lswiddleton Island
i
s

100 MILES [2)
1

o 50 100 KILOMETERS °
L L " L 1 J @
59° |1 - i — e i } - L t
EXPLANATION
. 53@ {1
Triangulation station Isothismic contours
Number refers to table 3 Showing approximat shierial 4 N
- " . ~88 o of horizontal displacement, in feet, relative to
Dlr.ectxon Pf displacement relat‘,ve to ,St’a' Stations Fishhook and Klawasi. Dotted where
tions Fishhook and Klawasi (adjust- inferred
ment 2, table 3) 25 uye
Number i oximate change in feet . 2 D
by dp_zi'__‘_t’i__ i s Line of profile shown in figure 18
Direction of displacement relative to Sta- e [S]
tion Fishhook (adjustment 1, table 3) ) 0
10

Zero isobase between major zones of tec-

Relative northwest-southeast component tonic uplift and subsidence

of shortening indicated by resurvey of o -
isolated segment of triangulation net RN
Number is measured change, in feet Vector Scale
(Displacement between 0-5 feet shown as 5 feet on map)

16.—Map showling 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).

307-634 0—70——5





















134

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 subsidence, augmented
locally by surficial subsidence of
unconsolidated deposits, resulted
in narrowing 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 at stream
mouths or bay heads (Plafker and
Kachadoorian, 1966, p. D27).
Beach berms and deltas in subsided
areas rapidly shifted landward
and built up into equilibrium with
the new, relatively higher sea lev-
els (pl. 48). Former reefs and low-
lying islands along the coast were
submerged, and some tombolo-tied
points or capes became islands.
Wave action at the higher sea lev-
els caused rapid erosion of shore-
lines—especially those composed
of poorly consolidated deposits
that were brought within 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-

uplifted

ALASKA EARTHQUAKE, MARCH 27, 1964

19.—Spruce trees on a spit near the mouth of Resurrection Bay killed by salt-water
immersion and undermined by erosion after the land subsided about 3 feet. Photo-
graph taken at a 9-foot tide stage, July 10, 1964.

tide line seaward and thereby ex-
pose parts of the littoral and, at
some places, the sublittoral zones
(frontispiece; figs. 14, 20). In the
areas of maximum uplift on south-
western Montague Island, the
emergent. sea floor is as much as
1,800 feet wide (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). In many places,
beach-barred lakes were drained in
varying degrees by incision of
their outlet streams. About 8 or 9
feet of uplift at the outlet of shal-
low Bering Lake, which formerly
was reached by high tides, caused
the lake to be suddenly reduced in
area by about 4 square miles to
a third its preearthquake size.
Beaches and deltas developed be-
low, and seaward from, their pre-
vious positions (fig. 14). Along the
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,

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

TILTING OF LAKE BASINS

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

Tilting of Kenai Lake, which is
about 25 miles long, is indicated
by changes in the relative position
of the bench marks that had been
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
west end of the lake is close to the
axis of subsidence (pl. 1) and that
residents report a relative lower-
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20.—Rocky surf-cut platform a quarter of a mile wide at Cape Cleare, Montague
Island, exposed by 26 feet of tectonic uplift. The white band on the upper part of
the platform consists mainly of barnacles and calcareous worm tubes; brown algae,
or “kelp,” cover much of the surface below the barnacle zone. Photograph taken at
about zero tide stage, March 31, 1964. Compare with frontispiece, taken 2 months
later in same general area.

21.—Bay-head deposits in MacLeod Harbor, Montague Island, deeply incised by
stream erosion following about 33 feet of uplift. Arrows indicate the positions of
pre- and postearthquake high-tide shorelines. Photograph taken August 6, 1965.
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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 earthquake,
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
the coast into the Kenai Lowland
area (pl. 1).

TILTING OF RIVER DRAINAGES

Regional tilting may also have
temporarily reduced the flow of
certain rivers, such as the Cop-
per, Kenai, and Kasilof Rivers,
whose flow directions were oppo-
site to the regional tilt (pl. 1).
The Kasilof River was reduced
to a trickle the day after the
earthquake (Alaska Dept. Fish
and Game, 1965, p. 23) and the
Copper River reportedly ceased
flowing at its mouth for several
days. 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
approximately at their lowest an-
nual levels when the tilting oc-
curred, slight changes in gradi-
ent caused disproportionately
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large changes in discharge. The
changes probably were largely re-
lated to upstream tilting of the
larger lake basins in the drainage
systems with consequent reduc-
tions or reversals of discharge un-
til the basins once again filled to
the spillover point. To some ex-
tent, however, the reduced flow
in the river channels may have
resulted from the lowered gradi-
ent of the beds. The regional
tilting averaged 1 foot per 4.8
miles in the lower Copper River
drainage and 1 foot per 10 miles or
less in the Kenai 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 detailed
governmental and private studies
of the effects of the earthquake
on intertidal organisms, land
plants, and fish are to be reported
in the Biology Volume of the
planned series of publications of
the Committee on the Alaska
Earthquake of the National
Academy of Sciences (W. L. Pe-
trie, oral commun., 1968).

The most conspicuous effect of
subsidence was the fringe of ter-
restrial vegetation killed by salt-
water inundation at periods of
high tides (pl. 4B ; figs. 12, 19).
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22—Spruce trees in Nuka Passage on the southern Kenai Peninsula killed by re-
peated inundation with salt water in an area of 6.3 feet of tectonic subsidence.
Algae and 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. In some sheltered
localities at which vegetation ex-
tended down to the extreme high-
tide line, dead vegetation was
noticeable even where subsidence
was as little as 1 foot.

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

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

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

Effects of uplift on the biota of
the littoral zone were more strik-
ing 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 uplifted
shore. In areas where uplift ex-
ceeded the local tide range, as on
islands in southern Prince William
Sound, on parts of the mainland
coast to the east of the Sound, and
on several offshore islands on the
Continental Shelf, destruction of
the sessile organisms was almost
absolute. Even many of the mobile
forms—including starfish, gastro-
pods, and small fish—did not sur-
vive. Some of the effects of uplift
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23.—Closeup view of surf-cut surface at Cape Cleare, Montague Island, shown in
frontispiece. The white coating on the rocks consists primarily of desiccated cal-
careous algae and bryozoans; the dark ropelike objects are stipes of laminarians

(“Kkelp”). Photograph taken June 1, 1964.

on organisms of the littoral zone
are illustrated by plates 34, 44;
figures 5, 23, and 24. The dramatic
change with time in the appear-
ance of the shore and sea floor after
about 26 feet of uplift at the south-
west end of Montague Island may
best be appreciated by comparing
the aerial photograph taken on
March 30th, 3 days after the earth-
quake (fig. 20), with one taken 2
months later on May 30th (fron-
tispiece).

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
wildflowers grew everywhere, on
raised beaches and deltas and m
favorable localities on rock bench-
es amid the dead and dried re-
mains of marine organisms (fig.
13). In a few years the bleak as-
pect of these fringes of uplifted
shore should become subdued by
a luxuriant cover of brush and
timber comparable to that grow-
ing on older uplifted marine ter-
races in the area. By July 1965,

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

The potential effect of the land-
level changes on the important
salmon runs in the affected areas
cannot be fully evaluated until the
matured 1964 hatch returns from
the sea to spawn. Spawning areas
for pink and chum salmon, which
are intertidal spawners, 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 mi-
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

24 —Mass of dead starfish in a depression on the uplifted platform shown on figure 23.
Photograph taken May 31, 1964.






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 wave
energy release. According to the
model used, roughly one-third of
the energy was concentrated in the
narrow high-amplitude part of the
wave along the axis of maximum
uplift and two-thirds was distrib-
uted over the low-amplitude part
of the wave which has an area
roughly 15 times larger. Thus, the
relatively greater damage and
higher wave runups along the
outer coast of the Kodiak group of
islands and the Kenai 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 was the atmospheric counter-
part of the seismic sea waves was
recorded on microbarographs at
the University of California at
Berkeley and at the Scripps Insti-
tute of Oceanography at La Jolla,
Calif. The wave traveled at the
speed of sound in air (roughly
1,050 ft per sec in the 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-
placements of the land and sea sur-
faces that accompanied the earth-
quake.

TECTONICS

The atmospheric pressure wave
also seems to have caused a travel-
ing ionospheric disturbance that
was observed in Hawaii, Alaska,
and the conterminous United
States on high-frequency radio
sounders (Row, 1966). The dis-
turbance at Boulder, Colo., was
characterized by an abrupt onset,
speeds appropriate to sound waves
above 100 km in altitude, an oscil-
latory long-period tail, and an ini-
tial negative doppler. Computa-
tions by Row indicate that the es-
sential features of the observations
may be reproduced by sudden ver-
tical ground displacement of the
type observed in the epicentral
region below 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 was 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 would 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 would be proportionally
greatest where orientation of
shores is normal to the direction
of horizontal movement and rel-
atively steep basin sides permit-
ted the maximum energy to be
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25—Schematic diagram illustrating
the postulated effect of a sudden hori-
zontal displacement on water in an en-
closed basin, the amount of displace-
ment assumed to be small relative to
the dimensions of the basin. Dashed
lines indicate the original position of
the basin, solid lines the position af-
ter displacement. Symbols along the
basin margin in the plan view (above)
indicate shores along which an initial
rise (+) or drop (—) in water level
would occur; profile A-A’ shows a
possible configuration of the water
surface immediately after the dis-
placement.

transferred from the basin to the
contained water mass.

McCulloch (1966, p. A39) has
reported uninodal and multinodal
seiche waves in Kenai Lake with
half-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 8 feet. A possible al-
ternative explanation, however, is
that the waves and seiche in
Kenai Lake—a lake which lies in
a long narrow steep-sided glacial
valley—resulted mainly from the
15-25 feet of south-southeast hor-
izontal translation of the lake
basin that accompanied the earth-
quake in that area (fig. 16). Be-
cause of the irregular shape of
the basin and uncertainties re-
garding the rate at which the
horizontal displacements occurred,
it is not possible to determine
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27.—Road along Womens Bay, Kodiak Island. in an area of about 5.5 feet of
tectonic subsidence and an unknown, but probably substantial, amount of local
settling of unconsolidated deposits. Since subsidence, the road has been flooded at
high tide and subject to erosion by waves. Photograph taken at 4.0-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 prior to the earthquake.

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

GRAVITY CHANGES

Vertical displacements were ac-
companied by measurable changes

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

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

COMPARISON WITH
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 events ever recorded. This
fact is brought out by table 4,
which compares the deformation
associated with the 1964 event with
that of selected great earthquakes
for which quantitative data are
available.

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

May and June of 1960 extended
’












146 ALASKA EARTHQUAKE, MARCH 27, 1964

136°

S s e

"

144°

148°

152°

160°

300 MILES

200

100

300 KILOMETERS

200
|

100
|

SUBMARINE CONTOURS IN METERS



Early Mesozoic and
Mount Spurr older outcrop belt\

A

Late Mesozoic
outcrop belt

Early Cenozoic Late Cenozoic
4 outcrop beit outcrop belt

CASTLE MTN FAULT ?
/ L T

MILES  Mzy
0 r

o

10

Czu, Cenozoic rocks, undifferentiated

20 Mzu, Mesozoic rocks, undifferentiated

? & o AL
el Aleutian Trench Axis

Oceanic crust and mantle

40
0 100 200 MILES
L JL J
0 100 200 KILOMETERS
L N o]
L]
EXPLANATION

A

Andesitic extrusive rocks of active or dor-
mant voleanoes

Late Cenozoic bedded rocks
Lighter pallern where projected offshore

Early Cenozoic bedded rocks
Lighter paltern wkere projected offshore
‘lomze }
Late Mesozoic bedded rocks
Lighter patlern where projected offshore

Paleozoic and early Mesozoic bedded
rocks
Lighter pattern where projected offshore
X%~
K:_% 4 \J
Granitic plutonie rocks

ine

Undifferentiated rocks

Approximate contact

Includes possible fault contacts, Dashed where
inferred or concealed

—thA A A A O A A AL
Thrust or reverse fault
Dashed where inferred. Sauteelh on upper plate.
Open teeth indicate major fauit

e

—_——————
Steeply dipping fault
Dashed where inferred. Arrows indicate relative
lateral displacement; bar and ball on relatively
downthroun side

= -
Trend lines showing strike of bedding,
schistosity, and folds
Major faults and faults with known Holocene movement
Asterisk indicates known Holocene movement; double asterisk indicates historic movement
No | Fault Data Source
1** |Fairweather Taocher (1960); Tarr and Martin (1912); Plafker (1967)
2. (Chugach—St Elias (probable Miller and others (1959, p. 42); Plafker (1967)
Holocene movement)
3* |Denali
4% |Castle Mtn-Lake Clark

St. Amand (1957); Hamilton and Myers(1966);Grantz (1966)

Martin and Katz (1912, p. 72-75); Kelly (1963, p. 289);
Grantz (1965, sheet 3)

Burke (1966, p. 139); R. L. Detterman, (oral commun.,
1967)

6%* |Patton Bay and Hanning Bay Plafker (1968)

5. |Bruin Bay

7* |Ragged Mtn Miller (1961)
8% |Holitna-Togiak Hoare (1961, p. 608-610)
9. |Kenai lineament This paper

(possible 1964 movement)

29.—Generalized tectonic map and idealized vertical section showing selected rock units and structural features of south-central Alaska. Indicated displace-
ment direction on faults is the net late Cenozoic movement only. Geology modified from a manuscript tectonic map of Alaska by P. B. King and from unpublished
U.S. Geological Survey data; the thickness of crustal layers and the structure shown in the section are largely hypothetical.

SOINOLDEL

v1



148 ALASKA EARTHQUAKE, MARCH 27, 1964

-

R ==
'\ c 50 100 MILES
| SR | St A1 |
|

0 50 100 KILOMETERS
—_t )

SUBI\J'LARINE CONTOURS IN FEET

30.—Epicenters of earthquakes (M = 4) in central Alaska during the period January 1954 to March 1963. Shallow depth
(= 70 km) earthquakes indicated by circles; intermediate depth (= 70 km) indicated by triangles. Data after Tobin and
Sykes (1966).












152

ALASKA EARTHQUAKE, MARCH 27, 1964

Section
continued

7

Section
continued

EXPLANATION

Bedding trace

0 100 200
|

’._

300 FEET
|

c9
0633
rREe
.9
5E3
o
“ 533
“EED
5 b=
&0
- [}
SE
100"
.} 50’
AT
0 5 MILES
|
O
S o
» &
N &
©° &
A &
¥ &
S8
&
¥
By d
MacLeod Harbor r_

31.—Structure of the early Tertiary Orca Group exposed in a sea cliff along the north shore of Macleod Harbor, Montague

placement that offset the sequence
is roughly parallel or at a slightly
oblique angle to the trend of the
adjacent mountain ranges. Hori-
zontal shortening of Paleocene or
Eocene strata through folding and
faulting along a 5-mile-long north-
west-southeast section across the
Matanuska Valley (Barnes, 1962,
section A-A") is about 25 percent.
This figure undoubtedly ap-
proaches the approximate maxi-
mum amount of shortening in the
sequence, because the section is lo-
cated in a narrow structurally

Island, Prince William Sound.

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

LATE CRETACEOUS TO EARLY
TERTIARY DEFORMATION

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

the Alaska Range (Alaska Range
geosyncline of Payne, 1955), with
relatively slight deformation of
rocks in the intervening area
(Matanuska geosyncline of Payne,
1955). Figure 32 shows the style of
deformation in one particularly
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

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

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

MIDDLE (?) JURASSIC TO EARLY
CRETACEOUS DEFORMATION
All the older rocks in south-

central Alaska were strongly af-

fected by the major orogenic epi-
sode, roughly corresponding to the

William Sound (Martin and others, 1915, p. 216).

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

A slight unconformity between
rocks of Permian and Middle Tri-
assic age in the Talkeetna Moun-
tains (MacKevett and others,
1964) and the 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
ALASKA

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

Of 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  earthquakes
along the Gulf of Alaska, at Chiri-
kof Island in 1880 (George W.
Moore, 1962, unpubl. data), at
Yakutat Bay in 1899 (Tarr and
Martin, 1912), and along the Fair-
weather fault in 1958 (Tocher,
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35.—Deeply submerged coast along the southern Kenai Peninsula. Embayments, 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
additional 2-5 feet in 1964. Photograph by T. L. Péwé.

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 it is provided by dif-
ferences in the altitudes of cirque
floors of probable Wisconsin age
along this part of the coast which
presumably were formed at a
fairly uniform level. The Jowest
cirque floors along the outer coast
of Prince William Sound and in

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

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

Continental Shelf. Comparable
emergent shores with postglacial
terraces as much as 1,700 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 parts of the
Cook Inlet and Shelikof Strait
coasts in areas that either subsided
slightly, remained unchanged, or
were slightly uplifted during the
1964 earthquake (fig. 33). Many
of these emergent shorelines are
probably pre-Holocene features
related to high eustatic sea levels
rather than to tectonic movements
(Hopkins and others, 1965, p.
1113; Karlstrom, 1964, p. 34-37).
The record of long-term Holo-
cene deformation within the ma-
jor zone of uplift in the area be-
tween the Copper River Delta and
Cape Suckling is seemingly anom-
alous in that uplifted surfaces de-
scribed as marine terraces, and
drowned forests or sphagnum-peat
horizons, occur in close association
with one another. Dated 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 at depths as
much as 40 feet below sea level in
the lower Copper River Delta and
to a depth of 30 feet at Bering
Lake (Tarr and Martin, 1914, p.
462463), and (8) 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 at these same
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36.—Muskeg-covered preearthquake marine terrace on Middleton Island at an alti-
tude of 110-125 feet. It 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-tide level is a
sixth terrace 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 Copper River Delta. Uplift of about 9 feet in 1964
snifted the shoreline several hundred feet seaward where another beach ridge is in
process of formation. Photograph taken near zero tide stage. Julv 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 to submergence during
the time interval between about
3,770 and 1,700 years B.P.
Radiocarbon dating of organic

material from terraces, peat bogs,
and archaeological sites in coastal
areas affected by the earthquake
has provided some preliminary
data on average long-term dis-
placement trends relative to sea
level at a number of localities. Dis-
placement-time curves at the five
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localities (A-Z£') in the area for
which multiple samples are avail-
able are shown in figure 34. Points
on the graph are the preearthquake
position relative to mean lower low
water piotted 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 period of 30 years and were
analyzed in three different labora-
tories. In spite of the small num-
ber of samples at each site, uncer-
tainties in their exact positions
relative to sea level, and the ever-
present problem of analytical or
sampling errors, it is noteworthy
that the results appear to be re-
markably consistent with one an-
other and with the displacements
that occurred in 1964.

These data indicate that the two
localities at Yukon Island (4) and
Girdwood (B) have subsided rela-
tive to present sea level at an aver-
age rate of about 0.7-1.0 foot per
century during the time interval
from 2,800 to 700 years B.P.,
whereas those at Middleton Island
(C) and Katalla (D) in the up-
lifted area have risen at the much
greater average rate of at least 3.3
feet per century between 7,650 and
1,350 years B.P. The rate of uplift
would be increased somewhat if
any of the deduced eustatic sea
levels are used in place of the 1964
sea level. The shore at Kukak Bay
(£), which was not affected by the
earthquake, has apparently under-
gone no detectable net change in
its present position relative to sea
level since at least 1,450 B.P.

Detailed study of the emergent
shorelines shows that the long-
term vertical movements occurred,
at 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 1s exceptionally well
displayed on Middleton Island
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38.—Bleached trunks of spruce trees on Latouche Island, Prince William Sound,
killed by salt-water immersion and partially buried in beach gravel as a result of
about 8 feet of submergence below preearthquake extreme high-tide level. The locality
was exposed by 8 feet of uplift in 1964. Photograph taken May 28, 1964.

39.—Spruce tree stumps (foreground) rooted in a thin layer of peat on a surf-cut
bedrock surface about 14 feet below preearthquake extreme high water (indicated by
the top of the line of driftwood below the present forest edge in the background).
Radiocarbon age of a stump near the base of the stadia rod was 710200 years
(no. 29, fig. 34). These stumps were exposed by about 16 feet of uplift in 1964.
Photograph taken July 24, 1964.
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which there is evidence of pre-
earthquake submergence are indi-
cated on figure 33 and the ages and
positions relative to sea level of
the dated samples are shown on
figure 34. In a few scattered locali-
ties within Prince William Sound,
evidence of stable shorelines or of
possible recent slight uplift (no
more than 4 ft) was found. This
evidence suggests that small areas
may have acted as independent
tectonic units that did not take
part in the general submergence.

The available data is insufficient
for determining whether the sub-
mergence, which affected the off-
shore islands from Kayak Island
to the Copper River Delta, ex-
tended as far out on the Conti-
nental Shelf as Middleton Island.
Preearthquake sea levels that
reached to the base of the prom-
inent sea chff encircling much of
the island indicate either a long
period of 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 complete 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
tidal record at Seward and a 15-
year record at Kodiak. An appar-
ently large preearthquake sub-
mergence on the delta of Spruce
Creek near Seward of about 6.9
feet 1n less than 200 years, as indi-
cated by drowned rooted tree






4. Gradual tectonic submergence
prevailed during at least the
past 900 years, and perhaps as
long as 1,360 years, over much of
the zone that was uplifted and
over at least part of the zone
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that subsided during the 1964
earthquake. This widespread
submergence is tentatively in-
terpreted as direct evidence
for a significant downward-
directed component of regional
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strain preceding the earthquake
and its duration as the approxi-
mate time interval since the last
major tectonic earthquake in
this same region.

MECHANISM OF THE EARTHQUAKE

GENERAL
CONSIDERATIONS

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

Field investigations demon-
strate that there is little likelihood
that the primary fault along which
the 1964 earthquake occurred is ex-
posed at the surface on land, nor
is there evidence for movement on
any of the known major continen-
tal faults. If the earthquake origi-
nated by rupture along one or more
faults, the two most plausible
models for the orientation and
sense of movement on the primary
fault consistent with the available
fault-plane solutions and disloca-
tion-theory analyses of the re-
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March 1965) and analyses of residual vertical displacements by dislocation theory
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hypocenter of the main shock indicated by the focal mechanism studies.

sidual vertical displacements are
(1) relative seaward thrusting
along a fault that dips northwest-
ward beneath the continental mar-
gin at a low angle, and (2) dip-
slip movement on a near-vertical
fault, the ocean side being rela-
tively upthrown, that strikes ap-
proximately along the zero isobase
between the major zones of uplift
and subsidence (fig.40). These two
models, which are discussed in the
following sections, are referred to

as the “thrust-fault model” 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 (Orowan, 1960;
Griggs and Handin, 1960; Evison,
1963, p. 863-884) have pointed out
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(Wood, 1966, p. 24), none of these
were accompanied by known re-
gional tectonic deformation—and
certainly none with deformation
on the scale of the 1964 earthquake.

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

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

tectonic displacements at the
surface.

Indicated stress drops at the
surface across the zone of subsid-
ence (on the order of a few hun-
dred bars) are comparablein mag-
nitude to those reported for other
tectonic earthquakes: For the
idealized case of homogeneous
strain and purely elastic distortion
of the crust, the stress drop (P) is
a function of Young’s modulus
(%) of the slab and the reduction

of horizontal strain (¢) across it:
AP=Eke
For an average £ of 3X10° bars
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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 tectonic surface dis-
placements can be approximated
to any desired degree by assuming
combined differential-slip motion
and a shallowly dipping thrust
plane. Such a model would be more
nearly in accord with the data
which suggest a dipping master
fault having the approximate con-
figuration shown in figure 434
with differential slip as indicated
in figure 43B. To be realistic, how-
ever, it would also have to include
the effects of (1) imbrication along
known and suspected thrust or re-
verse faults that break to the sur-
face, (2) possible breaking to the
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 rvesulted
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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p. 867; Press, 1965, p. 2404). How-
ever, Savage and Hastie (1966, p.
4899-4900) have pointed out that
a unique surface-wave solution for
the fault orientation cannot be in-
ferred from the surface waves, in-
asmuch as the direction of rupture
propagation is along the null axis
and therefore the radiation of
seismic waves will be essentially
the same for either of the two pos-
sible fault planes.

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

However, as noted elsewhere
(Plafker, 1965, p. 1686), there are
no compelling geologic, seismolog-
1¢, or geodetic data in support of
the steep-fault model. A ftershocks
are not grouped along its postu-
lated trace, but instead lie mainly
in a broad belt along the conti-
nental margin mainly to the south
of the zero isobase (fig. 2). Fur-
thermore no field evidence exists
for new surface breakage in the
vicinity of the zero isobase—de-
spite the fact that it intersects the
coast in more than 15 localities
(fig. 3). And finally there is no evi-
dence that the line corresponds to
a major geologic boundary with
the seaward side relatively up-
thrown, as might be expected if it
marked the trace of a major fault
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along which vertical movement REPRESENTATION BY displacements along a northwest-
has occurred in the past. On the DISLOCATION THEORY southeast line through the south-
contrary the overwhelming ma- Observed residual tectonic dis- west tip of Montague Island. They
jority of surface faults that paral- placements have been compared to differ fundamentally, however, in
lel the coast in this part of Alaska the theoretical surface displace- that the axes of uplift and sub-
have exactly the opposite sense of ments that would occur on faults sidence are too close together by
displacement (fig. 29). of varying inclination, slip, and at least 50 miles (80 km), or a

The apparent absence of a sur- dimension by application of factor of one-half, and the indi-
face dislocation along the zero iso- dislocation theory (Press and cated changes within the two
base between the major zones Jackson, 1965 ; Press, 1965 ; Savage major zones are nots.l,bly more equal
prompted the suggestion that the and Hastie, 1966). These analyses in amplitude t.han in the observed
displacement represents flexure are subject to the same basic as- profile. The distance between the
above a mnear-vertical fault at sumptions as were previously out- two axes would tend to decrease

depth (Press and Jackson, 1965, lined. Assumed models, with e fur?her pithe fonltingis Sh{.ﬂ_
low—as is suggested by the spatial

.868; P . 2405). i s
% ety LBk, D: 2405). Sitcli corresponding profiles -along: 3 distribution of the aftershocks.

a fault would have to extend to the vertical plane oriented normal to Even if the vertical displacements
considerable depth of 62-124 miles the fault strike, are plotted to a could be vexplained by these mod-
(100200 km) below the free sur- common scale on figure 44. The els. no reasonable combination of
fa,.ce to account for the areal dis- resultant profiles show the same fm’llt dimensions, slip, and dip
tribution of residual vertical dis- general spatial distribution of up- could also duplicate the systematic
placements normal to its inferred lift and subsidence as the profile horizontal displacements observed

strike. of observed and inferred vertical in the field (fig. 18).
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