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FINAL TECHNICAL REPORT

During the course of subject contract we have reported on (1)
design and construction of pressure measuring instruments and
auxiliary equipment for studying earthquake aftershocks.
Instruments were made for deployment by aircraft and by surface
craft. (2) Design and construction of a vibrating string
accelerometer instrument which AEC contractors installed on a
shore cable near Amchitka to monitor earthquakes: (The shore-
cable has subsequently failed), (3) The physical processes
whereby earthquakes might damage submarines., We made preliminary
estimates of the size of the effect; we surveyed the applicable
literature, and initiated an important theoretical study of
Seaquake pressures by Dr. Paul Richards.

The present report completes work on subject contract with
Presentation of a Submarine Hazards Chart. Although a hazard
calculation made without experimental data on seaquakes may turn

out to be wrong, it does seem important to produce a tentative
hazard chart based on earthquake statistics plus the meager strong
motion data from continental earthquakes, and current models of
earthquake source mechanisms. The chart gives statistical estimates
of the likelihood that a submarine will experience a 20% change in
dapparent depth during a year of submerged operation. Conversion
factors for other pressure changes are also given.

A ROUGH HAZARD CHART FOR SUBMARINES IN EARTHQUAKE ZONES

Abstract

A tentative earthquaka hazaprds chart for sulmarings ip develeped.
It glves & rough statistical entimate of the likelihdod that a
Submarine will experlence gipnlficant increase in apparent depth
becauses o a nearby earthguake. The chart has been calculated

for 20% pressure increase, lasting for about 1 sec. Factors are
presented for converting to other pressures.

Introduction

Although an extensive literature exists regarding observed effects
of earthquakes on surface ships (Richter, 1958), (Rossi, 1969),
there is little if any published information on what happens to a
submergad submarine near an sarthiuake, In an unpublished lattar,
Cartsr (1970) indicates thar the iepth gauge muddenly showed a

deptl increase of spproximately 15%, then a reduced gepth, and
finally settled back to normal within a toral time of less than
‘our seconds, The responiis characteristics of the depth g=suge



were not described, but the actual pressure excursion wa.
probably larger than the gauge indicated since the gauge was
probably overdamped.

The reason for the pressure pulse can be described qualitatively
in qlmplo 1erg, but an accurate quantltatlvo statement cannot
be given, even in statistical terms, because {ew accelerograms
showing motion near to earthquakes are available, Estimates of
earthquake characteristics made earlier in the contract were
based on discussions with Dr. James Brune, and on a number of
theoretical and empirical relations for seismic motions (Aki
1967, 1968), (Bradner 1962, 1963), (Brune 1968, 1970), (Bath
and Duda 1964%), (Fedosenko and Cherkesov 1968), (Haskell 1969),
(Kanai 1961), (King and Knopoff 1968), (Newlands 1952), (Press
1965), (Richards 1971).

The present estimates are based on enginecering tables of expected
accelerations, areas affected, and other earthquake character-
istics 1n a recently publlshed book, Earthquake Engineering
(Wiegel, 1970). Though this book provides the primary data for
the present hazard calculation, other literature will also be
cited where it may have importance in more refined future cal-
culations of hazard. The engineering data show a rapid fall~-off
of acceleration with distance, and hence imply that the hazard

to submarines may be smaller than estimated early in the contract.

The reader is referred to chapters 1 and 4 of Wiegel for hackground
information on earthquake waves in the v1c1n1ty of the earthquake
source, and the character of strong ground motion.

Strong motion earthquake information is being extended rapidly
(largely by work out of California Institute of Technology by
Housner, Hudson, Trifunac and others). Present results indicate
that accelerations may frequently be greater than the pred-
ictions of W1ege1 (1970). The hazard to submarines should be
reappralsed in one ¢ two years when a large number of strong
motion records will have been analyzed.

Calculation of Hazards Chart

The calculation involves four main parts, (1) The ground accel-
eration spectrum vs. distance and earthquake magnitude, (2) the
water pressure vs., depth, acceleration, and oscillation frequency,
(3) the statistics of earthquake occurrence, (4) the combination
of the first three parts to produce the hazards estimates. The
steps will be discussed in this order.

The reader is cautioned that the calculations are very rough.
We feel that the resultant Tentative Hazard Estimates may be
accurate to a factor of two or three. They are probably not
wrong by a rfactor of five,



1. Ground Acceleration:

Qualitative Argument - Acceleration vs. Pressure

When a vertical compressional wave passes through water, each
clement of fluid effectively increases or decreases in weight

in proportion to its vertical acceleration. An element accel-
erated upward 8 ft. sec-2, or 1/4 g, would appear 25% heavier
than its static weight. 1If the wavelength of the compressional
wave is greater than the depth of the submarine (a common sit-
uation in a seismic wave) then the whole column of water above
the submarine is accelerated upward at the same time, and the
submarine can be subjected to a large increase in compressional
force. In the numerical example given above, the 1/4 g vertical
acceleration would increase the pressure on the submarine by 25%.

Quantitative Argument - Acceleration

The increase of pressure on a submarine at any depth could be
calculated if the earthquake acceleration spectrum at that depth
were known. Housner (in Wiegel, chap. 4) discusses existing
measurements of strong motion ground acceleration and describes
the accelerations qualitatively in terms of the earthquake mag-
nitude, fault slip dimensions, and distance.

In Table 4.3 of Wiegel, Housner tabulates idealized maximum

ground accelerations and durations of strong phase of shaking.
This table is reproduced as Table I of the present paper. Housner
states, "Although the maximum ground accelerations decrease with
distance from the causative fault, the rate of decrease is rel-
atively small over a distance comparable to the vertical dimension
of the slipped fault. Table 4.3 lists idealized maximum ground
accelerations in the vicinity of causative faults for earthquakes
of various magnitudes". Housner indicates that his values are,

in general, on the high sidej but subsequent data from the 1971
San Fernando Earthquake indicate that Housner's data are on the
low side. More data are clearly needed. We used Wiegel (1970)
chart in preparing the hazards, since that was the most complete
engineering appraisal of strong motion earthquakes available at
the time.

Table 4.4 of Wiegel, Housner shows +he area in thousands of
square miles that would experience a given percent of g accel-
eration, for various magnitudes of earthquake. This table is
reproduced as Table II of the present paper. The magnitude
entries are interpreted according to our Note 1 on Table 1I.

Housner also displays some observed earthquake spectra in
Chapter 4, and discusses qualitatively the shape of the spectrum
for various sizes of earthquake. In section 4.6, Housner states,
"Although there is not a rich supply of recorded ground accel=



rations of destpuctive edarthquakes, there are enough recordings
to indicate peneral trends related to magnitude, distance from
fautt, etc, ldealized earthquake pround motions can then be
described that will portray the peneral characteristics ot the
carthquake problem, ‘n o probdbnlxtv sense., The rccorded pround
accelerations have becn obtained mostly on relatively firm deep
alluvium, so that the idealized earthquahes desecribed in the
following paragraphs are veproavntat1v~ ot ground motions on
such ground. Actual ground motions, of course, may deviate trom
the idealized motions."

Bolt (in Winﬂl Sect, 1.3) shows that a low=- ripidity surface
layer can increase the amplitude of ground motion by a large
factor. He calculates as an example that a 100 meter thick
layer of alluvium over-lying shale bedroch will increase the
amplitude of a 3Hz compressional wave by a tactor of about f{ive.
Brune (personal communication) notes that the situation is com-
plicated further by the questlon of whether the ocean bottom in
a particular earthquake is immediately against the faulting rock
or is separated from it.

Although llousner states that the largest aeceleration recorded
in the United States during an earthquake of large magnitude

was 0.33 g, accelerations in the order of 1 g have been observed
in other earthquakes; and, in fact, an acceleration of 1.25 g
was measured during the 1971 San Fernando carthquake (Jennings,
1370) after Housner's chapter was published. Comparative data
on several large earthquake accelerations are presented in Table
II1 (Data abstracted from Table 4, p. 135, of Jennings).

A number of attempts have been made to develop empirical or
theoretical descriptions of earthquake motion. Kanai (1%61)
presented an empirical formula for the spectrum of strong earth-
quake motions, taking into account a surface layer over a semi-
infinite medium. He assumed that the spectrum of ground velocity
without the surface layer is constant between about 10Hz and a
lower limit that depends on the earthquake magnitude. Aki (1967)
assumed a flat spectrum of ground acceleration, in developing a
scaling law of seismic spectrum for distant earthquakes. Brune
(1970) describes near and far field displacement-time functions
and spectra by considering a simple dislocation model of earth-
quakes. The theory implies a flat acceleration spectrum for
periods shorter than a characteristic time 1 which is the
order of the dimension of the fault break divided by the shear
wave velocity. Brune (private communication) indicates that

the spectrum can be taken as naving an upper limit cut-off

about 10Hz. Brune's theory seems to be generally accepted as
giving an adequate description of carthquake motion, when dttenu-
ation due to spreading and dissipation is taken into account.

The dissipation (7 approx. 200) causes actual earthquake accel-
eration spectra to be peaked, except at locations very close to
the source. This point will be discussed later, in considering
the effect of acceleration spectrum on the change of pressure vs.
depth,



In a remarkable papyer, Richavds (1971) has developed a theoret-
ical expression for the pressure that will be produced by a

large class of earthquake fault ruptures under the ocean., His
treatment is exact for a solid boundary under a fluid hal! space,
lle has calculated that the maximum pressure pulse on a deep sub-
marine, from a rupture according (o Hrune's model, will be
equivalent to a depth increase of 650 {:, This maximum pressure
can be produced by moderate-sized earthquakes, since according

to Brune's model, the energy rvelease per unit area of fault
rupture is nearly constant, Larpe earthquakes imply the rupture
of large fault areas, and, theretore, will produce the pressure
over large regions of the ocean, Richards' theory can be ex-
tended to include the case of a ~ubmarine near the water surface,

2., Water Pressure Due to a Seismic Wave

Consider a vertical plane wave traveling through the water and
reflecting from a smooth aire-water interface, in steady state,
the acceleration at any point in the water can be written as
the sum of the upward and downward waves,

a = u? A cos (wt=kh) ¢ o' A cos (wt ¢ kKh)

. e 2
= 29~ A E («t) cos (&)
This can be rewrivias ia term ! the suriacge acceleration %o
a = u, cos (kh)
The pressure at any depth, h, can he viewed as the weight o the

column of fluid abtove h, Upward acceleration of an element of

volure dv and density o is exactly egquivalent to an increase
apdv of its weipht., Hence the plane wave will produce a
pressure Ap at a lepth h,

'

(\' })

padh
h = 0

pug sin(kh) /b

The hydrostatic pressure at h  is  pph, ¢

Ap/p = n siu(kh)/ebh

Thus near the surface, the {ractional increase in pressure is
equal to the frac*ional g accwnlevation, At greater depths
the effect is reduced by the factor sin(kh)/kh,

(¥2 ]



Setsmic waves will travel neariy vertically in the ocean becange
of the refraction produced by the large difterence in sound ve-
locity in water vs, ocean bottom racks, The effect of this non-
vertical component, and the ettect o! nea surface roupghness carn
hoth be shown to Le small., VYocusing effects ot inlividual wcarthe-
Quakes by ocean=bottom inhomogeneities may be large, but are not
thought to change the statistical conclusions of this study very
much.

The thape of .ne seibmic Bpectrus wil., a!fect the deptn at which
the =zin(kl)/kh  term hecomes important, If Brune's flat accel-
eration spectrus with 10 Ha high {requency cut=ofl! is assumed,
without dissipation, then the corvection factor of iﬁ%iLLl Ak
approximately 0.4 for a submarine at 100 t7, depth, However,
actual observed earthquake acceleration spectra are not {lat,
The specirum of the 1971 San Peraande carthigeare (Sennings, ;. 18)
was peaked sharply between 2.4 ant 3.5 #Ha., Aise, tcur out of the
eix apectra shown in A.chﬂl, . 85-80 ware peaked charply hotween
about 2 ape & Ha, The sizne aof the pradsure pulae at 2100 7. depth
from such speciva « ll only he redgced 20%,  Table IV shows cal-
(2h)/kh ter an *":‘:mr o! reprasentative depths

boo
A

*
i
~ulatad values of sin
any Trequencies. u the absence of more informalion, A correc rion

Yigure of! 9.8 will be arbitrari:y a a‘»'-'--l far all ante in the
Bazamt calculation,

t.  Darthyuake Statixtics

™é ground azegiscarinns shown in Tanles T ami 11 iaply tha

Jialiow earthsuare £ Richiar mapniste 6.0 angd allove mast b

onsisteresd, (Thiz maghitude will hareafter e llated as ¥, (.)

Shallow earitguakes Pl magnitude letween M it My o may also
.

give large efdmpgl acceleras ions 1o present « Hazard out to Wdis-

thncel 2f 4 few milus.,

The lis: of earthguske ompd L Wy 1h-degrae L4 itude and

longitole intervaly for the Worly Seismicity Maps (Harazang:

aned brsasn, 1947) Mas been used 1o find the nusber -ﬂ snhal 10w

carthquakes in eack ldedeprae square ¢! latitude ant longitude
during 4 seven=year poriod, Doerpan (persoial communication)

ingicates thay while the deptha anil locations are aufliclantly
eurate, the magnitude statistics cann t b inferrad acceurately
Sl theke 2ata. DSy ARETGLAL ¥ Ey AR etom Ny  a™

HOL TEpAriest e glae oF the Lilelv spacsd chseresiion stavions.
rarefare, the ligs of 2arihmumia] LAS He2n jiked onlly e detedmine
riela ive Svmber: v Bl i earicualids in the l0-degres fGumies.
The aiwmiimai Hnea Mo cFreciet, aid e macnitade distri-

tst fan hut beon “ompted ooeordine (o the Gutenbery and Richter
figures (1045) for worldwide yoarly numbers of sha!low earth-
Auakes, (Tabie ¥), They oW a vearly number of 7123 shallow



e orthquiakes of Mo N, A 1Otal Of N80 In saven ydars
comparaed with 20,780 in the 1int tor the Yorld Seismicity

dap. The difference 18 assbmsd o bé Gue *d “hase earh-
quakes that wers minsed by th wor jdueide network, Jt I& thus
assumed that the true corre ted nusber ol carihijvates of LA
in a4 10=degree square is w9 ,861/7),760 ¢ imes the 1ieted namfeor,
and further, that the trae corrested nusber of carllvjuakald o
My - H7 § ig 70.7/21,780 times the Jisted nuaber of warthquakes

M >u (See Table V).
Gutenbery and Kichter glve an eapirical equation for *he worlde
wide yearly number of shallow ishechks. The present study uses

a slightly different relation for the pumber n ol earthq.ared
per unit magnitude:

Inn 17,85 « 2,06 N8

which fits the region alove HS wory well, 4% shoswn in column }
of Table V.

The total yearly number of shocks in any magnitude interval
My - M will then Le o

-

b .‘R
o]
A I JTLES = 3,08 W

This empirical relation has been used o cal:culate the relative
numbers of shocks in the half-mapnitude ranpes o! Table 11,
Table VI shows the result of multiplying these relative numbers
of shocks by the areas affected, and thus is indicative of the
relative probability that an area will experience a given accel-
eration during a year. MNote for each level of acceleration,
that the contributions from the different magnitude earthquakes
are quite similar,

The last two columns of Table V1 zhow the ratio of total area
affected by all earthquakes to the area affected by earthquakes
of M, - M; o and by earthquakes of M, - “8 o respectively.

4, Hazard [Lstimates

Hazard charts are presented in Vipureo 1 and 2. These are the
Barazangi and Dorman (1965, 1970) charts overlaid with numbers

that show the calculated percert probability that a submarine

will experience a 20% pressure change during one year of submerged
operation in seismic regions tha: are shown as dense areas of dots.
Regions of less than 1/2% probability are not marked.

The Barazangi and Dorman seismicity charts are based on a seven-
year lenpth of observations; ant therefore are not truly represen-



tative of long=term wismicity in pome parts ol the world, The
seismle activity appears anomalously high around Lhe western

tip of "he Aleu!ian chaln bocause of the Fat Island carthquare ..,
The loug term seiamic activity around Japan may b2 roughly 4
factor of thres highor tran {1t wa during the 1961-1947 perio!,
The activity around Chile is reported to be sporadicaliy high,
with extended quie! periods, 14F1-1967 was quiet period,

The ansumptions made in caleulating the chart are listed briefly
liere:

1) The worldwide number o shallow earthquakes is correctly
elven by Gutenberp anc Eichter (196%).

) Tue magnitule Adisteibution everyvwhere foljows the rel-
ation, lnn = 17,85 « 2,05 N,

1) The Harazangi-Dorman (1040, 1970) tabulations ol earth-
iiaves ave valid in location and depth, but not in magnitude or
total number., Many earthquakes o H“ anhed “5 were omitted,

%)  The Barazanpi=Dorman shailow earthquake distributions
in 100 latitude-longitude regions can be corrected by applying
(1) ant (2) 1o then,

$) The area coverwl by groand accelerations ot different
Pertentages of g is correctly given Ly Housner (in Wiepel,
1270), (%ee discussion below).

6) he relative total arecas affected at different levels
Ot pround acceleration can be obtained by combining (2) and
(S‘)Q ‘O [‘,Ql Tﬂb]n “I.Io

7) The total area aftected at any one level of gound accel-
2ration can be found by calculating the actual area affected by
anrthquakes of 37 to H7 s And multiplying by the appropriate

ratio factor in Table VI, The same procedure will work with

earthquakes of ”E to He gy but with probably less accuracy,

8) The submarine will experience an effece jve fractional
change in depth equal to 809 of the f[ractional . acceleration.
(See discussion Lelnw),

9)  The probability ol experiencing such a pressure pulse is
“qudl Lo tne ratvio of affected aroa to the oceanic area of high
selsmicity in the 100 latitude=lonpitude reyion.

10) The hazard is taken to be the probubility that a sub-
merged submarine will experience at ivast 70% increase in pressure
at some time during one year of submerged cperation in the
immediate region of high seismic activity,

1)  An area of high seismicity is considered to be a region



with a concentration ol earthquake epicenter dots on the chart.
Operation 100 miles outside a well defined area of high seis-
micity will recuce the hazard to a negligible value. (See
discussion below).

12)

The hazards of other values of pressure increase can

be calculated by multiplying M8 entries in Table II by Table VI.

13)

The probability of a 20% pressure increase in any 10°

latitude-longitude square willi be taken as

where

[Og}

—3

TNKArf cos L
FS

Hazard =

is time of submerged operations (in years)

is uncorrected number of earthquakes of 0-100 km
depth per seven years in 10° latitude-longitude
zone; from Barazangi and Dorman. (See assumption 3).

is correction factor for converting N to the true
number of M7 - M7 5 earthquakes. (Taken as 70.7/

21,780. See discussion below).

is area that will experience an acceleration of

> 0.25g from an earthquake of M7 - M7 g (See
Table II and assumption 5). :

is ratio of total area affected by all earthquakes,
to area affected by earthquakes of M7 - M7 g* (SEe
Table VI and assumption 6). ’

is fraction of seismic events of 10° zone that occur
in the ocean.

is fraction of 10° zone that shows seismic activity.
(See assumption 11, and discussion below).

is latitude of the zone (for calculating its area).

is area of 10° latitude-longitude zone at equator.

Discussion of lactors Used in Hazards Calculation

(Assumptions 5, 8, 11 and 12)

Ground Acceleraticn (Assumption 5)

Table II has been used for ground acceleration in this hazards

estimate.

It is thought to present reasonable values for

expected accelerations from undersea earthquakes, though it



does not show the highest accelerations that might occur. Note,
for exam>le, that the highest accelerations measured in the

1971 San Fernando earthquake (1.2%p) and the 1940 E1 Centro
earthquake (0.33g) were at least five times as large as extra-
polations of Table II would lead one to expect,

Correction Factor for Submarine Depth (Assumption 8)

The discussion in the early part of this paper emphasized that

the correction factor for Submarine depth is sensitively dependent
on the shape of the earthquake accelceration spectrum. The observed
spectra imply that the variation with depth will not be greater,
for the normal range of submarine operation. Jee Table 1IV),.
Observad data have been used tor a1} parts of the hazards cal-
culation, and an arbitrary value of 0.8 has been taken as
sufficiently accurate forp all submarine depths. The resulting
estimates of pressure may be too conservative in deep submarine
operation,

Region of High Seismicity (Assumption 11)

The fraction of seismic events in a 10° square that occur in

the ocean and the fraction »f the 10° square with high seismicity
were both estimated by looking at the large-scalc Barazangi and
Dorman World Map of epicenters at 0-100 km depth. The edpe of
the highly seismic zone was considered Lo be reached whepe the
number of cpicenters Per unit area dropped to ahout 1/4 of their
concentration inside the zone. The estimates of active zone area
in a 10° Square are subjective, and easily may be inaccurate to a
factor of two in sone zones of moderate hazard.

The areas of high Seismicity in latitudes above 70° North were

estimated in a similap way from the Barazangi and Dorman (1970)
Arctic map.

Probability of Other Size Pressure Increase (Assumption 12)

The hazard chart has been calculated for a 20% depth change.

Hazard estimates for other pressures; i.e., other accelerations
than 0.25g have been calculated by multiplying the area covered

by an My, quake in Table II, times the appropriate entry from the
last column of Table VI. The resulting values have been normalized
to give the following conversion factors for hazard of different
effective depth changes than 20%:

10



To find hazard of 12% pressure increase, multiply chart figures by 5.4

Y " 20% L L i U i K

D mom2u8 d " " [ N N X
L mooon 28% 2 g " l wono0,18
moo oo 324 g g u 2 Wooomog.ou

Brune's theory would imply a less rapid fall-off of acceleration
with distance. For conservatism the last entry should be increased
to 0.1 or 0.2 instead of 0.0u4.
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TABLE 1

MAXII UM GROUND ACCELERATIONS AND
DURATIONS OF STRONG PHASE OF SHAKING

Peak acceleration

liagni tude (% q) Duration of strong motion (sec)

5.0 9

5.5 15 f
H.0 27 2
.- 24 18
7.0 37 24
7.5 U5 an
8.0 50 34
8.5 50 37
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TABLE II

AREA IN 1000 miz COVERED BY GROUND ACCELERATION (% g)

'l

Acceleration 5.0 5.5 6.0 6.5 7.0 7.5 8.0
B E 0.4 1.6 3.6 6.8 13 28 56
> 10 0.6 1.¢ 3.6 7.6 14 32
B 15 0.6 2.0 b.u 9.6 21
BRG 0.9 2.5 6.0 14
> 25 1.3 4.0 10
> 30 0.25 2.0 6.l
> 35 0.6 L,0
5 p D) 1982,

Note (1) M 7.0 is taken to mean the magnitude range 7 - 7.5, etc.



TABLE 111

Peak
Acceleration
Earthquake Magnitude Distance, km g
San Fernande 1971 6.1 5 1.25
El Centro 1940 6.4 10 0.33
Parkfield 1966 5.5 0.2 0.55
toyna, India 6- 6.3 5 0,63

TABLE IV

CALCULATED | S”‘ 54100_1)| CORRECTION VALUES
FOR VARIOUS DEPTHS AND SEISMIC WAVE FREQUENCIES

Deptih (feet) Frequency (Hz)
1 ? 3 4
200 1 1 0.2 0.8
500 1 0.8 0.5 0.2
1000 0.7 0,28 ). 2% 0.2

%The first zero of :—]—E—r(]—}\—-‘) occurs between 2 and 3 iz , at a depth

of 1000 ft. It lies beyond 4 Hz at 500 tt depth.
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TABLE V

FREQUENCY OF OCCURRENCE OF SHALLOW EARTHQUAKES

Calculated
i»agnitude Range Number of shocks per year Number(l)
E 44,000 50,000
b -5 6,200 £,500
i 800 800
v - 7 108 108
7 -7.8 13 13
7 3/u- 8,7 2.8 3.3

7 - 7.5 10,1

(1) Number of shocks has bwen calculated by the empirical relation
Inn= 17.85 - 2,0% M.
This differs from Gutenberg and Richter's relation but fits their tabuylated

values better.

TABLE VI
RELATIVE TOTAL AREAS AFFECTED BY EARTHQUAKES DURING 7-VEAR PERIOD (1)

_————_____.._____—__________.____—_—____

Acceleration Hagnitude(Q) Ratio of Ratio of
% of g ¢ 6.5 7 7.5 g total to M7 total to M8
el S |
& Lo b 56w, 3,u 2.7 . 3 .0
a B a2 By %o 1.9 3.¢ 5.3
2 1.3 l.u 1.3 3.1 3.1
r B 0 0 82 7.1 2,158
B 55 hl — 1.4
50 — g

(1) Normalized to 4 valué of 2.L tor 0.7p ac eleration from M, quake,

(2) Magnitude 7 means in the magnitude range 7 - 7.5, ate.
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Fig 1

Earthquake Hazards Chart

Calculated probability that submarine will experierce
20% pressure change during one year of submerged oper-
ation. Calculations are based on world-wide seismic
network observations tor 1961-1907, The 23% value near
the western tip of the Aleutian chain is anomalously
high because of the Rat Island series of earthquakes,
The 2% and 3% values near Chile and Japan are anoma-
lously low compared with long-term observations in those

regions.

Earthquake Hazards Chart - Arctic Pegion

Calculated probability that submarine will experience
20% pressure change during one vear of submerged oper-

ation.
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