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SOME PERSONAL EXPERIENCES WITH
EARTHQUAKES

By Rzar ADMIRAL L. G. BiLincs, U. S. Navy, ReTirep

HERE Js no natural phenomenon

‘more deeply interesting and yet 5o

fittle un ersiood as the leisr_nic
Jistnrbances which have from earliest
ed the earth and carried

i devast
:',:::’.nd dismay iato the hearts of all

arvivors. .

Up to 1903, it 13 computed by sn em-
et scientist, Compte de Balloré, there
has] been 1 59,782 recorced carthquakes.
oM later ycars, wlen more sccarate rece
arids have been kept, they have averaged
ahout 60 per annum. There is comfort
4 the dwellers in r.ost of the world to
know that g4 per cent of recorded shocks
have occurred in two nasrow, well-de-
fined belts—one called the Mediterranean,
with §3 per _cent to its credit, and, the
other, the Circum-Pacific, with 41 per
cent—2ile the remainder of the world
lias oniv 6 per cent, widely distributed.

The United States has been singularly
{rce {rom recorded seismic disturbance,
perkaps  the most disastrous being in
1811, when a very severe shock occurred
in the Mississippi Valley south of the
Uhio, which was felt in New York in
one direction and in the West Indies in
another. This ecarthquake changed the
face of the earth. A vast extent of land
was sunk, lakes were {ormed, and even
the course of the Mississippi River was
obstructed for a time (sce page 67).

Most oi the earthquakes occurring of
late years can hardly be classed with the
great ones of history, nearly all of the
destruction being caused by uncontrol-
lable fires. In the more stable zones long

periods may elapse between shocks, as,-

for instance, in Kingston, Jamaica, 215
years intervened.

While the Panama Canal is not situ-
ated in the earthquake xone proper. it has
experienced numesous shocks, though
none in historic times have been fatal.

THE CAUSE OF EARTIIQUAKES

The cause of earthquakes and vol-
canoes is an clusive problem, not yet set-

NMnmI &oam/,uz MA703.;u IQIS')

tled to the satisfaction of the scientist.
Tremors of the earth may be caused by
many things. The explosion of snines,
falling in of caves, slipping of rock strata,
and many other movements of the eartiy
may cause them; but for the great shocks
which have recurred almost since the his-
tory of the world began we must look
further.

For ages theories have been evolved,
and, though most of them have received
the earnest consideration of our modern
scientists, they seem to be advanced only

_to be combaled and denied : so that, after
. al). we must conless to the humiliating

fact that we know very little ‘about the
cause of carihquakes.

Though many times there seem to Le
an intinsate connection between earth-
quakes and volcanoes, the law regarding
them has not been established. Some re-
markable coincidences have been observed
in late years. The terrible cataclysm ol
Mount Pelee, which, on May B, 1902, al-
most instantly killed 30.000 inhabitants,
was preceded by the earthquake which
in January and April of the same yeaf
wrecked a number of cities in Mexico and
Guatemala. The distance between these
Eginu is at least 2,000 miles, showing

w decp-seated must have been the dis-
turbance, if, as has been suggested, there
was communication between them: The
great San Francisco earthquake was pre-
ceded only two days by one of the mast
violent eruptions of Vesuvius recorded
in many years.

THE BENAVIOR OF BOCOSLOF

1t is also a significant fact that the
fuming island ofl the coast of Alaska,
called Bogoslof No. 3, appeared at almost
the same tune. A revenuc cutter, visit-
ing this island, was astonished to see that
the mountain, or hill. some 400 feet high,
on the island, had disappeared, and in its
place a hay had been formed. Soundings
showed a depth of from 8 to 25 fathoms
of water.
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Nor is that the only time llogostof has
changed. When the revenue cutter “To-
homa” called there on September 10,1910,
it was found that what was once a group
of islands had now become a single mass
of 1and, with several peaks. The cutter’s
officers found on the new-born land the
«keletons of myriads of sea-birds that
had been roasted alive before they could
fiy away from the terrible wpheaval
caused by the submarine explosion. They
had been bummed in such a fervent heat
that the skeletons crumbled to dust upon
being touched. Nine dayc later the "7a-
homa” visited Bogoslof again, and when
25 miles ofl, witnessed another eruption,
which resulted in another upheaval and
another change in the appearance of the
island.

But volcanoes, terrible and impressive
as they are, are hardly worthy of com-
parison with the great earthquakes. The
volcanic cflects are of limited area, while
l:)c "u(r’lh '""°Y|°"" Jrequently exlend
thousands of miles, marking their L
with destruction. d paths

It _has been observed that in certain
portions of the South Pacific Ocean there
are almost continvous eruptions of fire,
water, and foreign bodies, forming con-
siderable islands in inconceivably short
periods, which quite as frequently vanish
apain beneath the waves.

The eruption of the volcano of Kraka-
102 was a most wonderful illustration of
thiz hidden power. Ashes were projected
14 miles into the air and carried Goo
miles, while the accompanying tidal wave
swept the shores for ummense distances,
submerging all life.

THE FIUMAN TOLL OF EARTHQUALES

One appalling feature of earthquakes
is the almost instant death of thousands
of people. What wonder, then, that no
other phenomenon of nature produces
such unreasoning terror in all K)rms of
life?

Tracing back, it is recorded that in
. C. Burag llelico, called the Supgr7bJ,
was engulfed in the Sea of Corinth and
over 100.000 inhabitants drowned.

In 13 A. D, 13 great and noble cities of
Asia Minor were destroved in one night.
The destruction of Burao ilelico was

paralleled Novemuer 4. 3799, 3t Cumana
a magnificent New World city, situate
on the V.cnexuel:n coast, where, alinost
in the twinkling of xn eye, the city, with
all its unhappy inhabitants, sank beneath
the waves.

THE DESTRUCTION OF PORT ROYAL

The last earthquake at Kingston, Ja-
maica, slmost sinks into insignificance
when compared with that which de-
stroyed the old city of Port Royal, practi-
aally on the same lJocation, on June 7,
1692. Immense waves swept over the
town, and in less than three minutes sub-
l'ncrg'ed 2, houses, drowning nearly sl
the inhabitants. The sea remaine
fcet above even the steeples of the town,
and the large English frigate “Swon™ was
carried safely over the city and escaped
1o sea. .

. Lisbon was destroyed in 3755; w
it is computed, 60,000 people zzfi'xhcm
less Lhan two minutes.

The destruction of Sodom and Gomor-
ra% ‘%= wicked cities of the plain, by fire
sent from heaven, is paral’r.led by the
utter destruction of 2 small town in
Equador by fires bursting through the
gnimnd. ]

., T quote from a quaint account given
a n_wmbcr of ihe Royal Acadgny" lz
Beflm concerning the birth of an island:

“At a place in the sea where fishermen
used to fish every surrmer, called La
Fermera, 6 miles {rom Pico Della Cara-
mine, upon the fifth Sunday in July, a
subterrancean fire — nolwithstanding the
weiglit and depths of the sez in that place,
which was 120 feet by soundings, and
the multitude of waters, which one would
have thought sufficient to have nched
the fire—hre, I say, bmke out with inex-

pressihle violence, earrying with it up to
the clouds water, sand, earth, stone, and
other bulk of bodies, after which was
formed an island in the main ocean, which
was not, at first, over § furlongs; but in
13 days it had extended to 14 miles.”

RIDING A TIDAL WAVI

It is the purpose of this article to re-
cord a thrilling experience in one of the
modern earthquakes, in which a United
States man-ol-war was carried on the
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crest of a2 tidal wave 5 miles down e
coast, 2 miles inland, and set down, en-
tirely unharmed, upon the beach, within
100 feet of the Andes (see page 70).

In 1868 I was attached to the U. S. S.
“Waoteree,” then on duly in the South
Pacific—one of a class of boats built at
the close of our Civil War to ascend the
narrow, tortuous rivers of the South; she
wa3s termed a “double ender,” having a
rudder at each end, and was quile fiat-
bottomed—a conformaticn which, while
it did not add to her seaworthiness, en-
abled her to carry & large battery and
crew, and eventually saved our lives, in
the catastrophe which was soon to come
upon us.

We had about finished our cruise and,
now that it was nearly over, were con-
gratulating cursclves that we had passed
safely through all the exciting phases of
our station, such as norther:, revolutions,
yellow fever, and even earthquakes, for
we had experienced several shocks which
sent the natives screaming to the squares,
while we, with an ignorance soon to be
enlightened, smilcd calmly at theis fears
and made the usual remarks about “the
cowardly Dagos.”

AT ANCHOR AT ARICA

Avgest, 1868. found us quietiy at
anchor off the pretty Peruvian town of
Arica, whither we had towed the old
United States store-ship “Fredona” to
escape the ravages of yellow fever, then
desolating Callao and Lima. We had re-
ccived preparatory orders to go up the
coast to San Francisco, and had been at
anchor for six weeks overhauling boilers
and engines preparatory to the long trip.
This unusualfy' prolonged stay in one port
had given us opportunities to form pleas-
ant 2cquaintances and friends among the
hospitable citizens, and we congratulated
ourselves on the fact that our lines had
been cast in such a charming place.

Arica was, for a Peruvian town, beau-
tiful, having about 10,000 inhabitants, it
was su ed—1 say supposed, for the
inquisitive census-taker had never made
his rounds, and one arrived af population
as the Jerseyman weighs his pig—by
guessing.

Being the only port of entry for rich
and prosperous solivia. behind her; con-

nected with Tacna, 40 miles distant,

vrhat then was the only r2ilroad in Pery .
her inhabitants had grown rich and cy))
tured on the imports and exports that =
crowded the large and imposing custom. -
house and the shipping that thronged the :
open roadstead. -

THE SITUATION OF ARICA R

The town was picturesquely situateq
in a cleft or valley running up into the
seacoast range of the Andes. Through
the valley ran a little stream, which fur.
nished the water for irrigation, and
caused the desert to blossom with a fer.
tility that never ceased to surprize. |t
was blocked in, on the one hand, by the
perpendicular cliffs of the Morro, 500
feet high, which, without a single break
to mar its imposing front, was ever lashed
by the waves of the mighty Pacific; on
the other, by gradually sloping heights,
rising one above the pther until Jost in
the clonds.

The town was of unknawn antiguity,
there having been a large city of the
Incas located there when the Spaniards
overran the country, and tradition asserts
that even the Incas found a people dell-
ing there when they, in their turn, had

conquerocrs. .=

Favored with a most charming climate,
wilh & temperature varying from 70 to
Bo degrees; the cloudless blue of the sky
never darkened by storm or rain; fevers
and epidemics unknown; it secemed an
Eden until we found our "crumgled rose
leavzs™ in the form of a myriad of the
most active and voracious Aeas that eves
drove a human being distracted, and fur-
t-27 discovered that a reguiar deluge
would be necessary to remove the cause
of a lively series of unsavory odors which

would have throrn the famed cily of
Co into the background. -
Bchind these minor discomforts |ur|5td
the ever-present fear in the native mind
of another earthquake, for Arica lecme.d
a sort of “head center” for such seismic
disturbances, having been twice before
destroyed, with great loss of life.

OUT OF SYNPATHY WITII MATIVE FEARE

In blissful ignorance of what a ferre-
mote (carth mover) really was, we did
not sympathize with their fears, and we
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ORLY SURVIVOR OF ST. PIERRE

It is estimated that
St Pierre, May & ¢

Only one sthip, the "Hoddom, ~

¥:000 people Jost their B Pelee.
Martiniqoe. beoke forth with & whiriwing of g e orce MU o the lstand of

3 or steam that overwhelmed the city of
ercaped from ihe harbor, swd the

only person i the city 1o come thtough the ordeal slive was the Martinique negto n this

rictore, who was impritoned in 2 dwngeon.

had celcbrsted our National holiday, the
4th, and theirs, the 10th, of July with
zeal and an abundant buring of gun-
powder. We were not alone in the road-
stead—our store-ship, the “Fredonia”™ ; a
large Peravian man-of-war, the " Amer-
ica”: and several square riggers, together
with quite a fleet of smaller merchant.
mien, being in our company.

While the anchorage at Arica was an
open roadstead of almost unlimited ex-
tenl. it was partly protected from the
sevailing winds by Alacran Island, smalt
and apparently a luimp of rock broken
off from the Morro by some prior con-
valsion.  All the merchantmen were
tlustered rather closely under the lee of
this island, near the Morro, maybe a
quarter of a mile from the usual man-
ol-war anchorage, and about the same

distance from the shore. The men of-
war anchored more ahreast of the town
and possibly hall 2 mile distant.

The vessels were ahout 200 or aon
yards apart and anchored in {rom 8 to 10
fathoms of water, The bottom was a
somewhat sandy platean, shelving gradu-
ally from 2 fathoms to 40 or so for a
few miles, and then dropping off rather
abruptly to great deptks.

WIEN THE EARTH SHUDDERED

1t was Avgust 8, 1868, that the swlul
calamity came upon us, like & storm (eren
a cloudless sky, overwhehning us sl in
one commmon ruin, :

-F-was sitting in the cabin with our com-
manding officer, about . when we
were startled by a vm&n.l ;rmlvling of
the ship, similar, to the effect produeed
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. the snchor. Knowing it
by ’lil:,l;zbc“l,h“' we ran on deck. Look-
oy :horﬂ'lfdom" attention was instantly
g eted by a great cloud of dust rapidly
""machiﬂt from the southeast, while a
::.-rihlb rumbling grew in intensity, and
Icfore our astonished eyes the hills
sccmed 10 pod, and the ground swayed
Jike the short, choppy waves of a troubled

’"'l"he cloud enveloped Aric::. Instantly
h its impenetrable veil arose cries
}!::“l‘:slp. the crash of falling houses, and
the thousand commingled noises of a
cat calamity, while the ship was shaken
f: il gras by a giant hand; then the
) ssed on.
‘h-‘\':’ lpl:e dust slowiy settled we rubbed
our eves and looked again and again, be-
Jieving they must be playing us a trick;
for where but a few short moments be-
was 3 happy, prosperous eity, busy
:\.'u:; Jife and aclinr:y. we bchclc]y but a
mass ol shattered ruins, hardly a house

Ieft standing; not one perfect; the streets---

blncked with debris, through which strup-
glcd frantically the least wounded of the
unhappy wretches imprisoned in the ruins
of 1heir once happy homes ; while groans,
crics, and shricks for help sent the air.
ther all this horror the sun shone piti-
Jessly from an unclouded sky; the sea
tolled shoreward as steadily as before,
ilow long did it last? No one took any
e of time. It seemed a nightmare,
from which we would presertly awake;
bt the agony and suflering before us
v.cre 100 real and apparent to be the ef-
feets of imagination.  The shock may
have been four or five minutes in reach-
ing us and passing.

\With the fresh recollection in our
niinds of the \idal wave that followed the
carthquake at Santa Cruz and stranded
one of our proudest sloops-of-war, the
“Venonqgahela,” in the streets, we anx-
inusly scanned the sea for any unusual
appearance betokening the -coming of
that dreaded accompaniment ; but all was
as calm and serene as before.

PREPARING FOR TIIE WORST

Mur prudent commander, however, gave
the neccssary orders to prepare for the
worst.  Additicnal anchors were let go,

3 {

hatches battened down, puns secured, life
lines rove fore and alt, and for a few
monients all was the orderly confusion
of a well-disciplined man-of-war prepar-
ing for action. Many hands make short
work, and in 2 few moments we were )
prepared for any emergency.

Looking shoreward again, we saw the
uninjured thronging the beach and erowd-
ing thre little pier, crying to the vesscls to
aid them in digging their love: ones from
the ruins and to transport them to the
apparent salety of the vessels riding so .
quictly at anchor. This was more than
we could witness unmoved, and orders
were given to prepare a landing party of
40 men, duly equipped with shovels, etc.
The gig, a large, double-banked whale-
boat, with a crew of 13 men, shoved off
at once. She reached the shore and
landed her crew, leaving only the cus-
tomary boat-keeper in charge.” ~
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WAYING A BRAVE FARFEWELL

- Our attention was now distracted from
the formation of our working party b
s hoarse murmur. Lookin} shorcwardv,
fo our horfor we saw vacancy where but
a momcnt before the pier had been black
with a mass of humanity—all swallowed
up in 8 moment.  Amid the wreckage we
saw the gig, bearing a single boat-keeper, -
borne by an irresistible tide toward the
battlemented front of the Morro, with
the gallant seaman siruggling to sten: the
current.  Finding his cfforts vain and
certain death awaiting him. he laid in his
uscless oar, and, running aft to the cock-
swain's scat, grasped the loat flag and
waved a last farewell to his shipmates s
the boat disappeared forever in the froth
of the crucel rock at the foot of the Andes.
Thus the “I#/ateree” lost the only one of
her crew of 235 souls on that fateful day.

OTHER TROUNLES CAME UFrON US

Dut our troubles then commenced. We
werc startled by a terrible noise on shore,
as of a tremendous roar of musketry. last-
ing scveral minntes. Again the trembling i
carth waved to and fro. and this time :
the sea receded until the shipping was :
left stranded, «hile as far to scaward as, .
our vision could reach, we saw the rocky
bottom of the sea, never before exposed

“lent, unshiinking crew he ran again.
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the sta.  On it the Peruvians had hewn
2 fort from the solid rock and had
mounted therein two 15-inch guns, the
Rarrison numbering some 00 souls. We
were but a short distance from this fort
! and were fearing to be east against ity
wave, but rather like an cnormous tide, rocky sides, when suddenly we saw it
came zwccpinF b:ck._rollmg our unfortu-  disappear beneath the waves. Whether
pate companwn_ships_over and over,._it sank or the water rose -we could ot
leaving some botlom up and others tell; we only knew it vanished ; and when
masses of wreckage, the “Waleree” rose it reappeared, after 3 few moments, Jike
casily over the tossing waters, unharmed. a huege whale, not only were the unfortu-
nate garrison gone, but the guns and car-
THE SEAS DEFY ALL NATURE riages as wcll.8 Inagine, if ‘y:u can, how
From this moment the sea seemed to  the water lifted those immense masses
defy the laws of nature. Currents ran in  of iron, weighing many tons and offer-
contrary directions, and we were borne ing no holding surface {rom their resting
here and there with a speed we could not  places and tumbled them out of the &
have equaled had we been steaming for  foot arapet. It is a problem never 1o
our lives. At irregular inlervals the be solved. i
carthquake shocks securred, but none of Before the earthquake Arica had ane
them so violent or long-continued as the of the best snd most modern machine-
first. . shops between Callao and Valparaiso.
The Peruvian man-of-war “America,” Many of the machines were ponderous
«aid to be the fastest ship in the world and properly secured on cement founda-
at that time, had hastily gotten up steam tions. There were also reveral locomn-
and attempted to get to sea. She was  tives, cars, and many heavy castings.
well out when the receding water left her  These al) disappeared; not a vestige was
parlly afloal and broke her back, of lcft. It seems impossible they could have
course destroying her cnfincs. With her  been swept out to sea, but assuredly they
funnels still vmni(inr black sinoke and could not be found an shore.
apparently under full command of her During the first of the disturbance we
preople, she backed down towvard the help-  had lowered oue of aur large cutters and
less “Fredonia,” which was then rapidly  sent it, in charge of a midshipman, to
setting in toward the Morro, as if inltnc{- resate a number of pessons  drifting
ing to help her. about on some wreckage. There was no
Lieutenant Commander Dyer, com- seca on at this time, but to rur astonish-
manding the “Fredonia,” saw the maneu- ment we saw that, with all the efTorts of
ver, and, thinking the "America” was the crew, the boat cnuld make no head-
coming to their aid, and that a nearer ap- way, but went sailing about in the mast
proach would only involve them both 1n  erratic [3shion,
destruction, ran on the p and hailed The midshipman, finding it impassible
the approaching ship, then but a few to rescue the people he had been sent 10
vards distant: " “‘America’ aboy! You save, altempted 1o retuen to the shi 2
can do nnthing for us; our bottom is That, (oo, was impnasible, and ’vrrsr.ntrv
crushed.  Save yourselves. Gond hve.” Y
Then down to his station among his si-

humnan paze, with strupeling fish anid
:::unslcrs nl; the deep left tiglf:nd dry.
The round-botlomed l!llp! keeled over on
their beam ends, while the “Iateree”
rested easily on hcr_ﬂoor-lil(c bottom;
snd when the returning sea, not like a

his cflorts were ended by having his Ioat
dashed violently apainst the side of the
“America” and cruched fike an egr-<hell.
The ‘next moment the “Fredonia”™ was e and his crew managed to seramble (0
crushed, and of that ill fated company her deck.
nut one was saved. while 2 counter-cur- There they found = scene which beg-
rent catching the Deruvian ship drove gars description. A condition of panic
ber rapidiv in another direction. prevailed. Officess and men in abject
Facing the Morro, and a thort distance terror were running about, imploring all
away, a rocky islet rose soine feet above the saints in the calendar to help them,
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Mcantime the heavy guns, that hag Leen
cast sdrift in a vain atempt 1o throw
them overboard to lighten the ship when
she grounded, were Tunning riot, With
cvery “send” of the sea the guns rushed
madly from side to side, “rushing every-
thing, animate or inanimate, in their
path, and Strewing the deck with bloody
icti e 13 nothing more o be
dreaded thag a €un on zn'old-time mount
adrift in a “caway; it seems possessed of
& demon, and baflley ordinary means of
control.  Some of the “America’s” spars
had been carried away and still further
lumbered her deck, and, worse than all,
fire had broken ont near the engins-room
and threatened the after powder maga-
zine.
A FEROIC MIDSHIPMAN

Finding the Peruvians 30 panic-stricken
23 10 be of no use, our gallant young mid-
shipman, only a lad of 18, quickly took
comman.., with his crew of 13 men. Mak-

the rampant Euns with masses of ham-.
mocks piled on them he soon had them
secured, extinguished the fire, and, afier

i : h AP P. m. the lookout hailed the deck |
doeie the natives, catmly ”“I'Cd;,an Jeported a  breaker 2pproaching

events, 4,1-15

No one born under our glorious flag
could help feel;
discipline, and sc f-reliance di layed by
our officers and men at (his u:f
bravery and fidelity 1o duty. While the
crew of the Peruvian ship was sim ly an
ungovernable mob, whose cries pterced
the air, our men stood in batile arnay,

rouped argund the ns, every man at
Fsis slation, ready to o any order given
by the %een-cyed first jeutenant; not a
word spoken or a movement magde, except
when a sharp command called for instant
obedience!

When men are taught self-discipline
and control, as were our sailors during

\¥ar, not even nature’s greatest convul-
sions can shake thejr nerve, and in this
awful test of courage they determined
if they could not live they would at least
emulate the examp'e of the heroes of the

‘masses of water about to overwhelm us

“Fredonia™ ang show low Americay
sailors could die,

THE CRAVES Cive vr TR DEAD

As the last rays of the setting sun fed
on the heights of the Andes, we saw to
our horror that the graves, wherc the
ancients had entombed their dead, on the
sloping side of the mountain, had open
and in concentric tows, like chairs in an
amphitheater, the mummies of the Jong.-
burisd and forgotten aborigines rose o
the surface, They had been buried in 5
sitting posture, facing the sea. The soil,
impregnated with niter, had thoroughly
preserved them, and the violent shocks
disinlcgra(ing the dry earth was now ex.
posing this long-buried, frightful city of
the dead. Words cannot paint the ghag.
liness of the scene.  In addition to what
we had already experienced, to our ex.
cited imagination i seemed as if the da
of judgment had come, the

~'Passing away, and the billc'rucss' of g | .

Ing scaward, we saw, first, a thio line |
of phosphorescent |; ht, which loomed .
higher and higher until it seemed to touch .
the skv; itg crest, erowned with the death -
light of phosphorescent ﬂow, showing the
sullen masses of water
by the thundering roar of thousand
breakers combined, the dreaded tidal
wave was upon us at lasg Of all the
horrors of this dreadful time, this seemed -
the worst. Chained to the spot, helpless
fo escape, with all the reparations made - -
which human skill coul(r

suggest, we could .

That the ship could ride through the

seemed impossible.  We could only grip
the life-line and wait the coming catas-
trophe.

AT LAST TUE TIDAL wave

With a crash our gallant ship was gver-
whelmed and buried deep beneath a semi-

Phete by oy Z. Mischel

CAUSED
M AINS OF A DRY-LAND HARDWOOD FOREST, REELFOOT LAXE, TENNESSEE, /
[ 14

BY SINKINC OF THE LAND

took place

¢ ’ 14 has know k-
test carthquakes of which the modern wor! - Aiare
-ithg‘:u:'o“l:: g:\lryl It occuricd im the year 1811 in the Wnll'l‘“ rroceed trces 121 ae

» i ken forests, upbeaved swa " d o
':‘mu:ngo‘r:c ;m;lemd::a?l:l:: ;lr:;lt’ ol the quahs.-?'bc few imtalitants of
ckwqor

tepron were kept in terror for days. Sech a

tens of thousands of people and do millions ol

b 33 of sand e2nd water. For =
;'-!_:l“:‘r:’ clernity we were submerged ;
then, groaning in  every hmbet.. the
staunch old “If ateree” struggled again to
the surface, will; I;er gasping c'"'s:'rii“

inging (o the life- ines—some icw seri-
::lsﬁ-nz\vo(|ndcd, bruised, and‘b_?ﬂzr?d;
none killed; not one even missing. A
miracle it seemed.to us then, and as 1
bok back through the years it seems
sksubly miraculous now.

Undoubtedly our safety w2s due to
the design of the ship. Part of our bat-
tery was two 200-pound rifles; one for-
ward the other aft ; both mounted so :hey
cimild Le pivoted on either side. When
wot in battery, ther were secured amid-
ships, .

’='hc bulwarks, or pirvot ports, in the
side of the ship were arranged as a scries
! heavy ringed panels, which, when the
Kuns were in use, could be lowered out-

Best Available U@f\%ﬂ_s_y

nske in the same regiom loday might destroy

dollars’ damage (et page 67). .

rd, leaving an opening of about one-
t‘l':::ii of ll::‘side of the ship pm|mid“a,l
level with the deck. Expecting the t proh
wave, they had been lowered early in h
afternoon. This permiitted the water to
run off the deck—about as it would from
“a raft or floating lank: ity for &
The ship was swept on rapidly o:ed
time, but after a while the moiion tea ,
and, lowering a lantern over the side, w
found ourselves on shore, bui whctein::
knew noL  Smaller waves washed a out
us for a time. but preseatly they ce2 -
For some tiine we remzined it quarters;
but as the ship remained stationary, anu
nothing new oceurring. the ordc; 7;:
given to “Pipe down.” (ollowed y
weicome order. “All lands stand by your
haminocks.” and such of the uewh:.s
were not on watch quietly made l"::
war through the reopened hatches to the
sodden berth deck—to sleep. 1 know
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gh which struggled frantically the

Photo from Rear Admiral L.G. Billings, U,S, Navy
of their once happy homes, while groans, cr

un shone pitilessly from an unclouded sky

iopenetrable veil arose cries for help, the crash

of a great calamity, while the ship was shaken as if
As the dust slovly settled we rubbed our eyes and looked

trick, for where but a few short moments bafore vas a
we beheld but a mass of shattered ruins, hardly a house

wvith debris, throu

imprisoned 4in the ruina
Over all this horror the s

Instantly thruugh its

MORRO HILL AND THRE RUINS OF THE CITY OF ARICA, PERU
d coumingled noises

city, busy with life and activity,
not one perfect; the streets blocked

believing they must be playing us a

SOME PERSONAL EXPERIENCES wWITH EARTIHOQUAKES

nat drcams must have visited the pil-
> = of these brave {cllows on that event-
L"; night, but to me one of the wonders
'7 tius wonderful experience was lh.c
s ner-of-fact obedicncc_ to orders mani-
jesicd by these sorcly tried men.

FINDING OURSELVES HICH AND DRy

The marning sun broke on a scene of
Jdewolation scldom wiinessed. We found
eurselves high and dry in a little cove,
or rather indentation in the coast-line.
We had been carried some 3 miles up the
oust and neztly 2 miles inland. The
wave had carried us over the sand dunes
tosdering the ocean, across a valley, and
mves the railroad track, leaving us at the
foot of the seacoast range of the Andes.
¢ n the nearly perpendicular front of the
mountain our navigator discovered the
warks of the tidal wave, and, by measure-
ments, found it to have been 47 feet high,
mt including the comb. Had the wave
arsied us 200 feet further, we would
incvitably have been dushed to picces
arainst the mountain-side.

"There we lay on as even a ked as if
aiill afloat, with our flag Aying and our
port anchor and 100 fathoms of chain
led out as carefully as we could have
placed them there.  Was it possible that
this, our hcaviest anchor and chain, could
have drifted with us throughout all the
mazes of our voyaging of the afternoon?
And why was not the chain parted by
the last shock, as were the others?

We found near us the wreck of a large
Englishi bark, the *“Chanacelia,” which
had one of her anchor chains wound
ar>und her as many times as it would go,
thus showing she had been rolled over
and aver; a little ncarer the sea lay the
Peruvian ship, the “Americo,” on her
bilges: and the sand was strewn with the
most heterogeneous mass of plunder that
cver gladdened the heart of a wrecker:
Grand pianos, bales of silk, casks of
brandy, furniture, clothing, hardware;
cverything imaginable was there. A
rough estimate placed this emptying of

strong working party siov
casks and shattered the
we did not propose havi
added to the other horr
us. One of the incident
was the return of the
crew from the

¢ in the brandy
wine cascs, fos
ng drunkecumress
ors surrounding
3 of the morniug
snidshipman and
wrecked Peruvian ship
and the laconic seport of the youngster
in command: “Returned on board, sir.
1 have to report the loss of the second
cutter, 12 oars, and two boat-hooks ; but
we saved the fag, sir.” .

Most of the surviving Peruvians, wheh
they discovered the “America” was on
shore, deserted the ship, and were
drowned by the next incoming wave,
which, though not 2 Urcaker, was high*
enough to sweep them away, while our
officer held his men until dayhreak.

In a few days the savage Araucanjan
Indians fromn the mountains descended
upon us with long trains of Namas, the
czmels of the Andes. They broke open
bLoxes, cut the fastenings of balcs, anil
started back to their retreats loaded down
with plunder. We were not alile to argue
with them, but there was an invitation
10 stop in the shrick of our shells that alf
vnderstood. By firing in front of them
with one of our smaller guns we “hove
them 10" and made them approach and
unload their cargoes near us. Soon we
had accumulated an assorted pile of mes-
chandise much larger than our ship,

MUMMIES CARRIED TO WASHINCTON

The carthquake shocks continued at
varying intervals, but none of them 50
violent or long-continued as at first ; some
of thein, however, were severe enough to
shake the “Wateree” until she rattled like
an old kettle, and caused us to shandon
the ship and camp on a considerable
rlalmu. some 100 feet high, and over-
ooking the ship and wreckage.  Jlere
we had an opportunity of seriny the dis-
astrous icsulls of the earthqua.: on land.
We found in some places immense fis-
sures, many of thein over 100 feet wide
and of unknown depths: others were

6o -

"The cloud enveloped Arica.

of falling houses, and the thousan

grasped by a giant hand; then the cloud passed on.
the sea rolled shoreward as steadily as before" (see page 63).

least wounded of the unhappy wretches

and shrieks for help rent the air.

- the custom-house at $1,100,000. mere cracks. Come of them proved the
~ O .= raves of the flecing inhabitants. In one
@ b oo *WE SAYED THE FLAC, sin!” |4 -
we T tistance, 1 reinember, we found the body
s Our first work was 1o establish 2 cor- of a lady sitting on her horse, both swal-
BgeoeE don of sentries around the ship, while a lowed up while fiecing for their lives.
sad
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and nearly two miles inland"

&

oo

SOME PERS

. { the mummics were
mbﬂ;l?c ship and were u.!Ii-
sent Smi}llhsom;n Institu-
1 *ashi where, resume,
r;" L by 3::::!:1"‘:". them at apny time.
“n\u; s:nown that while Arica was

h umlhc center-of disturbance, the
""..:, ’;‘u fek nearly 1,000 miles, and
b Jestruction was occasioneC in Bo-
iy The beach line of the occan was
ui‘:\l from 2 to 20 feet for over ﬁoo
il . :ave was feit at the Sand-
e tidad “‘,_:,go‘nauﬁcal miles distant,

oh Islands,

“,h :lﬁ::uusmd 37 minutes later than
‘:.;‘_\.]-l-mke on the desolated shores of
INRL C:OLATION AND DEATH

At .\rica we found but desolation and
JSeath. Where once had stood that pretty
pale city, a flat, sandy plain slrel'clned

s. Except on the outskirts, higher

re us. [
i » the mountain, not a house tharked

the sppit. Tuilt to withstand earthjuake
anks. the ouses were loyv—lew boasi-
ing 3 sccond story—with .hghl roafs a'nd
sk walls of “adobe brick” (sun-dried
cwd).  The shocks first leveled them,
shen the waves dissolved and washed
them away.  On the higher slopes a few

ep L]

besuscs. part of 8 church, and a hideous
nacs of debris, composed of everything,
inchmling dead bodies, was piled 20 or 30
fect high. This was all that remained of
\rica. The loss of lile was proportionate
t-+ the dlestruction of property. We could
wa a<certain how great it was, bul as all
peavisions, clothing, and even fresh water
were destroyed, the pitiful remnant of

ONAL EXPERIENCES WITII EARTHOUAKES

71

about the “I ateree,” living on our stores,

* in-tents made of our sails, told the story

as could no figures. Afoat, with the ex-
ception of the crew of the “Weterec,”
nearly all perished.
1t was three weeks before relief came.
Then can well be imagined the swellin
of the hearts and the nist that dimmcs
the eyes of our sailor men as we dooked -
across the water and hailed tie stars and
stripes floating (rom the mast-head of
the old United States frigate “Powhatan”
as she stramed majestically into that
desolated harbor. Her decks were filled
with all possible stores and supplies,
which were soon distributed among the
stricken and helpless who had sought our
aid and sucory.
Careful survey of the “Waterec”
roved that while she was practically un-
injured, it would be imposzible to launch
her; so, after reinoving the most valu-
aule of her equipment, she was sold at
auction 10 a hotel conipany. An epidemic
of yellow fever broke up thal enterprise,
an&yll»e old ship was afterward used suc-
cessively as a hospital, a sture-house, and,
Tastly, a target for great guus during the
Peruvian-Chilian war. %‘ul her gaunt
iron ribs stifl rise above the shifting
sands, a fitting monument to one of the
greatest of modern earthquakes.®

®*See “The World's Most Cruel Eanh-
au:le_" by Charles W. Wright, Namnokat
50caaruic Macazing, April, toug

“The Recemt Eruption of Mount Katmai.”
by George T Martin, Navionar Crucrarsic
Macaning, February, 1913

“Taal Volcano and Its Recent Destructive
Eruplion,” by Dean C Worcester, Narionat

ihe few hundred persons who gathered Grocaarmic Macazing, April, 1912,
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UNUSUAL ACCELERUOGRRAMS RECONDED AT LIMA, PELU

By Wituian K. Coup ano Vinoiio Prrez

ABRTRACT

Accelerogroms recorded In downtown Lima, Pery, oppeor to hove two umnual
risaracieristics ln comparhon with acxelerogroms recorded outiide of Peru. Finst, the
predominont pericd ks opproximaotaty 0.1 sec, regardiess of epiceniral distonce of
eorthquokes. Second, moximum accalerations are high In ralotion lo epicentral
distorce of major sarthquokes. For example, 0.40 ¢ o oa epicordiaol Jdislance of
over )60 km dwring the magnituda 7.5, Odcber 17, 1966, earthqucke, and 0.13 g
of aa epicenirol dirtorce of over 320 km dusing the May 31, 1970, sorthquake,
whosa mognitude wos roted by variows ogencies from 7.6 to 7.8. I the scurce of
energy of Lima were closer than the earthquoke cpicantars, the occelerogroms would
oppear les umnual, but there b no proof ihat this is the cose.

InTRODUCTION

In 144, the Coast and Geodetic Burvey (now the National Occan Survoy) installed
& C&(QS standard strong motion accelerograph in & two-story building in downtown
Lima, Peru, in cooperation with the Geophysical Institute of Peru. In 1263, the ac-
celerograph was moved to a small isolated hut in a nearby level park, and, in Apri
1970, the accelerogruph was moved, agsin a short distance, to its present location, a
one-story lnstitute building at 701 Arequipa Avenue.

At each of the three ground-level sites, soil conditivns are probably similar to that
reporied by Lee and Monge (1968) for the excavalion shown in Figure 1: cuarse dense
gravel and boulders to an unknown depth, poesibly 100 ft or more, with a deep water
table. )

Recoroxp EarTHQUAKES

Epicentral distance and direction of earthquekes (all offshore) reconled Ly the Lima
accelerograph and, for sample comparison, similar data for an earthqunke recorded
at Femndale, California, sre listed in Table 1. Ferndale was scloeted for two reasons.
First, the earthquake epicenter was ofizliore &8 in Peru. Becoud, the secelerogmph ia
identical o the one in Lims.

In Tabie 1, the list of Peru earthquakes recorded at the first Lima site is incomplete,
because of the lack of reported epicecters for several of the earthquakes. However,
the table ar & wilo is adequate to show that practically all Liina accelesugraims are
characterized by short-pericd mazimum accelerations, regardiers of epicentral dis-
tsnce and direction. Furtherincre, the tablo suggests that maximum accclesitions
recorded at Lima site 2 during the 1663 earthquake and at Limna site 3 during the 1970
earthquake are unusually high, eonsidering epicentral distance.

After the Uclober 17, 1066, enrthquake was recorded at site 2, it was thought that
the unusual record was perhaps due o some mnlfunction of the accelerogruph. New
acceicrometers were instailed, and those in the accelerograph during the earthquake
were Teturncd Lo United Btates. T'wo of the three accelcrometens were broken in
teansit, but the third arrived in excellent condition. The resulls of shnking-tuble tests
on this aceelenuncler are suiniarized in Table 2, Judged from ihie results there is no

033
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renemn 1o belicve inatrument malfunction won responsible for the mnusual acceler-
graans recorded at Lima.
PuenosmiNant Prinons
Liina sccelerugramy of the 1860 and 1070 cnrﬂu]m_lkes, Figure 2, show .llml short
periods not only mssociale with mszimum sctelerution but abw predominate. The

Ferndale record, Figure 3, suggenta that this ia unusual. o ] )
c’;:::e range of predominant periods is more clearly defined by Founer nu:lmh;m
amplitude spectra (Figure 4). For the specta, the method was one used by Jensche

‘Cypi 8] 1 in a0 excavation near the park site in dawntuwn Lima.
Fia. 1. ‘Typical scil exposed “;“"h’ hyation ucar the |

el al. (1961), modific’® *o tnke an unequally spnced datn in.puL l'mgmmmin:g ala in-
cluded currections to the raw digital data for xero acceleration binse line mull or vnmlh
tion in length of time ninrks caused by lmnumlun'n paper speed of .lhe neee lc:‘luu'mp :
In Iigure 4, it i evident that predominant periods of the two Lima nccele l:uu:'m‘
are Jess than 0.15 see. Discounting the numncrous peaks, & reasonuble Ippml.u'lm llu'"
is 0.1 & 0.03 see. ln compnrison, alibough the Ferndale upc::lrn liwve a peak in this
pesivd fange, the wore predowinant period rnge is 0.13 to 0.5 nec. . g hro
The diflerence in preduminant periods between the Limn fnml Feaulale aece cmﬁ
grams are of the same order na Lee nnd Monge (i968) obtained between the :: "
Lima nceclerugrnm aud scvernl western United Sintes accelermgmms. By the wmetls
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of counting the number of Limes acceleralion creased the sero axis over the duration
of strung slaking, ihey estimated £n average predominant period 3{ 0.1 to 0.125 see
for the limna sccelerogram and 0.25 to 0.5 sec for United States aceelervgrams from

earthyuakes such as El Centro, 1940; Kern County, 1852; and Washington, 142.

TABLE 1

EASTUQUAKES AND lastaumwental. Data

— - —
. .
e T e o B
Lims, Jen. 31, 1951, v 0.014 [ ] 0.1 0.3
128, 1°W, M < & 106 N.as*W. L 0.0 ] a.1 0.7
- T 0.004 3 a.1 0.08
Lima, Aug. 3, 1852, v 0.083 9 0.2 0.0t
125°8, 73°W, M 5.3 16 8.88°W. L 0.0G3 s 0.2 0.02
T 0.004 10 0.3 0.02
Lima, Feb. 18, 1953, v 0.0ut ] 0.1 0.01
12°W, 77.5°W, M 49 50 NsI°W. L 0.063 3 0.1 0.03
T 0.003 | J 0.1 0.02
Lima, Apr. 29, 1254, vy 0.088 7 0.1 0.02
136, 77°W, M 57 108 B07T°W. L 0.064 7 0.1 0.0
T 0.064 ] 0.1 0.02
Lima, Oct. 17, 1006, v 0.063 7 0.1 0.13
1098, 785°W, M 73 s NOI'W. L 0.004 s 0.1 0.20
T 0.004 10 0.1 0.40
Lima, bay 31, 1970, v 0.008 ] 0.1 o.10
238, 158°W, M 7878 370 Narw. L 0.006 1 0.1 0.12
T 0.063 ] 0.1 0.13
Ferndale, Oct. 7, 1281, v 0.000 12 0.4 0.02
4028°N, 1MW, 60 B68°W. L 0.c08 ] 0.2 0.09
Mo T 0.008 10 0.2 0.7
TABLE 2

S8uaxing TanLn TeaT OV A% ACCELEROMETER THAT
Itscoasxo Tua Ocrosss 17, 1960,
Eantiquaxse ix Lius, Peau

Shellag Toble rcced .

Sowidal mation | Mesaird [ Competed | Diftgomcs
) (ouc) om X o) Lem X 1)

0 G.10 3.1 9.40 7

1 0.001 [- X 1] 4.5 2
2 0.0 $.09 5.0 4

13 0.078 4.3 4.9 10

1 0.07i 3.00 3.20 1

15 0.068 3.62 3.2 2

[} ] 0.353 2.50 2.712

* Natural poriod 0.004 see; damping ahaut GO per
cent nf erilical.

1 Double trace smplitiude divided by magnification
o apindle-mirror dzvice (400).

t Double trace smplitude divided by lever magni-
ication times dynamie maguificatiua st given (re-
ncucics (256 A).
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F1g. 2. Lima, Peru, sceelerograms.




UNUSUAL ACCELEROGRAMS RECORDED AT LIMA, PERU 637

MaXINUM ACCELERATIONS

Maxisnum accelerstions recorded by sccelerographa in the C&GS (now NOS)
snoperative network at various distances ere shown in Figure 5. in the few cases
where surface faulting was observed, the accelerations are plotled at distance to the
nearest point on the fault. In most cases no faulling was obeerved and acceleralions
aro plotied at distancs from reporied epicenters. Considering epicentm! distance,
Lima maximum accelesations are much higher thar any previously rocorded.” This
would still be true if the fow maximum sccelerations plotted in Figure 5 at distancs
from faulting were seploticd at distance from epicenter. The effoct simply would be
that Parkfield data would movs to about 30 miles and El Centro data to about 7

miles.

FERNDALE, CALIFORNIA, OCT. 7, 1951

200.0 B}
ur

ACCELENATION-CHZ(SECeSLC)
)

200.0
[ Y Y]
s Fror A AN A s
-2100.0
. 1 -
o 10 20
SECONDS

Fia. 3. Feradale, Californis, accelerograme.

Alter the 1966 carthquake, Lee and Monys (1068) suggested that thoorigin of strong
seismic energy might have been closer to Lima than the epicinter. The suggealion
seems logical but proof ia lacking.

Reseonss Brecraa

8o far as dunage o Lima in concerned, the most imporiant earthquake recorded
by the accelerugraph is the one on Qctober 17, 10G6. Figure 0 shows the absvlute
acceleration response spectra from the accclerogram in the predominant period runge.
The sero damped spectra are aluoet the saue aa the Fourier spectra, except for am-
plitude, as would be expected fruin thoory (Hudwon, 1062). The effect of 2 per ceut
of critienl damping, which is snore than many buildings have at the atart of an carth-
guake, is to reduce ndd smooth the spectea. lluwever, even reduced, the response

reunits goTeYas - cmsaEet

638 MULLETIN OF THE SKISMOI.O0UICAL BOCIETY OF As¥fitA

of between 1,000 and 2,000 cmm/nec? (1 aud 2 g) in ctartling. From the sesponse spectsa,
it appears that buiidings with short nuturnl periods should have sufferexd the most
damage, and thix is apparently what occurred, according (o scporis by Lee and Maonge
(10G8), Lomnits sud Cabre (1068), and others.

not - l ——— W
— . et
H e VERINC AL
weol :': LIMA, PERY - OCILBLR I7,1948
,s
o 1
13
o} i
i
L i )
L ]d '
1

i
|
]
3

LiMa, PERY - MATY 341820

. geacp -
. vERIRAL FERNBALE, CALIF - OCTOBIR 1.69N

Fia. 4. Fouricr accelerativa amplituwic spectss.

ConcrLusions

Accelerogrnms recorded at three sites in downtown Lima, Peru, on probably similar
soils, aro characterized by ubout 0.1-sec periods, regardiess of distunco aid direction to
earthquake epicenters. In addition, accelervgrama from the mnjor 1166 and 1050
earthquakes are ctinructerized by unusunlly high maximusn aceclerations, cudddering
epicentral distunce. ‘These chamcteristics make the lima accelerugrams unusunt in
comparisun with accelergruns recorded to dnte in United Staten. |
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The question of whether or pot the Lima accelerugemun were propery recosded by
the eccelerogmph cannat be completely answered. However, shuking-isble Leats of
one scceleromneter that waa in the Lima accelorograph at the tiine of the MGG carth.
quake make malfunction s a cause of the unusual Lima record seem very unbikely.

D'erhaps during the 1966 and 1970 abocks the origin of strong seismic energy might
have been closer 10 Lima than the epicenters. This would make the Lina acrelero-
grams appear less unusual. Jlowever, it secms unlikely that the origin of eeismie
energy would be cluse to Lima during all of the reconled earthquakes.

LIMA,PERU - OCTOBER 17,1966 -

© AND 2% CRITICAL DANPING

1

?

3

ABSOLUTE ACCELERATION RESPONSE $PECTAA -crsseet

Lo 40 a3 a2 43 A4 4%
NMATURAL PERIOD - SECONDS

Fi10. 6. Absoluts acceleration response specira.

Whatever the of the ) sccelerugrums may be, the answer is important
enough to warrant a steppad-up progra.n in geophysical and geological research and
the establishment of a strong-motion accelerograph nstwork in Peru.
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Mechanism and Spatial Distribution of Chilean Earthquakes with
" Relation to Subduction of the Oceanic Plate

WiLLiaM STAUDER
Saint Louis University, St. Louis, Missoun 63103

The focal mechanisms for 61 earthquakes oocurring in northern and central Chile during
the year: 1962-1970 indicate undertbrusting of the oceanic plate for earthquakes with focal
depth 3060 k. The axis of tension for intermediate-depth eartbquakes is paralle]l to the
direction of dip of the plate. For deep-focus earthquakes the axis of compression is paraliel
to the axis of the plate. Together with the seismicity of the region, the focal mechanisms
indieate that subduction of the oceanic plate under this part of the ccast of South Amenics
takes place in discrete and localized episodes and that the lithospberic slab itself is broken
into s series of toogues that are absorbed independently and quite difierestly from ope
latitude zope to the next or even st one depth as opposed to ancther. Near the Chile-Peru

Veoider, 18°5-25"S, \the more principal present day activity is st intermediate foca! depths.
The motion of the plate is in the azimuth NB85°E at sballow depths, veering to N6S°E at
intermediste deptbs. The sone 25°S-27°S i3 at present a silent sope at intermediate depths.
The sone 27°S-34°S corresponds to underthrust of the oceanic plate but such that at depths
of about 120 ki this segment of the plate moves horizontally under the continent. The deep-
focus zone, 19°S-23"S, overlaps the three zones just mentioned and is discontinuous with them.
1t more probabiy corresponds to an independent and earlier epoch of plate absorption. Under
censral Chile the piate motion appears to correspond to & current episode of subduction of
relatively recent initistion. The motion is in the azimuth NSO°E.

An important aspect of the hypothesis of
plate tectonics, one about which seismology
bas bad more to say than otber disciplines, is
the sink mechanism for absorbing crustal plates
as these move outward from the mid-ocean
ridges and encounter continents or island ares
[7sacks et al., 1968; Isacks and Molnar, 1971].
The Fiji-Tonga-Eermadec arc bas been studied
extensively ip this regard [e.g., Sykes, 1966;
OLver and lsacks, 1967; Isacks et al., 1969;
Borazongi ond Tsacks, 1671). ‘Similar studies

llustrate the subduction of the oceanic plate

in the New Guinea-Solomon Islands region
[Johnson and Molnar, 1972], the Indonesia-
Philippine region [Fitch and Molnar, 1970],
the western Pacific [Katsumats and ° Sykes,
1969], Japan [Fitch ond Scholz, 1971], the
Kurile-Kamchatka arc [Sykes, 1866; Stauder,
1971], the Aleutians [McKensie ond Parker,
1967; Stauder, 1958a, b], and Middle Amer-
ica [Molnar and Sykes, 1969].

The present paper is a study of the subduc-
tion of a part of the Nazea plate under the
coast of porthern and central Chile as evidenced

Copyright © 1973 by the American Geopbysical Union.

by the geners) seismicity of the region and
by focal mechanism solutions of the larger
carthquakes occurring there in the interval
1962-1970. Some of the results presented here
parsllel and supplement studies reported earlier
by Isacks [1970].

EARTHQUAEES SELECTED FOR STUDY

The region selected for study is the straight
part of the west coast of South Americs, from

abe Chils-Peru boundzry to the intersection of

the Chile ridge with the Chilean coast. The di-
mensious of the regiop, and the relation of
jts seismicity to that of the easiern Pacific,
are indicated ip Figure 1. A bresk in the seie-
micity and a change in the charscter of the
earthquake motion allow the region to be di-
vided, in turn, into two subregions: northern
Chile, 18°S-34°S, and central Chile, 34°5—46°S.

The northern region includes the deep part
of the South American trench and a well-devel-
oped Benioff z0me of shallow-, intermediate-,
and deep-focus earthquakes. In this region, 47
earthquakes were selected for study: 25 eartb-
quakes of pormal focal depth, 14 intermediate,
and 8 deep-focus earthquakes. Thir set con-

5033
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Earthquake prediction

Variations in physncai propertles such as .
electrical conductivity and elevation of benchmarks may fortell
not just the place but also the time and magnitude of an earthquake.

Carl Kisslinger

Earthquake prediction entails the
specification of the time, place and
magnitude of an jnaividual future
event. All three of these parameters
_are poorly known and complicated
. nctions of the relative motions of

ts of the Earth’s crust and mantle,
.ue rate of strain accumulation in rocks

| and the strength of those rocks. Even

if the processes by which the energy is

-accumulated and released were com-
pletely understood, the imprecise
knowledge of the initial conditions,
boundary conditions and relevant ma-
terial properties would make the pre-
diction of a particular seismic event
very difficult.

Nevertheless, earthquake prediction,

has been a research goal of some
seismologists -and other geophysicists
for sbout a decade. One approach is
to base predictions on studies of the
seismicity geps and recurrence rates in
a particular region. But the main
thrust is the search for precursors, that
is, phenomena that occur in a charac-
teristic way prior to an earthquake.
Most of the research to date has been
empirical. Recently, however, a physn-
cul model of processes preceding a seis-
mic event has been successful in ex-
plaining and unifying a number of in-
dependent observations.  Although
this theory, known as “dilatancy,” is
still being tested, it offers hope that at

Carl Kisslinger Is professor of geophysics in
the department of geological sciences, and
director of the Cooperative - Institute for

Research in Environmental Sciences, at tho R

.t

University of Colorado, Boulder.
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least some earthquakes in some geolog-
ical settings are predictable on the
basis of easlly observable phenomena.

A stamng point in earthquake pre-
diction is the determination of areas in
which earthquakes are most likely to
occur. Earthquakes are.not located
randomly over the earth but occur in
distinct active belts, as illustrated by
figure 1.
centers of 42 000 earthquakes that were

located by the National Earthquake .

Information Service between 1961 and
1969. This figure outlines the main
features of global seismicity but repre-
sents too short a time span to yield re-
quired parameters. With & more ade-
quate data base, however, estimates
can be made regarding the expected

activity levels, recurrence rates, maxi- -

mal expected magnitudes and maximal
effects on the works of Man. This pro-
cedure is called by various names—
“seismic  probability  estimation,”
“seismic risk mapping,” “seismic reg-
jonalization’ or ‘“‘seismic zoning."
Reliable seismic probability estima-
tion, coupled with sound engineering
and construction of earthjuake-resis-
tant structures, is the primary means
of reducing damage and minimizing
loss of lives during an earthquake
But seismic probability estimation is
nct to be confused with earthguake
prediction, as the term is commonly
understood. A properly used, reliable
earthquake-prediction system could re-
duce injuries and deaths substantially
below the levels that would occur even
with the best earthquake enginecring.
However, even if earthquake predic-

“tion is completely successful, it is not

This map displays the epi- -

Sics 7-0"7
Mm& 7%

|a$'£ Pa7}

in any sense a substitute for long-range

"planning and adequate engineering.

Predictions from selsmicity gaps

A carefui examination of the seismi-
city distribution in figure 1 reveals
that, although the epicenters tend to
define long, continuous belts of activi-
ty, there were in fact portions of these
active bhelts within which few earth-
quakes occurred during the nine years.
At one time such seismic gaps were in-
terpreted as being especially safe plac-
es relative to the surrounding ragions.
But now, as a result of the develop-
ment of the plate-tectonics model and
the consequent improved under-
standing of the ultimate causes of
earthquakes, at least some of these
places are viewed as likely sites for fut-
ure big events,

The nature of seismicity gaps is il-

" lustrated by the data for the north-

western border of the Pacific basin,
shown in figure 2. The occurrences of
the great earthquakes in Kamchatka

" (November 1952), Andreanof Islands

(March 1957), Kuril Isiands (October

" 1963), Prince William Sound, Alaska

(March 1964), and Rat Islands (Febru-
ary 1965) can all be seen as horizontal
clusters of points. The data in figure 2
illustrate dramatically that the after-
shock sequences of the great earth-
quakes are sharply bounded in long-
itude, defining distinct tectonic blocks

adjacent blocks.
case the activity within the zone of a
major event was relatively low before-
hand. On this basis, one would specu-
late that the Aluskan peninsula {155

. with almost no overlap of activity in .
Furthermore, in each -
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Earthquake belts and tectonic plates. The epicenters of some
42000 earthquakes from 1961 to 1969 are concentrated in three
main belts—the circum-Pacific, the Alpide {irom the Azores to

WV to 165° W) and the Commander
Islands (165° E to 170° E) are likely
sites for large events in the future.
‘o concept of the seismicity gap as
- lictive device was developed
1 ( 7 a group at Lamont-Doherty
Ge  .al Observatory, Columbia Uni-
versity and by a group working in the
Soviet Far East.!:2:* The Lamont
group has defined criteria for delineat-
ing zones of “special seismic poten-
tial.” Their primary criteria are that
the segment must be part of a major
sliallow seismic belt characterized pre-
dominantly . by strike slip or thrust
faulting and that the segment has not
ruptured for at least 30 years. Their
supplementary criteria, used to select
the especially, interesting zones from
among the many that satisfy .the pri-
mary criteria, are based on the seismic
history of the region. Seismicity gaps

have been used by S. A. Fedotov to

provide a basis for successfully predict-
ing the location of some major earth-
quakes near Kamchatka. Kunihiko
Shimazaki¢ has shown that the site of
the great Kanto earthquake of 1923 has
been very quiet since 1926, as seen
from figure 3, and postulates that
strain may be accumulating there for
another big event. The seismic gap
concept has also been applied on a
more lecalized scale to microearth-
# .~ distributions in an attempt to
\ portions of a particular fault
L.. 2 likely to slip soon.

Predictions from recurrence rates

The identification of a gap does not
in itself give an indication of the time
at which the event is to be expected.

Two approaches to the problem of
projecting the ‘spproximate time have
been suggested. The first, and more
speculative, is based on the proposition
that major earthquakes may migrate

- along the great seismic belts of the

world.2:® If great earthquakes do
occur in a spatial sequence, a basis for

-jdentifying the next gap to be activated

is available, even though the time of
its activation remains uncertain,

The second approach to fixing the
time is to estimate earthquake recur-
rence rates, either from a statistical
analysis of past activity or more deter-
ministically from strain rates based on
plate-tectonics theory. Many investi-
gators have found that if the logarithm

of the number of earthquakes, N, ex- -
ceeding a given magnitude, M, is plot.’

ted against the magnitude, the data
fall close to a linear trend, down to the
smallest magnitude for which the data

" set is complete (a function of network

sensitivity). This linear relation be-
tween log N and M is found on spatial
stales ranging from global to very local.
The slope of the line, called the “b-
value,” is always of the order of -1,
ranging from about -05 to -1.5,
implying that about ten times as many
events exceeding magnitude Af occur
as for magnitude M 4+ 1. The b value
in a given region may not be station-
ary, but may vary with time in a way
that is itself indicative of an impend-
ing large earthquake. If the recurrence
data are normalized to unit time, an

" expected return time for an earthquake

of a given magnitude may be estimated

* for the area covered. .

The piate-tectonics model provide's a

Southeast Asia) and one along the undersea ridges. The colored
lines on this map are the tectonlc.-plate boundaries. Note the oc-
casional gaps In otherwise continyoys earthquake beits

Figure 1

basis for e.timating the rate of strain
accumulution at plate boundaries, al-
though major uncertainties crise as to
the current rates of relative plate mo-
tions and the amount of the relative
glothn at a boundary that is taken up
JY Seismic slip and the amount by ase-
ISmic creep,  Tsuneji Rikitake® has es-
timated both the ecritical value of
strain at which great Japanese earth-
quakes occur and the rates at which
Strain is accumulating in some selected
active zones, On the assumption that
the _lut Kreat earthquake reduced the
strain energy in the rocks in the source
volume to zero, he then estimates, for
examPle, that the probability of a
g-gmtude-p earthquake in Sagami
8y, the: wite of the great 1923 evont,
before 1950 is only 0.2 and will not
reach 0.5 until 2080,
. The plot of log N against M pro-
vides valuable information about the
level of activity and the return interval
of earthquakes but does not tell what is
the larzest magnitude earthquake ever
to be txpected at the place. The as-
sumption that no event in the future
significantly more energetic
than any in the past has proved to be a
angemus one. Yuri V. Riznichenko
and his coworkers? have been seeking
to estublish a correlation between the
level f wetivity in a region, as given by
the norzialized value of log N at a se-
lected sz:aznitude, and the maximal .
MAgnibiix o be expected. The suc-
cess of thsir technique, as applied to
several sctive regions of the USSR,
cann'. 24 established until further
data .« .arze events are available.
&.» of the uncertainties intro-
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Space-time plot of earthquakes in northwest basin of the Pacific
shows major events and aftershocks (arrows) preceded by gaps
_in seismic aclivity. The greater number of points in recent years
refiects the improved density and quality of recording instruments.

{Unpublished data from E. R. Engdahl.)
( - 4 by depending entirely on past
( . =nce, Igor E. Gubin® suggests
L. a combination of geological and
seismological data be used to judge the
maximal possible earthquake. Careful
geologica! mapping can determine the
position and lengths of the faults in the
region as well as the dimensions of geo-
logical structures that should be cor-
sidered as single mechanical units.
Seismological data can indicate the
maximum depth at which slip occurs
in the region. - These data then enable
one to estimate the largest mass of
rock that can be expected to move in
an earthquake, even though the entire
- unit has not moved within the histori-
cal record. Unfortunately there are
few places in the world at which the
mapping has been detailed enough to
permit the application of this ap-
proach. . o

Premonitory phenomena

Earthquake prediction requires the -

discovery of loculized anomalous be-
havior of one or more observable quan-
tities that characteristically occurs
prior to, and only prior to, an event to
, he predicted. In the best case, the size

Le anomaly and/or the duration of .

anomalous behavior will scale in

.e way with the magnitude of the
impending earthquake and the length
of the future time to its occurrence:

To date, the search for such precur-

- . LINIYL AT T T WEPA ¥ R 1 I LA

~

Figure 2

sors has been the primary objective of
most prediction research. Several
have been identified and they provide
the basis for optimism that at least
some large earthquakes are predict-
able. C

The search for earthquake precursors
has been generally guided by the con-
ceptual model of earthquake occur-
rence known as the “elastic rebound”
theory. This theory, first proposed by
H. Fielding Reid,? states that the ener-
gy that is released at the time of an

"earthquake was present just before the

event in the form of elastic-strain ener-
gy in the rocks forming the source vol-
ume and that the energy is released by
slip or a fault when the shear stresses
exceed the strength of the medium.
The strain energy has been slowly ac- .
cumulated as a result of deformations
of the rocks, a process that we now
hold is caused by the relative motions
of lithospheric plates. Accordingly, to
predict an earthquake we need to know
that strain has accumulated to the
point that the system of rocks is ap-
proaching failure by sudden slip.
Zvidence that a volume of rock is in
& highly strained state can come from
two types of observations. In the more
direct type, one looks for changes in
the relative positions of points on the
Earth's suface, either from geodetic
messurements or from point measure-
ments of strain and tilt. The second

141°E

Inactive area In Sagami Bay, Japan, may be the sile of the re-
gion’s next major earthquake.
~ south Kanto reglion of Japan during 1926-67. This bay was the
location of a great oarthquake in 1923 and of others as far back
asB18 AD. (From K. Shimazaki, reference 4.)

The points are epicenters in the

Figure 3

technique is the determination of
strain-dependent physical properties of
the rocks in situ, either by direct mea-
surement or by observation of locai
values of force fields that depend on
these properties. Examples of some
properties that have been explored are
elastic-wave velocities, electrical con-
ductivities and magnatic properties,
Other observable parameters that
have been interpreted as evidence of
accumulating strain are temporal
changes in the b-values, temporal
changes in microearthquake counts

.and temporal changes in the concen-

tration of a geochemical tracer, such as
radon gas, in well water.

Changes in geodelic measurements

The observation of changes in the el-
evation of benchmarks was suggested
85 a premonitory device by the striking
changes that occurred in such mea-
surements near the city of Niigata,
Japan, prior to an earthquake of msg-
nitude 7.6 on 16 June 1964. Figure 4
displays the elevations observed over
the period from 1898 to 1964;1¢ fre-
quent releveling was undertaken after
1954 because of concern over land sub-
sidence. The data show a rapid rise
during 1955-59. As a result, one of the
principal elements in the Japanese
prediction strategy is detection of an
area in which anomalous changes in el-
evation are taking place. They have
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Data from leveling at four locations near Niigata, Japan, show a dramatic rise in elevation

. established 20000 km of first-order
leveling routes which are to be resur-
veyed every five years and more fre-
quently around Tokyo and other select-
ed areps 11 .

The following correlation betwaen
the size of the region of anomalous ele-
vation change and the magnitude of
the .impending earthquake has been
suggested:

.M=196logr + 4.45

where 7 is the radius of the region in
kilometers. Thus, oncs an area of
anomslous elevation change has been
detected, the site and approximzie

wagnitude of the' future earthquake

can be estimated. - :
Changes in the distances between
points on the surface, as determined by
trilateration - measurements, should
also reveal changes in the strain regime
in a region. This technique was used
to monitor strain accumvulation during
the great - Matsushiro earthquake
swarm of 1965-67.12 Systematic mea-

ssurements along lines crossing the San
_Andreas fault in California since 1959

“real changes in line length generally
cordant with right-lateral move-

nt along the fault, with some sec- .

tions showing other types of bshav.
ior.23 No anomalous variations related
to individual earthquakes have been

detected, either prior to an avent or ac-

companyingit. . -

( ~* benchmarks prior to 1964 earthquake (arrows). (From I. Tsubokawa, ref. 10.) Figure 4

f

h}

Numerous investigators have used
strain meters and tilt meters inan ef-
fort to detect strain accumulation by
measurements . at discrete  points.
Both secular strain rates and tilts
have been monitored and episodes of
rapid change prior to earthquakes have
been sought, with some reports of suc-
cess. 3 Although promising in princi-
pic, measurements of this kind are

.subject to at lcast two major difficul-
ties. One is a large annual variation
caused by thermal strains whose elimi-"

nation requires extraordinary stability
of the strain meter. This stability has
apparently been achieved in recent
years through the use of laser irterfer-
ometry and by a new design based on
the detection of volumetric strain
chenges. The second and more funda-
mental problem is the determination of
the relation of near-surface strains and
tilts to the processes at depth where
the earthquakes originate. Surface
measursments in or near an active
fault zone may be modified by creep,
tilt or deformation of blocks that are
not mechanically an integral part of
the materials that make up the source
volume,

Changei In physical properties

An early discovery of an earthquake
precursor was V. 1. Ulomov's recogni-
tion of the increase in the radon con-
centration in the mineral water of the

Tashkent Basin prior to the destructjve
earthquake of 1966.2* The chemistry
of these waters, valued for their medi-
cinal properties, had been monitored
since 1956. As shown in figure 5, the
radon content in mid-1965 was almost
double the initial values, rose rapidly
until October, 1965, end then stobi.
lized until 26 April 1966, the dais of
the earttquake. The concentration
fell sharply after the earthquake, but
its behavior during the strongest after-

- shocks is unkrown becsuse of the lack

of observations during three months
after the main shock. Once frequent
measurements were resumed, in the
latter part of 1966, they revealed sever-
al clear cases of increase of radon prior
to stronger aftershocks.

The radon is important only as a
tracer, and not because it is thought to
play any role in the tectonic process.
Its short half-life, 3% days, makes it
very suitable for the purpose of track-
ing current processes. The shape of
the curve bears a general similarity to
those in figure 3, showing the elevation
changes near Niigata.

Another possible precursor is the
variation of the parameters on a log
N-M plot. Both the slops and the in-.
tercept at a selscted magnitude of
the curve are characteristic of the seis-
micity of a region but detailed investiga-
tions show that they are not stationary
in time and their variations may indi-
cate an impending event. Shigeji
Suyehirol® first suggested that the &
values during the period of foreshocks
of a major event are abnormally low, as
low as ~0.35 to —0.5, compared to nor-
mal values of —0.8 to ~1.2 determined
for background activity and aftershocks

.of the main event. Because the num-

ber of clearly identifiable foreshocks is
usuelly small, the parameters describ-
ing these groups of earthquakes are not
as reliable as for more general se-
quences. Recent studiesi? give further
support to the diagnostic value of this
parameter when the data are treated
carefully. Max Wyss and William H.
K. Lee have found for four groups of
California earthquakes that the b value
is lower than the background value
during an extended period before and
after the main event, but drops very
rapidly during the short interval of
true foreshocks. Thus, Suyehiro’s ob-
servations that the b value for after-
shocks is higher than for foreshocks are
not incompatible with these recent re- -
sults, .

A low b value implies a relatively
small number of low-magnitude ca.rsh-
quakes. If one measures the activity

“level in a region by the number of

earthquakes of a given roagnitude, and
chooses a fairly low magnitude, say 4.0
or smaller, in order to ensure a suffi-
ciently large number of events, he will
then note a drop in his index of activi-
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ring the time prior to a major

*. . Considersble speculation ex-

xsf.s based.in part on laboratory obser-
vations of rock failure, that the num-
ber of small events should decrease
during the time of preparation for rup-
ture and then increase markedly just
prior to a mujor event. Furthermore,
these small vents should tend to con-
centrate near the fault surface on
which the major rupture will occur.
Counting small events may be one
means of sharpening the prediction of
the occurrence time as it draws near.

Selsmic wave velocities

The elastic constants, and therefore
the elastic wave velocities, of solids
have long been known to be stress de-
pendent. Much research has been de-
voted to the stress dependence within
the regime of elastic deformation of the
materials, in which the velocity gener-

- ally increases with increasing confining
" pressure and velocity anisotropy results
from the effects of a deviatoric stress.

. More significant for prediction are the
. few observations of the behavior under
loads sufficient to cause [failure.!®

" " ~qo Matsushima subjected samples
anite to successively greater axial
Jsressive loads up to the value to
cause rupture, at confining pressures
up to about 4 kilobars. He measured
the compressional wave velocity in the
direction of the applied axial Joad and
transverse to that direction. At small-

(From V. 1. Ulomov, ret. 15.)

Figure 5

er loads the velocity in both directions
increases as the pore spaces and frac-
tures in the sample close, an effect
that disappears at high conﬁmng pres-
sures.

At confining pressures above about 1
kbar, the velocity in the direction of
the load remains almost constant, or at
most show a small decrease (less than
3%) all the way to failure. On the
other hand, the velocity normal to the
axis of maximal compression begins to
drop dramatically at a load roughly
half that required to produce rupture.
At rupture the velocity has dropped
approximately 38% for a confining
pressuze of 400 bars or 20% at a confin-
ing pressure of 3.5 kbars. These con-
fining pressures correspond roughly to
depths within the earth of l nnd 10
km, respectively.

Indra Gupta extended these earller
observations in two ways. First he
confined the sampie only along one
axis normal to the applied compressive
load, thereby defining axes of maximal,
minimal and intermediate compres-
sion. Second, he measured both the
compressional and shear wave veloci-
ties along all three axez for all values of
the applied load. He found that as the
system approached failure both veloci-
ties decrecased along all three direc-
tions, but by significantly different
amounts. Expressed in terms of the
ratio of - compressional-to-shear wave
velocities, V,/V,, the ratio herdly

changed in the direction of maximal
compression, dropped about 2% in the
direction of the intermediate stress and
about 12% in the direction of minimal
compressive streas. Because of the an-
isotropy of the effect, its detectability
is sensitive to the geometry of the
stress system and the position of the
source volume relative to the observing
network; thus, the effoct will be more
easily observed for some types of fault-
ing than for others.

Much of the current optimism that a
successful scheme of prediction is ulti-

"mately achievable stems from the dis-

covery that systematic temporal varia-
tions in the ratio of the two seismic
wave velocities do occur within the vi-
cinity of an impending earthquake.
The discovery was first reported lor
small-to-moderate earthquakes ia the

" - Garm district of the Soviet Union and

has since been confirmed for small
earthquakes in northern New York
state and for relatively shallow, moder-
ate earthquakes in the central Aleutian
Islands.1® James H. Whitcomab and
his colleagues?® found that the destruc-
tive San Fernando earthquake of Feb-
ruary 1971 was preceded by a well de-
fined anomaly in V,,/V, and could have
been predicted on this basis.

The nature of the anorcaly iz jllus-
trated by A. N. Semyenov's original
data from the Garm district, part of
which is reproduced in figure 6. From
seismograms of small earthquakes in
the selected source region, a vialue of
the ratio V/V, is determined for each
event.2 A normal value of the ratio, -
usually around 1.75, is measured dur-
ing time intervals in which the pro-
cesses leading to a strong event are not
active. Before an earthquake, the
ratio drops to a minimum and then re-
turns to its normal value, with perhaps -
a small overshoot, just about the time
that the large event occurs.

Duration of the ai’:omaly

The magnitude of the predicted
event appears to be independent of the
size of the anomaly but does correlate
with its duration: approximately 30
days for a magnitude-4 event, 90 days
for magnitude 5.5, 3% yeers for the 6.6
San Francisco event and about 10
years for magnitude 7.5. The data re-
ported all appear to fit a linsar trend
on a plot of the Jogarithm of time, in
deys, against magnitude, with a slope
of about 0.7. No data are available yet
to support an extrapolation to magni-
tude 8 or greater,

Whitcomb?® found that this effect
was caused by changes in the com-
pressional-wave velocity, V,, a3 one
would expect from the laboratory stud-
ies, rather than the shear-wave veloci-
ty. Wyss and David Holcomb have
developed a technique for monitoring
changes in the compressional-wave ve.
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locitsy' under seismograph stations in
seismically active areas from routinely
reported earthquake observations.??
No special regional instrument net-
works or observations of local activity
re required; the data for predicting

\jor events that will occur in the

it few years may already be in the
- sdles.

Most likely, even with measurements .

closely spaced in time, the onset of the
snomaly would not be recognized until
it was well developed. The time at
which the values begin to return to
normal is the earliest time at which an
estimate of the time of occurrence and
the magnitude can be made. The
anom~slies are not symmetric about the
minimum; thus, predictions of the
time of occurrence must be revised as
the return to normal approaches.

The determination of the width of
the time window during which the
event is to be expected after the anom-
aly ends is a critical unsolved problem.
The present limited data suggest that
this uncertainty is of the order of 10%
of the total anomaly duration. This
has important implications for large,
potentially disastrous events, for which
the forecast time will be of the order of
years. Whether or not government au-
thorities can respond to the forecast in
a meaningful way to reduce losses will
depend strongly .on both the reliability

f the forecast and the duration of the

~ iod of the alert.

A final set of properties that are sen-
“sitive to stress are the electrical and
magnetic properties of crustal rocks.
Field studies to seek temporal varia-
tions in either the electrical conductiv-
ity or the local genmagnetic field give
results that offer promise but are not
definitive. The conductivity of crustal
rocks is largely governed by the porosi-
ty of the rock, the degree of saturation
with fluids and the electrolytic proper-
ties of those fluids. If the period of
preparation for a large earthquake is
marked by microfracturing of the mass
of rock in the source volume, changes
in conductivity will result, depending
on the availability of fluids to fill
newly created crack porosity. The
-work in the Garm district suggests that
the larger events occur at times. of

minimal resistivity, or maximal satura- .

tion of pore spaces with fluid. This re-
sult is in general agreement with labo-
ratory findings. However, the labora-
tory studies show that a very strong ef-
fect, with decreases of resistivity by an
order of magnitude, occurs in low-po-
rosity rocks that are stressed to failure,
hut that the effect is much smaller if

¢ load is reapplied to cause slip again
dong an existing fracture surface.
Thus, the proper field observations
should be made with electrodes on one
side of the active fault surface rather
than with an array that crosses the

fault in order to observe changes in the
highly stressed but unbroken material
near the fault. Additional research
concerns a piezomagnetic effect, in
which the "susceptibility varies with
stresas, and a possible correlation of
stress changes with geomagnetic field.

Physlical basis of prediction.

Although the original search for
earthquake precursors was almost cn-
tirely empirical, the discovery of a
number of promising promonitory phe-
nomena has led to the formulation of
working hypotheses concemning the

-underlying physics. Each data set in

ﬁgures 4-6 suggests tlmt the prepara-
tion of a region for a large earthquake

~occurs in a number of distinct stages.

From the rrlon data, Ulomov postu-
lated a four-stage process. In the first
stage, a prolonged, slowly increasing
elastic-plastic deformation is accompa-
nied by the compression of large vol-
umes of rock, through the closing of
pore spaces and the deformation of soft
inclusions. The second stage is
marked by rapid elastic deformation;
the volume decreases further and the
deformation of mineral grains occurs.
His third stage is one of plastic defor-
mation with almost no volume change;
the material is under large stress and
this stage culminates in the earth-
quake. The final stage is an interval
of strain relaxation, during which the
aftershocks characteristic of major
crustal events occur.

Laboratory studies of rock fracture

reveal that this mode] fails to take into
account the phenomenon of dilatancy,
which has been discovered to play an
essential role in rock failure. First dis-
covered experimentally by Osborne
Reynoids?® in 1886 and investigated in
detail by William Brace?t and his co-
workers, dilatancy is an inelastic vol-
ume increase caused by the formation
of microcracks oriented parallel to the
axis of maximal compression and open-

-ing up in the direction of least com-

pression. The axial load at which di-
latancy begins depends on the confin-
ing pressure and the material, but it is
somewhat-in excess of 50% of the load
to produce failure. Most of the evi-
dence that dilatancy occurs has been
developed in the laboratory, but Brace
has interpreted certain ore bodies as
the result of deposition from solutions
that filled cracks opened by dilatancy.

Amos Nur?’ suggested that the be-
havior of the seismic wave velocities
prior Lo earthquakes can be explained
on the basis of dilatancy in low-porasi-
ty rocks that are initially saturated
with water. As new cracks and addi-
tional porosity develop during dilatan-
cy, the rock becomes less than totally
saturated. Because the compressional-
wave velocily is more gensitive than
the shear velocity to the degree of satu-
ration, the ratin V,/V, will drop.

Two mechanisms have been suggest-
ed to explain the return of the ratio to
normal and the occurrence of failure at
about. the time this recovery is com-
plete. Nur suggests that ground water
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Large earthquakes in the Garm district, USSR, were preceded by drops in the ratio of
compressional- to shear-wave velocity. Significant changes are those outside the region
(shaded) bounded by one standard deviation. The duration of anomalous vaiues scales
with the magnitude of the event (numbers above arrows). - Figure 6
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from the surrounding region will slowly
percolate into the newly formed cracks,
with & consequent return of the com-
<sional wave velocity to its original
». Because the resistance of a
to slip depends strongly on the
sre of the fluids in the.porcs.
pressure is near

of the medium will weaken it and re-
sult in an earthquake about the time of
the return to the fully saturated stat
In an alternative model developed by
Brian Brady, the interval of wide-
apread dilatancy throughout the vol-
ume of rock is followsd by a period of
very strong dilatancy in the immediate
peighborhood of the incipient fracture.
The nascent source zone acts as an in-
homogeneity in the medium, with cor-
responding strong stress concentrations
around it and a reorientation of the
principal stress axes in the immediate
neighborhood. The substantial volume
increase in the neighborhood of the
fault surface is accommodated by a
closing of tite cracks in the region into
which the fracture will extend next,
causing the velocities in this zone to
return to their predilatancy values.
Once again, failure is expected at
about the time of the return to normal,
although the details are not worked out
~uantitatively. Brady's model in no
rules out the presence of water as
tive agent but it does not depend

" An encouraging aspect of either
model is that the Jalse-alarm rate

should be very low, if not zero. That
is, it appears that a mass of rock can-

not go through the entire sequence of
behavior without failing in the end. It

devoted to the earthquakes associated
with the dJdeep disposal well at the
Rocky Mountain Arsenal® greatly ad-
vanced knowledge of this subject and
formed the basis for concepts of earth-
quake control. If migrating fluids do

- play an essential part in natural earth-

quakes, then the physical basis of pre-
diction &nd ‘of control may be closely
related. -Since both of these are in
their early stages of research, the gen-

" eral feasibility of either is far from es-

tablished. .

Outlook for tho future

The first formal program of predic-
tion research in the US will begin in
1974. As part of a broader national
program on the reduction of earth-
quake hazards, the prediction studies
will be funded and mouitored by the
US Geological Survey. The US is also
cooperating in prediction research with
two other nations—Japan and the
USSR. Only one other nation—the
People’s Republic of China—is known
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Subduction of the Nazca Plate Under Peru as Evidenced by

Focal Mechanisms and by Seismicity

WILLIAM STAUDER
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The focal mechanisms of 40 carthquakes in Peru and Ecuador, together with the seismicity of the
region, indicate particular featuies of the subduction of the oceanic plate bencath this portion of South
America. Al shallow depths ncar the coast and at foci along the contact between the subduction zone and
the continental plate the focal mechanisms indicate an underthrust of the continent by the oceunic plate on
8 thrust plane dipping 10°-15° beneath the continent. Near this sume depth but at 1oa within the oceanic
plate. normal faults occur that correspond both 10 flexure of the plate and to downdip avial tension. At in-
termediate depths the plate continues 10 act as a siress guide. the axis of tension being down about 30*
from the horizontal and trending 1o the ENE. The dip of the BeniolT zone sieepens notably in southern
Peru near the Peru-Chile corner, and the motion of the descending slub relative to the coniinental plate is
in a direction N40°E. Deep-focus earthquakes indicate a vertical segment of plate under axial compres-
sion at depths of 550-600 km. Numerous earthquakes also occur interior to the vontinent and within the
continental lithosphere at depths down 10 90 km. Both strike slip and reverse-type fauits are found. but in

-eivther & ’c the strass system corpesponds Lo an E-W ‘herizontal compression. Comparnison with the
scismicity is consistent with the model of an oceanic plate moving ulmost horizontally under the continen-
tal lithosphere in northern and central Peru and a separatc, more steeply plunging segment of piate mov-

ing normal to the coast under southern Peru.

In a recent paper Stauder [1973] presented focal mechanism
solutions for 61 earthquakes occurring in northern and central
Chile. Since present-day earthquakes are manifestations of
plate tectonics in process, the relative directions of motion 4nd
“te orientation of principal stresses indicated by these
_Stutions have thrown Yght on the characteristics of the sub-

"duction of the oceanic plate under this portion of South
America. The present paper extends these studies to earth-
quakes of Peru and Ecuador.

EARTHQUAKES SELECTED FOR STUDY

The overall seismicity of Peru and Ecuador for the years
1961-1968 is indicated in the epicenter map in Figure 1. It is
noted that normal-focus earthquakes are confined chiefly to
Ane goastal egion, although gnprrcal-{ocus carthquahes are
also located within the continer.tal plate (interior to the coast)
and are more numerous within the continental plate than they
are, say, in Chile. Intermediaie-depth carthquakes tend to lie
in a broad band beneath central Peru and, except in southern
Peru, are relatively disconnected laterally from the normal-
focus earthquakes. Deep-focus carthquazkes are confined 10 a
narrow N-S strip in wesiern Brazil extending [rom only 7°S to
11°S. A second very minor locale of deep-focus earthquakes
occurs offset to the east and to the south from the first and ex-
tends from 13°S to 14°S.

Against this background of seismic activity, 40 of the larger
earthquakes of 1963~1972 were selected for study. These
carthquakes lic within the latitude range 0°-18°S. All are of
magnitude m, = 5.7 or greater, and the suile of these events
constitutes virtually all of the earthquakes occurring within the
space and time frame in question that are large enough (o
study by the methods applied.

Hypocenter information is given in Table I, where for ease

f identification the earthquakes are lisied in chronologic3l

“ order. Later discussion will be in geographic order according
to class groupings. as indicated by the identification number ¥
given in the last column of the table. The relative locations and

Copyright © 1975 by the American Geophysical Union.
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the identification by classes of all of these earthquakes are in-
dicated in Figure 2. There are 14 normal-focus earthquakes
with foci near the coast or beneath the trench. There are 10
intermediate-depth shocks and six deep-focus shocks. There
are also 10 earthquakes identified as occurring within the con-
tinental block. The depth of focus of these latter events varies
from 1 10 89 km. '

The data source for the study consisted of 70-mm film copies
of the records of selected World-\Wide Standard Seismograph
Network stations. Observations of the P and § waves were
made on the long-period records only. Focal mechanisms were
determined from both P wave first motions and § wave
polarization angles.

The focal mechanisms so determined arc given in Table 2. In

this table the earthquakes are listed by the identifcation

number N defined above. In addition 1o date. origin time. und
location, the table presents the trend and plunge of the X and
Y axes (poles of the ncdal planes) and of the P, T, and 8 axes
(axes of pressure and tension and the null axes, or axes of
grealest, least, and intermediaie compressional stress, respec-
tively). Half these salulions were determined for this particular
study: one solution is taken from the work of Chandra [1970),
one is taken from Srauder and Bollinger [1966). and the
remaining solutions are from JWagner [1972], as is indicated by
the reference in the last column of the 1able. Graphic solutions,
with the P and § wave data on which the individual solutions
are based, are availuble upon request.!

EXAMINATION OF SOLLTIONS

The focal mechanism solutions in Table 2 are ordered from
north to south and according to four groupings. We consider
them in order,

Normal-focus earthquakes. Earthquakes 1-15 (Table 2)are
of normal focal depth. The focal mechanisms for all these

' Equsl-area projections are available with entire articie on micro-
fiche. Order from Amencan Geophyuical Union, 1909 K Street. N.W
Washington, D. C. 20006. Document J758-003; $1.00. Payment must
accompany order.
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Fig. 1. Secismicity of Peru and Ecuador for the years 1961-1968. (Taken from Map NEIC 3014, U.S. Depaniment
of Commerce.)

carthquakes are indicated in Figure 3, which presents a

mechanism diagram for each individual eurthquake together

with the identification of its epicentral location, a comparison
" of the focal mechanisms with one another thus being aliowed.
The shaded quadrants in the mechanism diagrams represent
- the quadranis of rarefaction first motion of the P wave, The
.- centers of these quadrants are the P axes. The centers of the
unshaded quadrants are the 7 axes.

The mechanisms themselves can be considered in three
groupings: (1) those of the earthquakes clustering+at about
10°S, which are relaied to the zones active in the two larger
carshquakes of Ociober 1966 and May 1970 (earthquakes 2-7);
(2) those of isolated foci occurring near or under the coast bul
separated from the first group (earthquakes 1, 8, 9, and 10);
and (3) those of carthquakes occurring under or near the
trench (earthquakes 11-14).

Beginning with the middle group. each mechanism (sce
Figure 3) involves one nodal plane that dips steeply to the west
or southwest. The second nodal plane in each case dips gently
under the continent. If the latter is taken as the fault plane, the
signs of the first motion quadrants are such as 1o correspond to
an underthrusting of the continent by the oceanic plaie at the
depth of focus. The direction of underthrust is to the east in
carthquakes | and 8 and to the northeast and on a slightly
steeper thrust: surface nearer the-Peru-Chile corner in earth.
quakes 9 and 10.

The mechanisms in the vicinity of the carthquakes of 196¢
and 1970 are more complicated. The two major ecarthquakes ir
question have been studied by Abe {1972]. The resuit of the
present study serve to confirm his findings and 10 extend the
study of the carthquake motion to some of the large:
aliershocks of the 1970 earthquake. The shaded regions ir
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Figure J outline the area active in the two earthquakes as iden-
tified by Abe from the zone of aflershocks. The mechanism
given in Table 2 for the major shock of 1966 is virtually iden-
tical to that determined by Abe from P first motion and from
the spectra of surface waves. The motion is interpreted as an
underthrust of the occanic plate along an elongaled surface
normal 1o the coast, as identified by the aftershocks, and dip-
ping gently (only 10°-15°) under the continent. Earthquake 6
(1963) occurred at a greater depth, 63 km, at the inward extent
of this zone and corresponds to extension within the subducted
plate parallel to the dip of the plate. Earthquake 185, deeper
still (¢ = 80 km) and included among the intermediate-depth
shocks below, carries this same axial extension further
downward along the plate and in the same ENE direction.

The mechanism of the main shock of 1970 (carthquake 2) as
given in Table 2 is again in close agreement with that of Abe,
The two solutions differ by only 3° in the dip of the nodal
planes. As Abe remarks, the aftershocks of this earthquake are
located over a range of depth from 40 to 100 km. The elonga-
tion of the aftershock zone corresponds to the sirike of the
nodal plaies. Either of the nodal plancs may be taken as the
fault plane, and in erther case the faulting is normal faulting. 1t
is concluded that the fracture occurred within the plate and is
related 1o flexure as the plate begins to descend or to axial ten-
sion under gravitational stress.

The three aftershocks studied here (earthquakes 3, 4, and 5),
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however, are more difficult to interpret. All of these corres-
pond to reverse faulting. the axis of compressive stress being
located approximately along the dip of the plate. The listed
focal depths of these shocks are comparable to or only slightly
greater than the focal depth of the main shock. It is possible
that these represent a stress condition in the lower portion of
the plate as the plate bends or as it adjusts to the condition of
the stress after the initial major fracture,

Earthquakes |1-{4 are those that occur under the trench.
The mechanisms of 11 and 12 indicate horizontal tension nor-
mal to the tectonic trend. These foci are located in the upper
portion of the oceanic plate and at the point of flexure of the
plale as it begins to converge benecath the continental plate.
This interpretation is in agreement with the condition found
previously by Siauder [1968] for foci bencath the Aleutian
trench. .

In earthquakes 13 and 14 one of the principal stresses is
again horizontal and normal to the trend of the trench, but in
this case the horizontal stress is compressive. The focal depth
and location of carthquake 13 indicate that the focus of this
shock may bz in the continental plate near its leading edge,
where reverse faulting might be expected. No explanation is
offered for the mechanism of earthquake 14 (reverse faulting
within the upper portion of the oceanic plate). Similar
mechanisms were found for foci under the trench off the coast
of Chile [Stauder, 1973). Mendiguren [1971) has shown that the

TABLE 1. Chronological List of Earthquakes Studied
Ongin Latitude, Longitude, A,

Date Time deg deg km m, N
Apr. 13,1963 02h 20m 583 62 76.5 125 . 1.0 19— ~
May 10, 1963 22h 22m 42 22 7.6 3 6.7 3
Aug. 15,1963 17h 25m 06.0s 13.8 69.3 543 8.0 Jo
Aug. 29,1963 15h 30m 31s 7.1 81.6 3 6.5 i

" Sep. 17,1963 05h 54m l4s 10.6 78.2 61 6.7 6
Sep. 24,1963 16h 30m 163 10.6 78.0 80 7.0 2~
Nov. 3, 1963 03h 10m 13s s 71.8 3 6.7 3
Nov. 9, 1963 21h !15m 30.0s 9.0 7.5 600 7.0 26
Nov. 10, 1963 01h 00m 39.0s 9.2 715 600 6.7 7
Aug. 3, 1965 021:01m 52.0s 1.7 . 81 49 5.8 12
Sep.ii7, 1965 1Th 12m 56.0s 1.4 77.6 190 6.0 16
Nov. 3. 1965 0th 39m 03.1s 9.1 73 593 6.2 29
May 1, 1966 16h 22m 56s 8.5 74.3 165 5.7 20—
June 7, 1966 00h 59m 463 149 75.8 48 6.5 8
Oct. 17, 1966 21h41m 568 10.7 78.7 38 1.5 7
Feb. 9, 1967 15h24m 47.2s 29 74.9 58 . 6.3 32
Feb. 185, 1967 16h 11m 11.8s 9.0 713 597 6.2 28
Mar. 2, 1967 02h 49m 31.7s 0.3 78.7 121 5.8 15
Sep. 3. 1967 21h 07m 30.1s 10.6 79.8 38 6.5 14
June 19, 1968 08h 13m 35.05 $5 71.15 89 6.4 s
July 30, 1968 20h 38m 42.0s 6.9 80.45 » 5.8 !
Sep. 9. 1968 00h 37m 43.2s 8.7 74.5 120 6.0 2]—
Sep. 28, 1968 13h 53m 33.4s 13.2 76.4 70 6.4 23—
Oct. 31,1968 09h 15m 46.9s 16.4 73.4 67 5.7 9

“< Feb. 4, 1969 14h 10m 13.3s 82 80.2 16 6.0 13
July 19,1969 O1h S4m 54.1s 17.3 72.5 "4 5.9 10
July 24, 1969 02h 59m 21.0s 11.9 5.1 ] 5.9 38
Oct. 1, 1969 0Sh 05m 43.23 1.9 75.1 4 59 39
Feb. 14,1970 1Tth 17m 16.1s 9.9 75.6 35 5.9 n
(May 31,1972 20h 33m 273s 9.2 78.8 3 6.6 2
|June 2, 1970 01h 37m 27.7s 9.8 78.8 58 57 3
IJune 4, 1970 0<h 09m 26.3s 9.8 78.6 57 5.8 4
June 17,1970 04h 44m 20.9s 15.8 71.8 91 59 24
July 2, 1970 00h 45m 02.0s 10.1 78.6 62 5.8 5
Dec. 10,1970 04h 34m 49.8s 40 0.7 25 6.5 4,
May 17,1971 11h 04m 07.13 1.6 7.9 176 5.7 17
July 27, 1971 02h 02m 49.63 2.7 77.4 135 6.3 18
Oct. 15, 1971 10h 33m 46.7s 14.1 73.3 54 s.7 40
Jan_ 12,1972 09h S9m 10.3s 6.9 71.8 580 59 25
Mar. 20, 1972 07h 33m 49.6s 6.3 76.8 o4 6.1 36
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EARTHQUAKES STUDIED
mp 4+ 4

Fig. 2. Earthquakes selected for study. Solid circles represent
normal-focus earthquakes occurring near the coast, solid squares in-
. dicate shocks of intermediate focal depth. solid triangles indicate decp
. fodi, and open diamonds represent the foci occurring interior to the
continent within the continental lithosphere.

Nazca plate itself is being compressed in the direction of plate
motion, this compression possibly influencing the release of
stress in carthquakes near the trench.

Earthquakes of intermediate focal depth. The mechanism
diagrams [or the earthquakes of intermediate focal depth
(15-24 in Table 2) are presented in Figure 4. A twolold
classification suggests itsell. The first classification concerns
Sarthquakes.in £5uador ard in northern to central Pery versus
those in central and southern Peru. The latter are shallow and
have their foci under or near the coast. If it is assumed, as was
suggested by Elsasser [1967] (see Isacks et al. [1968]) and amp-
ly documented by Isacks and Molnar [1971], that the descend-
ing slab acts as a stress guide, the axial stress in these earth-
quakes and at depths of 70-90 km in southern Peru is ten-
sional and to the northeast. This represents failure under
gravitational sinking relatively high in the slab and along a
zone descending more steeply under the continent than to the
north.

A second classification concerns the direction of motion or
direction of principal stresses active at the foci of the northern
group. Examination of the symbols in Figure 4 shows two
categories: (1) squares with the solid upper portion, which in-
dicate foci whose axes are oriented in a manner similar to that
of those just discussed (that is, with the tension axis down 30°
from the horizontal and dipping to the northeast), and (2)
squares with the solid lower ponion, which indicate foci with
N.S trending nodal planes and axes of tension that are nearly
horizontal and oriented E-W, An equal-area projection
presents the P, B, and T axes of the two groups in the upper
and lower inscts of Figure 4, respectively. A depth difference
(depths are indicated by the number near the symbol for cach
earthquake in Figure 4) separates the two classes, at least in

Stauoen: Nazca PLatt SusoucToN

Ecuador and northern Peru, The shallower foci (A = 120-135
km) have horizontal E-W tension axes. and the decper foci (A
= ]75-190 km) have a trend that seems to correspond to the
dominant trend of the axis of least stress under both Chile
[Sm‘udcr. 1973) snd Peru. Again on the assumption that the
slab acts as a stress guide, this indicates that the general
current motion of subduction, whatever its differences in
character from point to point, is downward at an angle of
about 30° and to the northeast at the level of the intermediate
focal depth carthquakes investigated.

Earthquakes 20 and 2! reverse the depth relationship of the
E-W versus northeast trending axes of tension. The deeper of
the two, earthquake 20, has the E-W tension axis, and the
shallower, carthquake 21, has the NE trending axis. These two
foci are near the southern extremity (see Figure 1) of the band
of intermediate focal depth carthquakes extending from
Ecuador to near the Peru-Brazil border and probably mark a
change in the character of subduction south of this latitude,

Deep-focus earthquakes. Earthquakes 25-30 (Table 2) are
decp-focus shocks. The first five of these shocks belong to the

“mein, ‘very rartow trend cf deep-focus shocks between 7°S

and 11°S. The first occurs at the northern extremity, and the
next four group toward the southern extremity of the zone,
The focal depths are all remarkably uniform, varying from $80
km for the first to 593-600 km for the remaining four.

The focal mechanisms for these earthquakes are indicated in
Figure 5. The similarity of the mechanisms for earthquakes
25-29 is clear. The strikes of the possible fault planes are
aligned closely along the trend N10*°W (see Figure 1) of the
epicenters of deep-focus carthquakes. The central quadrant in
all cases is a rarefaction quadrant corresponding to normal
faulting in the conventional sense. But the geometric con-
figuration with relation to a descending slab is such as to cor-
respond to shortening or to compressional stress in the vertical
direction.

The inset on the left of Figure 5, the equal-arca projections
of the P, B, and T axes, illustrates the similarity of mecha-
nisms more quantitatively. The P axes are nearly vertical, the
B or intermediate-stress axes are horizontal and oriented
N10°W, and the T axss,are almost horizontal and N100°W. If
it is assumed that the trend of the hypocenters in Figure |
corresponds to the orientation of a segment of plate and that
the plate acts as a stress guide, three conclusions follow: (1} the
P and B axes lic in the plate and indicate a segment of plate
descending vertically in this locality under South America, (2)
the segment of plate in question is limited in dimension and is
oriented N10°W, and (3) the concentration of deep-focus
carthquakes at a 600-km depth and the compressional stress
along the axis of the plate at this depth indicate the lower ter-
minus of this segment of subducted plaie as the plate en-
counters more resistive rock material at this depth within the
mesosphere.

The mechanism of earthquake 30 requires some difference in
interpretation. This carthquake is one of the small concentra-
tion of foci at 13°S-14°S. The P axis dips steeply (65°) to the
northeast, the T axis is nearly horizontal and trends N60°W
(parallel to the coast), and the B axis dips gently (23°) to the
southwest. Again assuming that the descending plate acts as a
stress guide, and for other cumulative reasons to be developed
below, we conclude that in this case the P and T axes lie within
and define the orientation of a segment of plate and that the
plate in this locality and at this depth is descending in the
direction N30*E.

Foci within the coniinenial plate. Earthquakes 31-40 all oc-
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TABLE 2.

Focal Mechanism Parumeters

. . X Y P T 8
Latitude, Longitude, h,

N Date Time deg deg km Trend Plunge  Trend Plunge  Trend Plunge  Trend Plunge  Trend Plunge Reference

1 July30, 1968 2038 6.9 80.4 37 256 )] 7 Is 254 30 )] 0 16) I Wagner (1972)

2 MaydlL 1970~ 2033 9.3 8.8 49 250 40 70 30 250 ss 10 03 340 0

3 June2, 1970 5~sF 0137 . 9.3 19.0 49 230 28 [ 87 n f 267 6) 130 2

4 Juned, 1970 0409 98 8.6 57 100 70 24 16 10 2 p}1] 59 34 12

S July2, 19707 0045 10.1 8.6 62 130 19 68 4 19 43 239 40 b3} 10

6  Sep.17,19637 0554 10.6 782 61 238 n 97 46 .16 .. - 5" 180 69 M4 20 Wagner [1972)
g 7T Oct.12.1966— 2141 10.7 8.7 k] 60 12 220 7 236 3 66 7 329 4

5 Junel, 1966 0039 149 75.8 4 90 1" 240 n 252 27 104 6l 57 9
~ 9  Oc.dl, 1968 09i3 16.4 7.4 67 225 0 25 k1] 214 6 36 ] 12) 10
2 10 July 19, }969 0434 1.3 725 s4 228 n 3s 18 b1} b1 .30 6) 125 )
§ 1 Aug.29. 1963 1530 7.1 8.6 0 247 36 460 49 82 7 193 n 350 17 Wagner (1972)

17 Aug.), 1965 0201 1.7 81 49 250 30 " 50 201 6) % " 388 24
k 13 Feb.4,1969 0410 8.2 80.2 16 140 a 254 2 101 IS 210 50 360 36 Wagner [1972)

4 Sep.3,1967 < 2107 106 1944 LB o [ I M 57 2 328 49 150 4 Wagner (1972}

IS Mar.2,1967 0247 0.3 8.7 217N 35 Ji2 36 i1 57 282 0 192 35
“ 16 Scp. 17,1965 Hn 1.4 7.6 190 1) 74 225 4 24 39 39 3 133 1 Wagner {512
& 17 May 1,9 1104 1.6 77 176 220 19 60 70 45 2 209 6) m 6

18 July21,1971 0202 2.7 1.4 138 253 3 s 44 194 65 94 4 2 M4
S 19 Apr.13,196) 0220 6.2 6.5 125 290 89 79 7 270 16 48 68 176 14 Stouderand
Q : bollinger [1966)
s 20 Mayl, 1966 1622 8.5 74.) 165 719 T 157 6) "n 7 251 54 135. 22 Wagner [1972)
§ 2 Sep.9, 1968 0037 8.7 4.8 120 7 7] 249 ] 57 36 265 ] 157 14 Wagner [1972)
L2 sep.24, 1963 1630 10.6 8.0 50 0 65 238 I3 251 ___% 39 7 139 0
S 23 Sep.2s,1968 1353 13.2 76.4 170 3 75 246 n (&1 2 ) po 257 Y] 154 8 Wogner (1972}
—24___lune 17,1970 0444 15.8 7.8 9 220 10 . 48 80 219 1] 41 3 3o 1
v 25 Jan. 12,1972 0959 6.9 71.8 580 70 8 278 60 4 10 259 16 166 n
d 26 Nov.9, 196 211 9.0 7.8 600 50 44 262 46 130 8 261 1 m | Wagner [1972)
>~ 21 Nov. 10, 196) 0100 9.2 718 600 87 46 278 44 339 86 91 1 1] 4 Wagner {1972)
NN 28 Feb. 15, 1967 1611 9.0 7. 597 7 38 257 1] 7 80 257 10 347 0  Wagner [1972)
) Nov. 3, 1965 0139 9.1 " 593 105 50 89 ¥ 136 L] 26) .3 383 1 iYagmer [1972)

30 Aug. 15,1963 1728 13.8 69.) 543 - 98 k) m 4 n 66 299 4 207 24 Chandra [1970)

31 May 0,196 222 22 1.6 3 295 16 b} ? 250 6 ) 16 140 13 Wagner [1972)

32 Feh.9, 1967 1524 29 749 (1] 290 2 2 6 24) 1] 340 24 123 6! Wagner [i1972)
} 33 Nov.3,196) “0310 3 7.8 3 256 » }) (3] 7 ] 239 L] 348 3 Wagner {1972)
¥ M Dee 10,1970 0434 4.0 80.7 25 175 35 3] 7] 348 9 209 '] 79 (] .

35 Junc 19, 1968 0813 5.5 7.2 8 95 36 267 54 m 9 is 80 p) 4 Wagner [19M2)
§ 36 Mar. 20,1972 0733 6.8 76.8 64 265 65 80 25 262 20 76 10 1 2 '
L3 Feb. 14,1970 "7 9.9 5.6 3s 95 7 45 60 264 1 124 o8 358 K]

B July 24,1969 0259 1.9 5.1 ! 138 4s 250 20 99 15 206 48 337 k1]

\\‘. 39 Octi, 1969 0505 1.9 7.1 4 130 45 242 20 91 15 198 a 349 »
; 0 Ot 18,197 1033 14.1 7.3 4 130 15 228 ] 268 p) m 4 ) 66
(=]
o
o
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NORMAL FOCUS -
COASTAL EARTHQ

205~
"+.3. Focal mechanism diagrams for earthquakes of normal focal
h. Shaded areas indicate quadrants of rarefaction first motion.

cur within the continental plate. About half of these arc quite

shallow, but others cxtend down to depths of 50-90 km. The

focal mechanism diagrams for these carthquakes are presented
in Figure 6. st I labered

Three of thc??;r ms (earthquakes 31, 32, and 40) indicate
predominantly/strike slip faulting. The remainder are high-
angle reverse faults. The former are indicated by the diamond
symbols with the solid upper portion in Figure 6, and the
latter, witk the exception of earthquake 34, by ihe symbols
with the solid lower portion. The projections of the P, 8, and T
axes of the two groups are given in the upper and lower insets
of the figure, respectively. It is seen that both groups corres-
pond to a horizontal E-W pressure.

Earthquake 34 is close to the leading edge of the continental
plate and near, in fact, to the westernmost limit of South
America. The motion in this earthquake represents a N-S com-
pression and is probably a result of the reaction within the
continental slab to small differences in the direction of subduc-
tion of the oceanic plate in response to its contact with the
sharply convex boundary here of the continental slab.

S Earthquakes 38 and 39 were destructive ecarthquakes that
occurred near Huancayo on July 24 and October |, 1969. Both
were of very shallow focus. As was reported by Ernesto Daa

of the Instituto Geofisico del Peru, Lima [Lander, 1970}, e

first was accompanied by a surface fracture with a vertical dis-

‘lacement of 0.4 m. In the second earthquake the same fault

1s again activated with up to 1.6 m of vertical displacement

.nd around 0.70 m of horizontal displacement. The fault had a

northwest strike. the motion being up on the northeast block

and down on the southwest.

When _this information is used as a guide in selecting the
fault plane from the two nodal planes for the earthquake of
October 1, the focal parameters in Table 2 give a fault with a

STAUDER: NAZCA PLATE SUSDUCTION

strike N28°W, dipping 70° to the northeast. The first motion
indicates up on the northeast side, in conformity with the field
observations. The motion vector gives 0.77 as the dip slip com-
ponent of displacement and 0.64 left lateral as the strike slip
component.

RELATION TO THE SEISMICITY

The number of carthquakes large enough to yicld a deter-
mination of the focal mechanism is, unfortunately, relatively
small. A fuller picture of the overall flow of the subduction
process, however, may be obtained by correlating these few in-
dividual foci with the general seismicity of the region. For this
purpose the National Ocean Survey hypocenter file for the
years 1961-1972 was searched to obtain the subset of
hypocenters occurring - within the region 2°N-18°S,
65°W-85°W. Thesc are plotted (Figure 7) in a series of projec-
tions A-A to F-F on a vertical plane by 4° intervals of latitude.
The sections are identified on the index maps indicated in sec-
tions A-A and E-E. The position of the Peru trench is in-
dicated by the small inverted solid triangle at the top of each
section.

The shallow dip of the zone of intermediate-depth carth-
quakes is immadiately apparent, as is the silent zone below
about a 300-km depth, or even below a 200-km focal depth in
northern Peru. But for more detailed examination, attention is
first calied to sections D-D, E-E, and F-F. The first two are E-
W sections, approximately in the direction of motion of the
Nazca plate as it approaches the coast. Section F-F overlaps
the other two and has a strike N4S°E, approximately perpen-
dicular to the coast. The stecper dip and the weil-defined
charazter of the Benioff zone indicate that this section is much
closer to the gradient of the zone of hypocenters than either of
the other two,

The conclusion is that the Benioff zone, and by assumption
the dip of the oceanic slab and its direction of motion under
southern Peru, is N30°=42°E (normal to the coast) and down
from the horizontal about 30°, in keeping with the motion
found above in earthquakes 9 and 10 (underthrust to the
northeast) and in carthquake 24 (axial tension N42°E, down
35°).

The contrast between section F-F and sections D-D and E-
E. with the graphic information that it gives about the subduc-
tion under southern Peru, suggested trying sections normal to
the coast along remaining portions of the coast of Peru. Some
minor improvement vras found in the definition of the zone ¢f
intermediate-focus earthquakes in the section ncrmal to the
coast of central Per, but no other significant changes were
found. This finding is in keeping with a very shallow dip or
even 2 shoaling of the oceanic slab under the continent,

On this basis, for the purpose of further discussion. the
hypocenter sections are re-presented in Figure 8 with a pro-
posed slab configuration drawn in. Also indicated are the
positions on the sections of the intermediate-depth and con-
tinental plate earthquakes whose mechanisms were presented
above.

DtscussioN

In previous related studies Sykes and Hayes {1971] reported
that in Peru the oceanic lithosphere may not descend at 3
moderate dip under the continent as it does in northern Chile
but may move almost horizontally under the continent. Isacks
and A Jnar [1971] showed that for carthquakes of magnitude
$ and larger the seismic zone is slablike under central Peru and
has a dip of only 10°-15. The focal mechanisms of this study
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Fig. 4. Focal mechanism diagrams for carthquakes of intermediate .focal depth. Squares with solid upper portions in-

L]

“horizontal and oricated E-W,

and the hypocenter sections in Figure 8 allow further
specifications of the slab and of the slab motion,

A comparison of sections A-A and B-B (Figure 8) shows the
convergence motion of the plate under Ecuador and northem
Peru to be influenced by the configuration of the continental
boundary. Section B-B includes the westernmost promontory
of the crntinent. The dip of the oceanic slab is least under this
portion of South America. Immediately to the north both the
coast of Ecuador and the axis of the trench verge to the east;
descent of the slab begins at a more easterly point, with a con-
sequent steeper dip and an attendant contortion of the slab.
Intermediate-depth foci show that at a depth of about 200 km
(see section A-A) and near the leading edge, or at least the edge
of the seismically active portion of the plate, the direction of
subduction as indicated by the tension axes is northeast and

wn at about 30°.

Section C-C is the least well defined. There is some indica-
40n (see section C-C, Figure 7) that the Benioff zone may de-
scend more steeply, divorced from the cluster of intermediate-
depth foci that occur 500-600 km interior from the border of
the continent. This hypothesis has been proposed. in fact, by
Okada {1973}, who found the depth of conversion from ScS to

dicate foci with 1zasicn axss dipping 0° to the northeast. Squares with solid lower portions indicate foci with tension axes

an ScSp phase, which he identified with a plate boundary, to
be below the gently dipping slab model of /sacks and Molnar
[1971), Sykes (1972], and others but along a line continued
downward from the ocean side shallow seismic activity. In this
event the slab itself is virtually aseismic at intermediate depths.
This would be in keeping with the high Q reported by Sacks
and Okada (1973) beneath the continent and interpreted as im-
plying that the underthrusted mantle in western South
America is lithospheric rather than asthenospheric and hence
capable of supporting earthquakes. That is, the continental
lithosphere has a thick (350 km) high-rigidity root. Encounter
with this root forms the shape of the subduction zone.

On the basis of the fault motion in normal-focus carth-
quakes off the coast of Peru (shallow underthrust plus axial ex-
tension within the plate) reported above and on the basis of the
difference that we have found in the type of earthquakes oc-
curring within the continental plate down to a 100-km depth
versus those below this level, in what we have inferred to be the
oceanic slab, we prefer the interpretation of Sykes and Hayes
[1971) and lsacks and Moinar [1971) cited above. This, toc,
allows for a lithosphere of double thickness under Peru but
one of continental composition and one of oceaniz. It also
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allows for a laterally homogencous low-Q zone below a 350-
km depth as found by Sacks and Okada [1973) under Peru.

Model studies by Jacoby {1973) suggest that such a subduc-
tion configuration might result if, in addition to motion of the
oceanic plate, the arc or continent side plate advances toward
the descending plate with respect 10 the decper mantle, as is the
case in South America. .

Accordingly. section C-C (Figure 8) proposes a slab of
shallow dip extending almost horizontally under the continent.
The cvidence from the scveral normal-focus carthquakes, es-
pecially those associated with the coastal earthquakes of 1966
and 1970 shows that the direction of underthrust is normal t0
the coast, that is, about N60°E. The motion of the plate at in-
termediate depths is presumed to be the same as that in sec-
tions B-B and A-A, although foci 20 and 21, as mentioned
above, may imply some change at the latitude of these
epicenters. We associate this indication of change with a bound-
ary of a segment of the plate and infer that to the south the
plateis descending more steeply, independently of the segment
that we have been considering, and in a direction N30°—40°E.
In fact. the segment of plate indicated in C-C or in D*-D’
below may partially override the one indicated in E'-E'.

Section D'-D’ presents a section 6° in width that is normal
to the coast of central Peru and overlaps the previous section
= the interior extreme of the hypocenter zone. This section is

STAUDIR: NAZCA PLaTE SUBSDUCTION
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regarded as being along the gradient of the slab rzther than
oblique to it, as was the preceding section. No additional com-
ment is required concerning the motion of the oceanic siab at
shallow to intermediate depths. Attention is drawn, however,
to the deep-focus carthquakes and to the silent zone from
depths of 250 to 550 km.

There is much discussion about whether in South America,
both under Peru and under Chile. the descending oceanic slab
is continuous through the silent zone with the zone of deep-
focus carthquakes or whether the shallow and intermediate
seismicity defines a present segment of plate and the decp
seismiicity defines the remnant of an earlier epoch of subduc-
tion. We have already seen that the deep-focus carthquakes
define a zone (segment of vertically descending slab) oriented
N10°W. The greater diffusion of deep-focus hvpocenters in
section D'-D’ versus that in C-C is consistent with this but also
illustrates that a slab whose dip direction is along the cross sec-
tion D'-D’ is not likely to be continucus with the zone of deep-
focus carthquakes. That is, the trend of the gradient of a scg-
ment of plate defined by the deep-focus carthquakes is not the
same as that of the siab at intermediate depth. The choice,
then, of the shallcw slab under Peru favors two distinct epochs
of spreading and discontinuity of the slab between depths of
about 250 and 550 km. :

Section E'-E' is a vertical section 6° in width in the direction
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N40°E, approximately normal to the coast of southern Peru.
.. As was remarked above, the Benioff zone in thig region clearly
“Wefines the dip and direction of the descending slab under this
,portion of Peru. The focal mechanisms agree with this con-
" figuration and direction of subduction. The marked difference
between the dip of this segment and that of certral Peru im-
plies severe contortion or, more likely, separate tongues of the
oceanic slab, which.is the interpretation here proposed.
Given a steepening of the dip of the slab from 30° to 60°
below a depth of 300 km, the zone just mentioned has the same
trend as that defined by the P and T axes of earthquake 30 dis-
cussed above. The segment of plate at this depth (543 km) is of
small lateral dimension, and the horizontal T axis, assumed to
define the orientation of the plate, implies lateral extension.
Given the steeper dip of the slab at depths shallower than
those in other regions under Peru and the similarity of trend of
segments of slab and of slab motion at intermediate- and decp-
focus depths, the probability of continuity of the slab may be
argued more forcefully here than in section D’-D’. Although
there is no recason to believe that the plate should be con-
tinuous here but not under central Peru or under Chile, the
present study-offers no evidence'favoring one position rather
than the other in southern Peru.
It is variously argued that anomalous high-frequency

a4 76°
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arrivals following the normal § wave arrival on seismozrams
at Nafa, Peru (NNA), Arequipa, Peru (ARE), Antofagasta,
Chile (ANT), and other stations support continuity of the slab
(Isacks and Barazangi, 1973] under western South America or
that they are converted waves that imply no continuity [Snoke
et al., 1973]. The question is still an open one and seems most
likely to yield to further studies of the anomalous high-
frequency arrivals and of the Q structure.

SuMmMarY

The focal mechanisms of carthquakes and the seismicity of
Peru are interpreted as evidencing an underthrust of the
oceanic plate along a thrust surface of small dip (10*-157) un-
der northern and central Peru and for a continuing subduction
of the plate almost horizontally under the continental
lithosphere in the direction N6G®E. Under southern Peru a
separate tongue of the plate descends more steeply, at a dip of
about 30° and in the direction N30*—40°E. Under central Peru
the zone of deep-focus earthquakes is more probably not a seg-
ment of slab that is continuous with the slab at intermediate
depths. Within the contiftental lithosphere the focal
mechanisms that occur at depths froen 1 to 100 km indicate an
E-W horizontal compression.

r2e

Fig. 6. Focal mechanism diagrams for foci interior to the continent within the continental lithosphere.
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Theory of Earthquakes P

I. A Scale Independent Theory of RockfFailurc

By B. T. BraDY')

Summary - A scale independent failure theory governing the initiation and subsequent growth of
+» shear fault in rock is presented in this article. Four distinct phases of behavior in this theory are
1own to precede fault growth in rock. 1) Dilatant Phase: Cracks form in 1\he rock in response to the
oplied stresses. This phase begins at a maximum principal stress whose raagnitude is usually well below
- ultimate strength of the rock. 2) Inclusion Phase: Clusters of cracks develop in the rock at a point
- time when the rock is within a few per cent of its ultimate strength. The clusters behuve physically
- low modulus elastic inclusions embedded within a host material of higher modulus. As a result of this
slastic’ contrast, there is a rotation of the prinzipal stress axes and a decrease in the magnitude of the
srincipal stress difference in the focal region of the inclusion: that is, the region into which the inclusion
«il} grow at failure. 3) Closure Phase: In this phase, there is closure of cracks in the focal region in re-
;ponse to *he decrease in the magnitude of the principal stress &ierence due to the formation of the
nclusion. As a result of crack closure in the focal regicn, the stress concentration in the focal region
ncrec  and becomes 2 maxin:um once all cracks which opened during the dilatant phasc arc closed.
stth.  ne, the transverse teiisile suress in the interior of the inclusion also reaches & maximum,
Macrocrack growth within thz inclusion begins. 4) Growth Phase: Fault growth commenzes during this
phase. Reopering of previously closed cracks occurs due te theincrease in the principal stress differerice
in the focal region resulting from macrocrack growth vithin the inclusion. New cracks form and rapid
growth of the macrocrack (in its own plane) occurs once the length of the mecrocrack excezds a critizal
valuz. The fault represents the portion of the macrocrack which has closed.

Introduction

An undersianding of the causes and mechanisms of earthquakes is one of the most
basic problems in gcophysics today. The cause of an earthquake must be the creation
at some location within the earth of a stress condition sufficient to cause failure of rock.
Large horizontal stresses whose magnitudes often exceed the vertical stress are known
to be present in the crust and, possibly, the upper portion of the earth’s mantle. Direct
evidence of high excess horizontal stress has been found from static stress measurements
in deep mines in the crust and from seismic studies (OBERT and DuvaLL [1}), Wyss
and MoLNaRr [2]). Itis clear that these high stresses are related to plate motinns and that

!) Physicist, U.S. Dept. of the Interior, BuMines. Denver Mining Research Center. Deaver, Ccio.,
U.S.A. (present address).
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failures (or earthquakes) result at or near boundaries where collision or slip between
plates is occurring. However, the most difficult and Jeast understood parts of the earth-
quake problem are the processes involved in the focal region; that is, the region where
failure occurs prior to the earthquake and, in particular, the mechanism or mechanisms
which allow the j?:ées in the crust or upper mantle to be concentrated so as to produce
the earthquake. An understanding of the processes leading to failure of rock cannot help
but be of majorimportance to the geophysicist in his understanding of earthquake occur-
rence. Without this understanding, it is difficult to interpret premonitory effects observed
prior to earthquakes, such as anomalous velocity and sround tilt bebavior to mention
a few. Without this understanding, the application of these data in developing possible
methods of earthquake control becomes at best a matter of guesswork.

Background

It bas been established experimentally in the laboratory that dila\fzncy. or the open-
ing of cracks whose major axes are oriented ina direction parallel to the axis of maximum
principal stress, commences in brittle rock at stress Jevels on the order of two-thirds
the rock’s ultimate strength (BRACE et al. {3]). There is some field evidence suggesting
that dilatancy is an active mechanism in earthquake prone areas (CHERRY and SAVAGE
[4]). Observations at Garm, U.S.S.R., the New York Adirondacks, and for the San
Fernando, California, earthquake have shown that prior to these earthquakes the
ratio of longitudinal (¥,) and shear (V,) seismic velocities, V,/V,, decreased to anom-
alously low values and that earthquakes occurred shortly following the return of ¥,/V,
to its normal value (SCHoLZ et al. (5], SEMENOV [6), WHITCOMB er al. [7)). Some investi-
gators have explained the premonitory decrease in ¥,/ ¥, in terms of dilatancy of rocks
in the focal region of the impending earthquake (NUR [8], ScHoLZ et al. [5), WHITCOMB
et al. [7)). Although there may be some disagreement with 2 dilatancy mechanism for
earthquakes, the model proposed for the subsequent increase in V,/V, tc its predilatant
value; that is, diffusion of fluids into the dilatant region, pnor to the carthquake, has
generated considerable controversy. A major reason for this controversy is the absenct
of a realistic physical theory describing the processes leading to the failure of rock.

This paper is the first part of a three-part series concerned with the physical pro-
cesses responsible for producing earthquakes. In this paper, a scale independent failure
theory, termed the inclusion theory, governing the initiation and growth of shear fault-

.ing in dry rock is presented. Shear faulting refers to growth of a fault in its own P"“f"
Scale independence in the context used here requires that the fracturing characteristc
of rock in the laboratory (small scale), mine (intermediate scale) and the earth (.larsf-'
scale) are governed by identical equations and principles. Thus laboratory studies °_
rock failure can provide valuable information and guidelines for undcrstandini—'.""‘
failure on the large scale and, as a result, will be found to have direct applicabilit¥ “:
large-scale phenomena such as earthquakes. The application of the scale indcli’ef‘d"'l
theory of rock failure to the carthquake problem will form the subject matter of Parts

and IIL.
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" Laboratory stuay of fault growth in rock

Laboratory tests conducted by the author on rock fracture under stifl loading con-
ditions have shown that load carrying ability of rock begins to diminish once the pro-
rrional limit is reached (Fig. 1). These tests showed that fault growth in either uniaxia)
or triaxial compression did not occur until point F "ix;:}:‘i_g.‘ I(A, B) was reached. At

= Ultimate strength

c ) /
. =Solid rock b [~ "
- F
o Ce . ‘
3 = = Proportiong! limit
Fractured rock=1 g
[72]
-~ Stress-strain
Macrocrock ~ 4 turve

0 STRAIN ¢

- C' F
b [TCq
=
n
w
[*4
=
I
0 STRAIN,«
Figure 1

Stress—strain behavior of rock in pre-failure and post-failure region; A—uniaxial compression,

B—triaxial compression

Point F a sudden change was observed in the deformation rate of the sample at which
time the slope of the unloading curve became equal to the testing machine stiffness;
that is, there appeared to be little or no contribution due to the sample. It was as if the
rock was not present in the testing system. This observation led to the series of tests

discussed below.

la
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Experimental procedure

Uniaxjal"and triaxial compression tests were made on cylindrical specimens of »
marble and granite by deforming the specimens in a conventional hydraulic loading
systeﬁhich was artificially stiffened to 2.4 x 1012 dynes/cm by placing high strength
steel columns in parallel with the specimen. Specimens were 5.39 cm diameter size with
length-to-diameter values of 2.00 for uniaxial and 2.50 for triaxial tests. All specimers
were compressed between hardened stee] end plates whose diameter and length were
5.39cm and 3.00 cm, respectively. Confining pressure was approximately 100 bars in the
triaxial tests. Strain rate was 10~*/sec. All specimens were loaded to preselected points
along their respective stress~strain curves. Each specimen was then unloaded, cast in
hydrostone, cut in half parallel to the core axis, polished and impregnated with a flor-
escent dye to delineate the crach... Ultraviolet light was used to delineate crack zopes.

Data and data analysis

Figures 2, 3, and 4 show test results for representative samples of marble and granite
deformed under uniaxial and trjaxial compression. The location on the force (F)
displacement (u) curve where each sample was unloaded is indicated under each photo-
graph. Large cracks( macrocracks)are clearlyillustrated. Note that zones of small cracks
(microcracks) extend well beyond the macrocracks. ‘Microcrack’ and ‘macrocrack’ 43
employed here are not absolute but relative terms. As a consequence of the scale inde-
pendence principle 0 be proved later, their sizes Increase as specimen size increasss.
However, for simplicity, I have chosen these terms in describing failure on the small
(laboratory) scale.

Microscopic examination of these samples shows extensive microcrack concentra-
tion within the ‘light’ zones. Microcrack development within the ‘dark’ zones is small
in comparison. The florescent dye did not penetrate the microcracks in the ‘dark’
zone. These microcracks appear to have closed during unloading of the specimen,
a result suggesting the roral dilatancy strain is composed of both a reversible and irre-
versible component. The irreversible component probably represents those micro-
cracks whose stress fields are influenced by the close proximity of other microcracks.

These microcracks are located in zones where the microcrack density is large. The oﬂ'fﬂ
" microcracks which are located in regions of the specimen where the microcrack density
is less tend to close as the applied load is reduced. Other laboratory studies have b&‘m
performed which show some of the dilatant strain is recoverable as the applied stress &
reduced (ScHoLz and KRanz [9)). o

Examination of these test specimens showed the following important obscrvauv?s-
1) Rock failure in com: pression is not due to the development of uniform microcratkn?g
(or dilatancy) but is a consequence of clustering of microcracks within certain zones 18
the rock; 2) The microcrack clusters in rock develop when the rock is within a fev’ pT

. . . - fcelom] iy,
cent of its ultimate strength;; 3) The microcrack density in the cluster zone is significan i
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Figure 2
Fault erowth in marble under uniaxial compression
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Figure 3

Fault growth in marble under triaxial compression (P = 100 bars)

ed throughout the

that is, growth of macro”

‘background’ (dark) microcrack density which form

greater than the

4) Slabbing failure;

.
,

rock at a time prior to cluster formation

a common observation it ¢

cracks parallel to the axis of maximum applied compression,
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Figure 4
Fault growth in granite under uniaxial (A) z=¢ triaxial (B) compression (P = 100 bars)

uniaxial compression (Fig. 2), is inhibited wi:*. confining pressure (Figs. 3, 4). WAWERSIK
and BRACE [10] reported a similar observatios on the effect of confinement on slabbing
failure in rock.

Numerical simulation of the failure process ir. rock

These observations suggest that the clusier zones may be treated mathematically
as Jow modulus inclusions which are embeddz: within a higher modulus *host’ material.
This approach should be clearly recognizec and understood 10 be a mathematical
simplification of the real problem, since inelastic <trains associated with the introduction
of the inclusion into the rock structure are nezlected. In this simplification the zone of
intense microcrack growth is replaced by an izclusion whose effective elastic properties
are obtained by neglecting the inelastic straizs associated with its introduction. I have
studied this problem using the finite element method and have found that this idealiza-
tion does not result in any significant differences in the stress distribution within or in the
immediate vicinity of the inclusion.

To obtain a preliminary semiquantitativs understanding of the effect of inclusions,
a three-dimensional finite element analysis using approximately 1200 elements (Fig. 5)
was made of an inclusion geometry similar to that shown in Fig. 3A. For calculation
purposes, inclusion modulus was taken to be oae-third of the host modulus. The Young's
modulus and Poisson's ratio of the steel end plates were takento be 2 Mb (1 Mb = 1 x
10° bars) and 0.24, respectively. This particu:zr finite zlement model physically approxi-
mates the state of the system just prior to faiiure. This point will become clear later in
the article.
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Itis rccogxﬁ;cﬂ ;h'iu numerical resulis obtained .by using the above finite elemen;
technique arg only approximate, since in addition to the above limitations, the variation
in microgﬁck density within the inclusion is not considered. In this analysis, the elastic
properties of the inclusion are taken to be average properties of the inclusion zone,
This method of replacing microcrack clusters by an elastic inclusion implies loading
path independence since knowledge of the intermediate states of the rock system is not
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. Figure §
Specimen end plate, shear fault geometry, coordinate system nomenclature and finite element ideal-
ization of inclusion .

required. Experimental laboratory evidence suggests rock faifure is path independent

(BROWN et al. [11), BraDY [12]). With this in mind, some typical results for unijaxial
and triaxial compression (P, = 0.100,, Where o, and P, are the applied axial stress and
confining pressure, respectively), are shown in Figs. 6 and 7, respectively. In these figures,
principal stress distributions {(¢},0¢ = ¢%,0%) where o, 0, and o} represent the ]

maximum, intermediate and least principal stresses, respectively], and their anguld’

relationship (Figs. 6D, 7D) to the applied principal stress system (oo, Po, Po) ar¢ showd-

The following results are apparent: 1) The axes of principal stress rotate about _‘h‘
intermediate principal stre:s (6§ = of) axis and change in magnitude in jmmediat¢

vicinity of the inclusion (hereafter referred toas ‘focal volume'). As defined in this af"d"
focal volume refers to the volume of material whose stress state outside the inclusion 1

affected by the presence of the inclusion. The focal region of the inclusion is defined as!

2one into which theinclusion and its associated foults will grow. 2) In uniaxial comP'”_"on'
e e gt sha innliieian The mlmm’de i
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tress analysis of inclusion development in rock. (Po= 0. E, = 0.24 Mb, £, = 0.08 Mb, r, = v, m 0,24,
I Mb= | x 10 bar) :
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.1 compression; A slabbing failure mode: that is, growth of microcracks and its
maciocrack(s) in a direction parallel to oo should be favored, and micro-
wth will tend to be parallel to oo as Was the case before the inclusion formed.

-

”,u'ci“

rack ETO
LH -

Figure 8
Fault and inclusion growth in marble showing microcrack distribution in vicinity of the macrocrack

As confinement pressure on the specimen increases, slab thickness, defined as radial
thickness of the fractured rock segments, should increase and conditions favoring shear
fault growth; that is, growth of the macrocrack in its own plane will occur, since tensile
stress on the underside of the inclusion decrezses. When the tensile stress on the
underside is negligible, further microcracking in the focal region will be in response to
the Jocal compressive stresses. 3) The least principal stress within the inclusion is
tensile and is oriented in a direction approximately normal to the major (long) axis of

the inclusion.
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Figure 8 is a photograph of 2 marble specimen (Po = 100 bars) showing inclusion
geometry and njcr/ocrack distribution in the vicinity of the macrocrack. Note micro-
cracks in the vicinity of the inclusion are oriented subparallel to the long axis of the
inclusion, a result that is in qualitative agreement with the finite element predictions.
In the inclusion phase, stress distortion in the vicinity of the inclusion causes new
microcracks to form at a small angle (~10°) to do; that is, subparallel to the inclusion
long axis when the confining pressure is sufficient to inhibit microcrack formation on the
underside of the inclusion. Microscopic examination of the microcrack distribution in
the inclusion shows a larger microcrack density exists neart the upper portions of the
inclusion than near the inclusion tip. Asaresultof the microcrack density gradient within
the inclusion, it would be expected that the macrocrack in the inclusion will extend in
the plane of the inclusion just prior to shear failure, since the tensilé stress at the tip of
the macrocrack is normal to the long axis of the inclusion. Our tests show macrocrack
growth is governed by the inclusion direction this adding support 10 this observation.
The reader should observe that the inclusion and its focal region are not separated by a
distinct boundary. This point is discussed at length later in the paper.

The inclusion failure theory on this small scale gives qualitative predictions regard-
ing rock failure in uniaxial and triaxial compression in qualitative agreement with
experimental laboratory observations. This model is now used to develop a failure
criterion governing shear fault growth'in laboratory rock specimens under triaxial
compression. Failure in rock specimens under applied tension and combined tension-
compression is not explicitly considered at this time.

Failure criterion for shear fault growth

These and other experimental studies of rock failure suggest three distinct phases of-
behavior occur before or slightly after the ultimate strength of rock is reached. 1)
Pre- Dilatant Phase: This phase begins with closure of open cracks throughout the rock
volume due to the application of compressive stresses 10 the rock. Once most of the

closed, the axial stress—strain curve becomes linear. Frictional sliding

open cracks have
2) Dilgtant

oceurs along favorably oriented closed cracks in this phase (Bract et al. 3]
Phase: Formation of new cracks (microcracks) occurs uniformly throughout the rock
and the microcracks grow ina direction roughly parallel to the axis of applied maximum
compression. This phase begins at stresses typically on the order of one-half to W&
thirds the rock ultimate strength (BRACE e! al. [3)). However, there are some rOCkf'
such as fine-grained Solenhofen limestone, where the fracture initiation stress, that 15
the stress required to initiate dilatancy and ultimate strength, are observed to be nearly
equal. Rocks of this type usually fail violently in either uniaxail or triaxial €O
pression. 3) Inclusion Phase: Clusters of microcracks develop within the rock, usually
within a few per cent of ultimate stength; that is, near or slightly after the propOﬂi°“

limit stress has been reached. These zones cab be represented physically as lowm ulus

inclusions embedded within a host material of higher modulus. As a result of this
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.clastic’ contrast, there is both a rotation and change in magnitude of the principal
siresses in the focal region of the inclusion.

Two further phases are now postulated to be necessary and sufficient conditions in

nitiating fault growth. 1) Closure Phase: In this phase there is closure of microcracks
in the focal volume and, in particular, the focal region of t_hc inclusion due to the de-
crease in magnitude of the local principal stress difference. Laboratory studies have
clearly shown that addition of confining pressure to rqcl; deformed into 'thc dilatant
phase can result in closure of previously opep-Hiicrocracks (BRowN and Swanpox
[13]). Tests performed at our laboratory ?pon this observation. The finite element
results in Fig. 7 indicate there is 2 considarable increase in local (o = 1.3504,6% =
¢ = 3P,) mean pressure in the material on the upper side of the inclusion due 1o the
presence of the low modulus inclusion; that is, the ratio of o3 to ¢1 in the focal region
ranges from 0.12 to almost 0.20 for « modulus reduction in the inclusion of only one-
third. Note that on the under side of the inclusion (Fig. 7) the local maximum principal
stress decreases. Closure of previsusly open microcracks should also occur here. As a
result of crack closure in the focal volume, the stress concentration in the focal region of
the inclusion increases and becomes a maximum once all cracks are closed. At this point
in time, the transverse tensile stress in the interior of the inclusion also reaches a maxj-
mum value. Macrocrack growth within the inclusion due to microcrack formation in
response to tensile stress in the inclusion begins. As a result of macrocrack formation
within the inclusion, the stress concentration throughout the focal volume and the ten-
sile stress component within the inclusion increase. New microcracks may also form at
the inclusion tip in response to local high stress conditions during this phase. 2) Growth
Phase: Fault growth commences during this phase. (Some phases o ‘growih’ are slow
and others catastrophic. The relative stiffinesses of the loading system and the failing
region determine which type of ‘growth’ process prevails. For example, if the post-
failure stiffness of the failing region exceeds or equals the loading system stiffnacs,
growth will be catastrophic.) Reopening of previously closed microcracks occurs.
The system becomes unstable and rapid growth of the macrncrack (in its own plane)
occurs once the length of the macrocrack exceeds a critical value. Note this model ex-
Plains the observed break in the stress—strain curve shown at point Fin Fig. 1. Sliding
on the fault surface occurs once the macrocrack has traversed the specimen. In the
mclusion theory of failure, the fault refers to that portion of the macrocrack which k2s
dlosed. Thus the inclusion and its associated macrocrack precede the fault.

Analysis

The above test results suggest that failure of rock in shear is in actuality failure
in tension, since the macrocrack within the inclusion grows because of tensile stress.
The inclusion, however, accrets (or grows) by compression generated microcracks.
This process is in turn enhanced by growth of the macrocrack within the inclusion sug-
festing that shear failure occurs once the length of the macrocrack within the inclusion
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exceeds so ériu'cal value. Consequently, shear fault growth may be governed by a
maximum tensile stress failure criterion.

Let the inclusion shown in Fig. 9 be approximated by an isotropic ellipsoidal
shaped material of Young's modulus £, embedded within a host material of modulus
E,. The host material is subjected to applied maximum and minimum principal stresses,

0,0 and oy, rospectively, at distances far removed from the inclusion boundary.

U'c

~Inciusion
-

*— 3

%o

Figure 9
Schernatic illustration of inclusion and associated nomenclature

The inclination of the major axis of the inclusion to the direction of the maximum™
principal compression stress (650) is B,. The aspect ratio of the inclusion 1§ (=siiLe
where s, and L, are the average thickness and length of the inclusion, nSPCCU"C‘))'
When the Poisson's ratio of the inclusion and host are equal, the stress distributic?
within the inclusion for the casc of plane strain is (DONNELL [14]).

c.=b30,0% b0 (M

0, = by30,0+ by, 030

. ‘ . the
where o, and o, denot. the principal stresses parallel and pormal, rcspccl_lVC])v o

- . . . . . ch s 3
major axis of the inclusion. There will be also a shear stress component Wh'_Ch
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anction of position within the inclusion. However, this stress is of second order and
can be safely neglected when the aspect ratio of the inclusion is small. The coefficients
by = 1,2,3) in equation (1) are (DONNELL [14))
b, = ‘Kl ~ c0s2B;)ay, + 1 +cos2B) ays;
le - *(l -+ COSZﬁ‘)a“ -+ ‘!’(l - cosz.ﬁ‘)a“
by, = {1 — cos 2B,) ay, + ${}-% cos 2B)) ayy;
bys = 1 + c0s2B)) a5, FH(1 — cos28) ass,
where

3K ' ' 3K
ay™= ‘3'[3(1{"’ 2})+ (1 +5K),); ayy = ) [(1 =KXl = =)

3K 3K
,,,,-_.B.[(l-x)a,(l-z,)]; a,,=-3[3(1+xaf)+a,(l+51<)] (3)

D=9K() + a}) + 222 - K + 8K?).

The K value is £,/E,. The process of macrocrack formation is illustrated in Fig. 10A.

N

yN
' \
<
N .
. - 1 *
\ “ R \\ . ) \ ..'.
. \ \ .o .
\ s 0N
*- —" \ '

Figure 10
Sequence of macrocrack growth within the inclusion

This figure shows an elliptical microcrack of aspect ratio a within the inclusion. Appb'éd
10 this geometry, the analytical expression for the tangential stress, o, along the bouna-
ary of this microcrack is approximately (JAEGER {15])

- (0. + 0,)sinh 22 + (6, — o) [e2*cos 2(B, — n) — cos 28,)

4
o cosh2x — cos2y @

Q2 .
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Equations (2), (3) and (4) show that o, is a function of a,, B, n, X and the applied stress

010 and oy,; that is, i
o

S/ ale(ﬂh n ahKn 0100 0'30)- (5}

-~

To find where o, is an extremum, the condition do, =0 is imposed on equation (5).
This condition requires solving the equations

— =0 (6a)
-—=0 (6b)

for the critical values of n(=1,), Bi(= B,.) and a,(= 2,.) and substituting these results into
equation (4). The maximum value of the resulting tangential stress, g,, is then found by
letting K approach its minimum value. This value occurs when all microcracks which
were originally open during the dilatant phase close in the focal region of the inclusion.
The variables in equation (5) are related to each other in such a way as to maximize the
tangential stress, o,, along the surface of each microcrack within the inclusion. For
example, equations (4) and (6a) can be combined to give

a[o, cos? B, + o.sin? B, — Voi cos® B, + o2 sin’ B;) M
n=ne= ’

(0’, - 0,) sin ﬂa cos ﬂl

and substituting equation (7) into equation (4) gives:

1
oy ;[cr, cos? B, + o.sin? B, + Vo cos? B, + o2 sin? ). @

The solution of equations (6b) and (6c) and imposing the constraint that X becomes 3
minimum at failure is involved but can be accomplished aumerically. )
Two important results follow from equations (6b), (6¢), and (8). 1) The equations
reduce to the Griffith equations when X = 1 ; that is, when there is no elastic contrast
between the inclusion and host materials. This illustrates the important result that the
Griffith theory is a limiting case of the inclusion failure theory. 2) Figure 10A shows ‘?‘4‘
trajectory of the macrocrack growing from the microcracks based on this anai}'f'*
It is important to note that the direction of new growth will be parallel to the majef
axis of the inclusion. Thus the macrocrack within the inclusion (Fig. 10B) 5h°“,u
exhibit a step-like pattern. Therefore the process by which the macrocrack is f?f med i
due to the formation of additional inclined microcracks in response to the tcnSl"f 5"°:
existing within the inclusion. Since the major axes of the microcracks comprising f
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inclusion tend 10 cluster paralle] 1, the directio~ :* the maximum principal compressice
stress axis, the value of applied stress when rapil z=s:able shear Jailure occurs is approxi-
mately equal 10 the ralye required 1o initiate nex: ~Zcrocrack &rowth within the inclusion,
Consequently, the reasoning advanced that =2 criterion for shear failure, namely,
that the leagth of the macrocrack must exceed 2 =<ical value, say L is given theoretical.
justification. The failure criteriop js given by x;.'fbndiﬁon

bssoy, + bjxlc.-,' = C1, (9)

where subscript ‘f” refers to the magnitude of t=s principal applied stresses at failure,
The coefficients b, and bs1, given by equations (21 and (3), are used with the appropriate
values of §,. and «,, determined from equation (&),
The value of the critjca) tension stress at fajjipe (¢7) can be derived directly from the
energy considerations ysed by Griffith. The resu!: js (JAEGER [15))
Cim—To=— ;E°—”, (10)
‘\'. Lr

where £, is the value of th2 intrinsic Young's modulus of the rock specimen when qf!

cracks in the rock are closed (£, = £o), e is the surface energy of the macrocrack per

E
K= =(1+3Z,48), (ny
E, )

Where 48 = B - B, and E, and B, are the values of Young's modulus and compress-
ibility, respectively, in the foca) region of the inclusion when all cracks which opensd
during the dilatjon phase are closed. £ is the compressibility of the focal region at a time,
Say 41, into the closure phase. The comprassibility difference, 48, in equation (11) is a
u'me-dcpcndem function not only because closure of cracks involves sliding on crack
surfaces which js a time-dependent process but also because the rate of the closure
is a function of the Joading rate existing in the foca) region of the inclusion,

There are a number of consequences of the inclusion failure theory. 1) Curvature of
the fajlure envelopein (o, ,, o, s) space is a function of 937 since £, inrocksis known to b
a func;ion of confining pressure. The non-linearity of the faijure envelope decreases a5

the confining stress 0y, increasss and the envelope becomes linear when E,=E. 2

that js, the efective post-failure stiffness of the specimen (see Fig. 1) increases relative
to the loading System stiffness. Both these observations have been observed experi-
Mentally (WAwWERSIK and BRACE[10), BRADY e7 g/, [16]). 3) The inclusion failure criterion
'S 2 genera] fajlure theory in that it becomes possible to predict the fracturing charac-
leristics of the material under any loading state once the fajlure conditions has been
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cezzmined from a simple loading state such as uniaxial compression or uniaxija] ten.

5ioz. The only restriction is that the material behavior remain the same under the loading

staiss considered. Consequently, in the inclusion theory, rock fajlure js described by the
ezeral function

/ N E,
G(Uu- O"uv atnﬁmE-A‘l’. =T, |=0, (12)
. A . .

ST e

Lo . . . ’
where dr refers to the'total time required to close cracks in the focal region of the ip.
clusion. This time, defined as the precursor time, is discussed below,

Relationship of precursor time 10 Jocal region conditions

Precursor time, 4z, will be defined to be the time interval between the initiation of
the microcrack closure phase and the occurrence of failure. The functional relationship
of 2= to the physical and geometrical characteristies of the focal region and inclusiop s
fouzd as follows, Consider a volume element, d¥,,, of the total focal region volume
V.. Let E,, denote the value of the Young's modulus 4t a time, 1, into the closure phase
of th2 rock material in the vicinity of dV,,. The inelastic strain increment, dt, in dv,,
res:iting from closure of microcracks in response to an increment in pressure, dP, is
proportional to the density of microcracks in dVy, (BRADY [12)); that is,

ey = 34,0 36, POVAP
TN gl g A (13)
fe = )

where 4, isa constant and p is the microcrack density (p = n‘dV,,, where nis the number
Of rxizrocracks within dvy,). Let P represent the rate O pressure increase occurring
witiin dV,, during the closure phase. Then

dP = Pdl. (14)

The :otal inelastic strain, ¢, in d¥;, due to microcrack closure js

2 dv P
£ 3A1”Pdt ~ 3A‘n}"'dr s = = 'f (]5)
(] E,,an ~£ndVﬂ - E

Ex

t £= 'm0
where the change in £, during the time dr produced by microcrack closure in 4 V rr
is neglected. If & denotes the average strain within d¥,, due to closure of an a_!_e_rgg_e_sm
micrcerack, ¢ x nE, and equation (15) can be written

P
/'- H " - 3‘/‘"
| wx S, -~
‘u(k-\ \qmﬂ"‘-‘ at= TE

* ey
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s N

nere pi (= 1/3A4) is a constant. The precursor time, 41, defined as the time required to
ahere .

same all miCl'OCfaCkS in V. is
1= | K oy E : (17)
S P N
bpe s
. S -
where the integration is performed throughout the {gcal region volume. It is important
., abworve that both P and £, ir equation (17) aré variables whose magnitudes depend
;“-.g only on their position in the focal region but also on time. This result should not
e surprising since the microcrack density within the focal region is variable; that is,
«xe microcrack density gradually diminishes in magnitude away from the inclusion and
w sero in the uncracked rock volume, the Young's modulus of which is E,. .
If we let P> and E, denote the average values of the loading rate and the Young's
modulus in the focal region just prior to failure, respectively, equation (17) can be ap-

proximated by
EE, V,,
.x B (18)
Py
The focal region volume can be approximated by V, = Ay, s,, where A4, is the area of the
focal region and s, is the inclusion thickness which is approximately the same as the
focal region thickness. If L represents an effective length of the focal region, 4,, =L,
and the precursor time can be expressed

o HE(E, 5()[-:

.~ ,P> ’ (19)

o7 simply, precursor time as defined in this article is proportional to rhe square of the

focal region length. It should be noted that this type of relationship; that is, 41 ~ L3,

has been used to justify the assumption that a diffusion-like process is operative in the

focal region since L ~ V4t behaves formally as a diffusion length. However, this type

of relationship arises from the inclusion theory for entirely different reasons.
Equation 19 can be rewritten as

T mKy, Ay, (20)

where mw HE[{PYand K,, = E, 5, is the stiffness of the focal region in the direction
narallel to the long axis of the inclusion just prior to failure. Equation (20) shows thata
SUff focal region (K, large) will be characterized by a long precursor time when both
-"(r and m are constant. This relationship implies that more strain energy can be stored
“‘-uhin the focal volume as A,, increases. It follows from this result that the logarithm
Ol precursor time is linearily related 10 earthquake magnitude. This type of relationship

l[’l"‘; been observed for earthquakes (SCHoLZ er al. [5]) and for mine failnrec (RRADY
).
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/ i
Principle of scale independence in failing rock

Figure 11 shows precursor time as a function of earthquake dimension L which is
estimated from the aftershock area. Two additional data points are included with the
ecarthquake data in this figure, one point from a rock burst in northern Idaho and the
other from a coal mine roof fall in Pennsylvania (BrapY [17)). Precursor time (ap-
proximately one to two days) for the rock burst was determined from ¥, and rock
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Figure 11
Precursor phenomena prior to earthquakes and mine failures

noise count anomalies prior to the burst. Precursor time for the coal min¢ root fall
(~15 minutes) was found from a significant noise count decrease prior to the roof fall-
Volumes of rock affected by these failures were accurately determined in both casss.
The datz in Fig. 11 show thattoa good approximation

d(41) @an

—— = constant
dAq, ’

rthquake

" for a wide range of carthquake sizes including the intermediate scale €2 4ot
e read*

(or rock burst) in northern Idaho and a coal mine roof fall in Pennsylvania.
should note that the precursor times used for the mine failures in Fig. 11 are
(approximately) from the initiation of crack closure to the time of failure. Th )
precursor ime measured from dilatancy initiation to failure would result in @
- 695 -
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ncrease (10-2077) of the mine failure precursor times]. A conscquence of the closure
'hase portion of the inclusion theory is that the precursor time. or the time required
toclose all cracks in the focal region, will be proportional to the focal region area, Thus
the result predicted by equation (19) should not be surprising. What is of importanze,
powever, is that the data in Fig. 11 ¢learly suggest that some form of scale independence
s operative in rock failure. The inclusion theory is by it.sv_.vcl_'y nature a scale i'ndcpcnd:nt_
theory: that is, given 1wo systems, each containifig an’inclusion scaled in size in pro-
portion to the relative dimensions of the %0 systems, the stress and displacement
distributions in each system will be identical when the same boundary conditions ace
applied to each system. Therefore, it should be possible to determine whether the basic
postulates of the inclusion theory; namely, closure of cracks in the focal region and the
existence of a critical aspect ratio (thickness-to-length) of the inclusion at failure,
follow from equations (17) and (21). This proof would furnish a strong test of the appli-
cability of the inclusion theory to rock failure on any scale. This problem is considered
below.

When the inclusion modulus, £, is much less than the focal region modulus £,
the pressure concentration factor, 4. in the focal region near the inclusjon is approu-
mately (DONNELL [14])

L
k:::y—'. (22
i

where 5 is a constant and L, is the length of the inclusjon. Similarly, when the inclusion
modulus, E,, is less than the focal region modulus, Ey,, the stress concentration factor,
k. in the focal region of the inclusion is approximately £, /E,. Therefore, to a first
approximation,

k = E,|E, (23)

Combining equations (22) and (23) gives the relationship between the elastic and geo-
metrical properties of the inclusion and focal region to be

E“’ -
-£—_‘ o xy. =)
Equation (24), together with the data in Fig. 11, suggest that scale independence is
operative in rock failure; that is, the fracturing characteristics of rock are similar re-
gardless of specimen size. A functional relationship that is similar in form to equation
(24), only much more complex, can be derived by using equations (2), (9) and (10).
However, the essential functional interrelationship of «, and E4/E; is not changed by
the above approximate analysis.
The parameters in equation (24) can now be interpreted in terms of the inclusion
failurc_ theory outlined in the previous section. Equations (17) and (21) can be combined
1o give

E.s .
(uE) —;—‘ = constant. (253)
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Su>stituting equation (}4)'into (252) gives

I

E,L
y(uE) 5 = constant. (25b)
T= elastic contrast between the focal region and inclusion increases during the closure
phase; that is, the stress concentration at any point in the focal region increases and
ezches its maximum value just prior to failure. Accordingly the average value of the
lc2ding rate increases during this time and also reaches a critical maximum value just
==or to failure. Equation (25a) shows that focal region modulus must also reach a
maximum value at this time. Furthermore, since the inclusion modulus does not vary
s:gnificantly during this time interval, the length of the inclusion must approach a critical
v2ue, say L,., before failure can occur. Therefore, failure occurs when the aspect rauo
cf the inclusion approaches the value a,. (= 5,/L,). At the instant or failure, equation
(2=) can then be written

'i—: e =Y. (26)
This analysis, together with the theoretical and experimental basis that d(4r)!
24, = constant, gives support not only to the scale independence principle advanced
e2-lier in the paper but also tends to confirm the basic postulates of the inclusion failure
tasory; namely that failure occurs in rock when 1) the elastic contrast between the in-
c.usion and host approaches a maximum, and 2) the aspect ratio of the inclusion
approaches a critical value. Once these conditions are met, tension stress within the

izclusion becomes a maximum and failure occurs.

- Discussion

Equations (25) and (26) illustrate mathematizally that what has been referred 10
in thic paper to represent the inclusion and the focal region should be considered 10
e zones of varying microcrack densities. This result is not surprising since while micro-
cracks may tend to form uniformly throughout the dilatant volume during the early
portions of the dilatant phase, there will be a time in this phase when some of thes¢
microcracks will begin to interact with one another. This interaction is the result ofa
statistical fluctuation(s) occurring within the dilatant volume which will cause micro-
cracks to form in close proximity to one another. At this time the inclusion(s) beginst0
form within the dilatant volume. The effect of this interaction will be to produce _3
distortion and change in the magnitude and direction of the principal stresses: This
interaction allows strain energy to be stored in the vicinity of the inclusion(s). FUF"}‘“
microcrack development will be then in response to the local values of the prin¢l
stresses. Consequently, the postulate advanced earlier in the paper that inclusions form
prior to failure in rock can be theoretically as well as experimentally justified. |
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This concept of the evolution of the inclusion and focal region zones shows that the
erocrack density in the inclusion zone is greater than the microcrack density in the
:\;1 region zone. Also, the microcrack density within the focal region is variable and
Will decrease 10 zero as the undilated rock volume is approached. As the Jocal principal
aress difference in the focal region volume decreases in response 10 ih¢ presence of the
evolving inclusion zon¢, microcrack closure in the focal region will occur and the tensile
(ress within the inclusion will increase. In the transition zone between the inclusion and
(acal region, the Jeast principal stress changes in séme prescribed manner from tension
pcar the inclusion zone 0 compression as the focal region zone is approached. As

microcrack closure continues in the focal region, the wransition zone will decrease in

cize as the inclusion zone lengthens in the manner prescribed by equation (25). Conse-
quently, the physical contrast berween the inclusion and its associated focal region
increases during the closure phase and the boundary between the two zones becomes
distinct at the instance of failure. This physical reasoning was used in constructing the
finite element simulation of the failure process discussed earlier in the paper. It should be
noted that dilation will continue to occur within the transition zone during the closure
phase.

A remaining question to be considered is the effect of sample size on the geometrical
characteristics of the microcracks comprising both the inclusion and the dilated focal
region. For example, are the microcrack sizes within the inclusion on the small or inter-
. mediate scales the same s those existing within an earthquake zone or, &5 is more likely.
do these microcracks increase in size as the scale dimension increases and, if so, how do
these microcracks increase in size: that is to say, what is the scaling law?

Consider a dilated volume of rock, V, containing an inclusion of volume ¥, with
thickness 5, and cross-sectional area A;. Let the Young's modulus of this volume prior
to dilarion be E,. During the closure phase, the total pressure increase, 4P, required to
close all cracks in the focal region can be approximated by (BraDY [12])

4P =E, E € 7

i=l

where ¢, is the volumetric strain associated with closure of the ith crack. If 4P, denotes
the total change in pressure applied to the volume |° during the closure, phase. then
equation (27) can be written

k4P, = Ni& Ex - (28)

where &,(= (1/N) Zi-1 &) is the strain associated with closure of an average size crack
in the focal region. Combining equations (22) and (28) gives

L
Ny, = ¥eo -51. (29)
{
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where go(~ (APO/E.))dcnotés volumetric strain in the sample due to the change in meap
pressure applicji-t'o the boundaries of the sample. Equation (29) can be wnitten as

4‘

¥e
4 Vr = ; b (1 (30)
{

where 4V, represents the volume change in the focal region of volume Vi, due to crack
closure.

Equations (25) and (30) represent the scale independent propertics of the inclusion
theory. Equation (25) describes the physical properties and genmetrical characteristics
of the inclusion and focal region while equation (30) specifies the geormetrical charac-
teristics of the cracks within the inclusien, or equivalendy, the focal region. Equation
(30) shows that average crack volume is directly proporticnal te focal region volume.
Thus, as the sample and inclusion increase in size. What has been called ‘microcrack’
and ‘macrocrack’ on the laboratory scale increase in size ir. accordance with the ‘scaling
law" specified by equation (30).

Conclusions

A scale independent theory of rock failure, referred to as the inclusion theory, has
been presented in this article. The key hypothesis of the inclusion theory is that the in-
tense crack concentrations which develop within localized regions in rock near its
ultimate strength can be replaced by low modulus inclusion(s). The inclusion thecry
rests on the postulates that catastrophic failure occurs in rock when all cracks ip the
focal region of the inclusion which opened during the dilatant phase close and whzn the
aspect ratio; that is, the thickness-to-length value of the inclusion, reaches a critical
value. These postulates can be shown to satisfy the constraint that they minimiz¢
the energy required to fail rock.

Direct laboratory examination of these postulates has pot been made at this ume-
However, recent field studies on rock failure in the intermediate and large scale such a3
mine failures and earthquakes (Fig. 11), respectively, add support to the scale indepen”
dent properties of the inclusion theory. These studies also suggest that precursor umes
in standard size laboratory specimens (obtained by extrapolating the curve in Fig. I!
to a ‘length’ of 10 cm) will be of the order of a few milliseconds. The small time interval
during which crack closure occurs suggests for these specimens that the closure phast
would go undetected and, as a result, the laborztory investigator could incorrect!y
infer that dilatancy would peak at failure and tha dilatancy is the only phcnomcnon
which preceded failure. While direct laboratory tests of the inclusion theory has n%
been made at this time, this should not betaken to imply that the theory is not testablé
An indirect test of the theory can be made by applying the j.ostulates to recent Ob-"‘cr'
vations on precursor phenomena reported to occur prior to earthquakes. This subjec*
is examined in Parts {1 and IIL.
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Lastly, the significance of the scale independent principle for failing rock cannovez
\“mmpha.sized. If this principle is verified and shown to be applicable to all classes of
rock failure, then equations describing the mechanical behavior of rock on the labora-
rory scale (see for example, BRADY [12]) under comparable conditions will be directly

3pplic3bl° to intermediate and large-scale :;?Mviof provided methods to evaluate’

«he material consiants in these equations ade available,
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Theorv of Earthquakes
I1. Inclusion Theory of Crustal Earthquakes

By B. T. BraDY!)

§ummary - The scale independent inclusion theory of rock failure developed in Part I is applied to
-~ problem of crustal earthquakes and, in particular, to the problem of premonitory phenomena
-emorted 10 precede such earthquakes. Several well-known premonitory effects such as anomalous
..-:au0n in the ratio of lengitudinal (35) and shear (1)) seismic velocities, 1/, 15, tilt, regional and
.l crustal movernents and stress axis rotation, to mention a few, are shown to bea natural consequence
« 1~ physical processes leading to failure in dry rock. The effects of fluids on faiiure in the focal region
.-+ 2 potential earthquake are considered in terms of the scale independent inclusion theory.

1. Introduction

Observations at Garm, USSR. the New York Adirondacks, and the San Fernande.
California, earthquake have shown that prior to these earthquakes the ratio of longi-
tudinal (V) and shear (V,) seismic velocsties, V,/V,, decreased to anomalously low
»2iucs and that earthquakes occurred shortly following the return of ¥, I, to its norma
vaiue (SEMENOV, 1969; AGGARWAL er al., 1973; WHITCOMS ef al., 1973). A variety of
other effects premonitory to ezrthquakes nave also been reported. These include stress
Zus rotation and anomalous crustal movements and tilt, to mentiun a few (NERSESOV
2nd SIMBIREVA, 1968 ; SADOVSKY er al., 1972: SAssa and NICHIMURA. 1956).

These data suggest that a resvaluation of our concepts of what constitutes an eartk-
quake is required. The approximation of an earthquake by a model in which the suddec
*wrmation of a shear discontinuity in rocks occurs is an oversimplification in view ¢
*hese observations. The occurrenc. of the earthquake following the return of V. 1,
i 1ty normal value prior to the earthquake further suggests that this and related pre-
Tonitory phenomena must be related in a causal manner to the processes leading up to
nd responsible for producing the earthquake. Thus a theory of failure thatis applicabis
"+ describe failure of rock on the large scale. such as an earthquake. is requi~ec.
Such a theory must provide not only an explanation of the processes ieading up to anc
‘acluding failure but also all the precurscr phenomena occurring prior to the failurs.
e —————

" L.S Dept. of the Interior, BuMines, Deaver Mining Research Center, Denver, Colo. (preses:
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Ia this paper, the inclusion theory is extended by invoking the scale independm
principle to the problem of crustal earthquakes. The paper begins with a TeCapitulatio
of the essential concepts of the inclusion theory. This is followed by the application o
the theory to earthquake premonitory effects. The subject of earthquake prediction
and or control is considered in terms of the inclusion theory,

2. Inclusion theory - o recapitulation

A theory of rock failure, termed the inclusion theory, was formally developed in
Partl. The key hypothesis of the inclusion theory is that the intense crack concentration;
that develop within localized regions in rock near its ultimate strength (BRADY, 1975,
can be mathematically modeled and physically replaced by elastic inclusions whose
modui are lower than the surrounding material. The results ol this theory show that there
is a three-fold effect of the inclusions. 1) The principal stress axes rotate and change in
magnitude both within and outside the inclusion. 2) Tuie least principal stress within
the inclusion is tensile and is oriented in a direction normal to the major (long) axis of
the inclusion. 3) The magnitude of the least principal stress increases in the focal region
of the inclusion; that is, the region into which the inclusion and its associated fault(s)
will grow. As the magnitude of the Jeast principal stress in the focal region of the in-
clusion increases in compression, cracks in the immediate vicinity of the inclusion that
opened during the dilatant phase close as the rock begins to store strain energy. As
these cracks close, the tensile stress (oriented in a direction normal to the long axis of
the inclusion) within the inclusion increases due to the increased elastic contrast
b.rween the inclusion and the surrounding rock. Cracks within the inclusion begin to
coalesce in response to the increasing tensile stress and a macrocrack(s) forms.

Tke inclusior. theory rests on the postulates that catastrophic failure occurs when
all cracks in the focal region of the inclusion that opened during the dilatant phasc_

.Close and when the aspect ratio of the inclusion. that is, the thickness-to-length ratio vl
the inclusion, reaches a critical value. When these conditions occur, the length of the
macrocrack(s) within the inclusion reaches a critical value. Failure occurs and growth
of the fault results from closure of the macrocrack as the inclusion advances into its
focal region. In this theory, all faults terminate in an inclusion zone or, simply, a zon¢
of concentrated dilatancy. -

The inclusion theory is a scale independent theory. This scale independence in failing
rock provides a simple explanation of why the precursor time-magnitude-~length re
lationships hold for both mine failures and a wide range of earthquake magnitudes (¢
BrapY, 1975, Fig. 11). In the inclusion theory, precursor time (41), measured betwee?
the initiation of crack closure and the time of failure, depends both on the loading r¢
in the focal region and on the size of the focal region which in turn is governed by.‘hc
size of the inclusion. Consequently, the duration of the closure phase is a function of the
size of the earthquake that follows it.

’
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3. Application of inclusion theory to earthquake premonitory effects

premonitory effects have been reported to occur prior to earthquakes. These effects
nclude, for example, regional and local crustal movements, anomalous variations in
A jlt, changes in resistivity, changes in microearthquake frequency and stress
axis rotation in the focal region of an impending earthquake. Vigorous programs to
monitor some of these effects, particularly in Japan and the USSR during the past
Jdecade, suggest these effects are real and that they occur together, although not necess-
arily at the same time (SAssA and NICHIMURA, 1956; NERSESOV and SIMBIREVA, 1968;
SApOVSKY et al., 1972; ScHoLz er al;, 1973; WHITCOMSB e al., 1973).

Ratio of seismic compressional velocity to seismic shear celocity, V,'V,

Figure | is a schematic illustration of the variation with time of the ratio of seismic
compressional velocity to seismic shear velocity, V,!V,, in the focal region of a rock
«atisfving the constraints of the scale independent inclusion theory. In the following
discussion, the behavior of V,/V, is considered to represent an average value of V,/V,
for typical ray paths that pass through the whole focal region. The temporal and spacial
variation of V,/V, in any small volume of the focal region is considered later.

Ars Procurser hme

e O 7 |

TIME .7

Figure |
Predicted behavior of V,/V, in focal region and characterization of stress—strain behavior

The predilatant phase (OA) is characterized in Fig. | by a gradual increase in V,/V,
tdue to an increase in the far-field tectonic stress) to a stable value resulting from closure
of open cracks initially present in the focal region. The period of constant V,/V, is
denoted by AB. A decrease in V,.V, (BC) characterizes the dilatant phase. During this
N.!asc. new cracks open in the focal region in response to the applied principal stresses.
The axes of principal stress begin to rotate both in the focal region and within the region
hat 1s 10 eventually become the inclusion as the inclusion forms. The ¥, V, value
Increases during the closure phase (CD) up to its predilatant value. During this phase.
the magnitude of the difference berween the maximum and least principal stress (princi-
Pal stress difference) in the focal region decreases. The least principal stress increases in

[~
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compression and, as a result, cracks which opened during the dilatant phase (BC);

response to the applied stresses begin 10 close or *heal’. Along pre-existing crack Sm.u
faces, the decrease in principal stress difference reverses the shear stress direction gm;
the cracks begin to close in the focal region (Fig. 2). Once all cracks have closed in the
focal region (D, Fig. 1), macrocrack growth begin< and the stress concentration facto,
or, equivalently, the principal stress difference in the focal region begins to increase due
'to transferal of stress into the focal region in response to macrocrack growth within the
inclusion. The macrocrack length approaches acritical value and unstable growth occurs

).

Figure 2
Dlustration of crack closure in focal region resulting from a decrease in stress-difference
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gince the mean pressure, P (P m ¥, + 03 + 63), Where 0y, 0 and oy denote the

lues of the local principal stresses), increases in the focal region during the closure

the average V,|V, value may exceed its predilstant value (D, Fig. 1) before
;:jlure if not all the cracks originally present in the rock were closed prior to the
.pitiation of the dilation phase. If failure is preceded by a foreshock sequence (E,
Fig. 1) that is, the formation of new cracks in response to the tension stress within
the inclusion zone, the average V,/V, value may decrease until the elastic contrast
petween inclusion zone and focal region is 2 maximum. Failure occurs at this time
(F., Fig. 1)- ‘

Field observations similar to these were first reported by SFMENOV (1969), who
observed unusaal variations of the travel-time ratio, #,/t,, of shear waves (¢,) to com-
pressional waves (t,) in the Garm area of the Tadzhik Soviet Socialist Republic. They
nave since been reported in the United States by AGGARWAL ef al. (1973) and by
WHTTCOMB et al. (1973).

It is important to note that the anomalous V!V, behavior prior to failure can be
explained by the inclusion theory without requiring diffusion of fluids inte the focal r=-
gion since the theory is based entirely on the failure properties of dry rock. The mosi-
fying effect of fluids and fluid diffusion (resulting from crack closure in the vicinity of
the inclusion) and their effect on the failure process in rock is considered later in tze

paper.

Stress axis rotarion in the focal region

A prediction of the inclusion theory developed in Part I is that the seismically ce-
\ermined stress axes rotate in the focal region prior to an earthquake, and that <his
rotation occurs during the formation of the inclusion. NERSESOV and SIMBIREVA (1968)
reported that stress axis rotation in the focal region occurred prior to an earthg=axe
in the Garm area. The stress axes were deterrrined from fault plane solutions. Toeir
results can be summarized as follows: 1) There is 2 change in orientation of the seismic
uress axes in the foci of weak earthquakes prior to a strong earthquake. 2) A perioc of
approximately 1.5-2.0 months was observed during which the stress axes turned £oi0r
10 an carthquake of magnitude 4.5 and 2.0 months for a magnitude 5 earthquake The
relationship was nearly linear: that is, the larger the magnitude the earlier the s2s5
aves were observed to turn. 3) The intermediate stiess axis remained practically := the
same position with the compressional and tensional axes turning about it. 4) Thers %:as
an approximate 90° rotation of the stress axes in the focal region.

Exactly this behavior is predicted from the inclusion theory. For example, t=2 90°
rotation of the seismically determined stress axes in the focal region correspezZs to
closure of cracks in the closure phase. Here the shear direction is reversed due !0 an
Increase in the magnitude of the least principal stress in the focal region (Fig. 2:. Note
that the orientation of the seismically determined stress axes responsible for producing
the main shock will be similar in orientation to the principal stress axes that produce
crack closure (CD, Fig. 1).

- 705



154 B. T. Brady (Pagaopy,

Microearthquake frequency anomalies prior to major earthquakes

The magnitude-frequency relations of carthquakes in any given place are observeq
to satisfy an empirical relation of the form

log Nma+bM, m

where Nis the number of earthquakes whose magnitudes are in the range M to M + 3\
and a and b are constants. Laboratory studies and recent field observations (SCHoLZ ¢
al.,, 1973; Wyss, 1973) suggest b is a function of applied stress,

During the closure phase, the incremental change in seismic activity, 4V, and the
volumetric inelastic strain associated with this decrease, dz, can be shown to be pro.
portional to the number of open cracks, .V, remainin gin the focal region of the inclusion
at any time ¢ into the closure phase; that is,

dN = =ANd, )

where A is a constant of proportionality. Let 8 denote the average compressibility of
the focal region at some time, ¢, into the closure phase. Let 8, represent the compressibility
of the focal region when all cracks which opened during the dilatant phase are closed.
The relationship between the volumetric closure strain, de, and fand B, is (BrADY, 1973)

de ~ c4pB dt, ©3)

where ¢ is a constant, 48 = § ~ §, and P denotes the loading rate averaged throughout
the focal region.

The seismicity, n(t), or dN/dt, is found from equations (2) and (3) to be
n(t) = B4BN,yexp [—- ! B4p dtJ , )

where B = AcPand N, is the number of open cracks in the focal region prior to initiation
of the closure phase. Since 48 decreases during the closure phase, equation (4) shows
that the seismicity must also decrease during the time interval that closure occurs.

The b-value for events occurring during the closure phase is found from equations
(1, (2) and (3)

bzbo-hl{fﬂdﬁdr, )
]

where b, is the b-value prior to initiation of the closure phase. Equation (5) shows the
b-value will be positively correlated with the seismicity rate in the focal region; that is.
when the seismicity rate decreases the b-value also decreases, Similarly, it can al»o be
shown that when the seismicity rate increases the b-value increases.

Wyss (1973, Table 1) observed that the b-values for the foreshock sequence, b+
of a major earthquake are lower than the b-values of the aftershock sequence, b
which follows the main earthquake. If the inclusion theory is applied to this problem-
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41 clear that the compress:bility, f1*, of the fractured focal region (of the main shock)
ohere the aftershocks occur must be greater than the compressibility, SL*, of the
material where the foreshocks occur. Therefore, equation (5) can be v:=d to give the
svalue difference of the aftershock and foreshock sequences,

[} 4
1 17
bu-bflzﬁ—{fg(dﬂh—dﬂn)d{zT{J B[ﬂ:'—ﬂ;']dfko. (6)
0 0
where ¢ represents the time into the closure phase of either the foreshock or aftershock

whose magnitude is M. In equation (6), £2* and £{* denote the compressibilities of the
focal regions of the aftershock and foreshock sequences, respectively, prior to the initi-

ation of the dilatant phase for these events. Consequently. b-values for the aftershock "

wquence after the main shock will be greater than the b-values for the foreshock
sequence OCSUrTing prior to the main shock. Wyss (1973) has interpreted the b-value
difference as implying higher tectonic stress for foreshocks than aftershocks. This
mterpretation is consistent with the inclusion theory. since more strain energy can be
stored in the focal region of the main shock than in the focal region of each individual
aftershock. The compressibility difference, Bt = L%, is simply a reflection of the energy
difference.

Electrical resistivity
Eleztrical resistivity anomalies have been observed prior to earthquakes. As a

@se in point, consider the results of a long baseline (6 km) resistivity profile made at

Garm, USSR (SADOVSKY er al., 1972). The resistivity data, together with the times of all
earthquakes of magnitude greater than 2.0 that occurred within 10 km of the baseline,
is shown in Fig. 3..While there may be an obvious correlation between the resistivity
-profile and the earthquakes that group at the minima of the profile curve, it is difficult

E 10 1 1 1
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) Figure 3
Blectrica resistivity anomalies observed prior 10 earthquakes at Garm, USSR (after SADOVSKI €7 a/.,
: 1972)
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thin film of water along the crack surfaces. Under these conditions, the formatjon of
cracks parallel to the direction of maximum principal stress during the dilation phase
will produce an izcrease of resistivity *hat is greatest in the direction normal to crack
growth. Closure of these same cracks during the closure phase will produce a corres.

volume that ontains both the inclusion and jts associated focal region. Crack closurein
the focal region prior to the earthquake will produce a migration of water away from

Regional crustal mocements

Anomalous crustal movemens are kuc.a to precede earthquakes. One well-
documented case is the 1964 Niigata earthquake. The magnitude of the main shock was
7.5. Repeated geodetic Measurement: were made in tha vicinity of the main shock.
Vertical movements; are shewn in Fig. 4. The vertical movements had been occurring
in the vicinity of the epicenter at a slow, steady rate from 1898 to 1955. Rapid uplift

Figure 4
Crustal upiift anomalies in the vicinity of Niigata, Japan, prior to the Niigata 1964 carthquske (ater
MoGt, personai communication, 1974)
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in 1955. The data in Fig. 4 show that inregion A, located near the main shock, the
uplift continued unabated until the occurreace of tae earthquake. However, in regions
8. Jocated on either side of A, the per'2d of rapid uplift was followed by a decrease in
clevation beginning in 1959. If the inclusion theory is applied to this problem, regions 4

snd B will correspond to the inclusion and its associated focal volume, respectively.

7ilt anomalies

Rapid changes in tilt direction are known to occur shortly before the occurrence of
major .canhquakcs (SAssA and NICHTVIRA, 1956: Hosovama. 1952; WooD and ALLEN,
1971; LATYNINA and KARMAKYEVA, 1970). These changss plac= severe constraints on
models of the physical processes occurring in the focal region of an impending earth-

quake and any successful theory of earthquakes must provide a satisfactory esplanation
of these changes.

A key production of the inclusion theory is that anomalous displacements that may
correspond to what has been referred to by some investigators as premonitory ‘creep’
deformation will occur in the focal region prior to the earthquake. For example, closure
of open cracks in the focal region of the inclusion at 2 time when the ¥,/V, value has
artained (or nearly so) its predilatant value will be followed by a period of rapid growth
of macrocracks to a critical length within the inclusion. The growth of these cracks
produces an increase in the stress concentration factor in the immediate vicinity of the
:nclusion that results in an elastic volumetric compression and possibly an inelastic
volumetric strain component due to closure of any additional open cracks (if they are
present) in the focal region during this time. The deformations produced by this stress
increase may be detected by both tilt and vertical crustz! movements. As an example
of this effect, consider the behavior of two tiltmeters. 4 and B, located on the surface
with 4 and B positioned directly above and outside of the focal region of the inclusion.
respectively. The reader will note the following discussion applies only to thrust and
normal fault earthquakes. Similar behavior will be observed prior to strike-slip
failure although the effect wili be much less prozuounced. The following sequence of
events will occur prior to the earthquake. 1) Both 4 and B will tilt away from the in-
ciusion or the region which will become the inclusion during the dilatant phase. 2)
During the closure phase, B will always tilt in a direction where closure is occurring.
However, 4 will tilt toward theinclusion zone during the time interval when open cracks
are closing between A and the inclusion zone. The tilt direction of A will reverse during
the time when open cracks are closing between 4 and the boundary of the dilatant zone.
3) Ata time just prior to the earthquake mzcrocrack growth occurs within the inclusion
zone. At this time both A and B will tilt away {rom the inclusion zone. 4) Both 4 and B
will then tilt toward the inclusion zone due to compaction of rock within the focal region
resulting from stress transferral due to growth of the macrocrack. The carthquake will
occur shorly following the tilt reversal. This example illustrates two predictions of the
inclusion theory for thrust and normal fault eaithquakes. 1) Tiltmeters (B) located on
the surface outside the focal region will exhibit S-bend behavior a short time prior to the

jog -
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earthquake, Tiltmeters (A) located on the surface directly over the focal region wij] not
exhibit S-bend behavior, However, if the tiltmeters are located directly above the jp.
clusion zone, S-bend behavior will be observed. 2) All tiltmeters, with the €Xception of
those located above the inclusion zone, will tis toward the epicenter (inclusion Zone,
just before the earthquake,

Tiltmeter bebavior simjlar to the above predictions has been observed, Tiltmeter
have recorded severa] case; of precursor crusta] movements. A well-documenteq Case

is 2 magnitude 6 carthquake whijch occurred at Odaigahara, Japan (Sassa and
NicHvumra, 1956), where six months Prior to the earth i

away from the epicenter was recorded at two locations 40 km and 100 km respectively
from the epicenter (closure phase). This tilting continued for three months and then
ceased, at which time a station further to the south began tilting. One month before the
carthquake, these three statione begin tilting rapidly in a direction toward the epicente:.
Woob and Arrey (1971) reported anomalous tilting one month prior to the Danvile
(M =45 carthquake. In this earthquake, a short-term Precursor tilt occurred towarg
the epicenter for 10 hours before the main shock. Additional examples of ti]t anomalies

the *S-bend' a day, or a few hours, prio
tilt in 2 direction toward the epicenter prior to the carthquake.

Electrical and magnetic precursors

In addition to S-bend tij; behavior, other short-term precursors may result from the
extreme compression occurring within the foca] region near the inclusion Just prior to
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pecrved prior to large earthquakes (M 3 6.0). However, the time in’:rval between
:he readings for this case t:luring which the e_arthquake occurred was 4 ac'ys. Geo-
magnetic anomalies resulting from a stress-induced mechanisim wou.ld.become de-
wccuable 2 <uort time (~few hours) before the earthquake and would dissipate rapidly
Sfer the ear-hquake. Kato and UTAsHIRO (1949) found 2 magnetic declination increase
of ;pproximately 25 gammas just prior to the 1946 Nankado earthjuake. They noted
\hat the ficld intensity changed dramatically just before the main shock and reverted to
aormal a few months later. MOORE (1964) observed a geomnagnetic feld disturbance
with an amplitude of approximately 100 gammas at Kodiak, Alaska, an our before
the 1964 earthquake.

Anomalies in the atmospheric—electric potential (on the order of 120 voits/meter)
«hich were characterized by an abrubt onset a few hours prior to an earthquake whose
epicenter was 120 km from the observation station have been reported by CHERNYAVSKIY
(1963). YOSIMUTSU and NAGATA (SOBOLEV and Morozov, 1970) have reported
cases of anomalous variations in the telluric current potential several hours before
major earthquakes. SOBOLEV and Morozov (1970) observed a sharp change in the
clectric potential gradinet three hours before a magnitude 4.5 earthquake inKamchatka.
The electrical disturbance stopped after the earthquake at which time the field resumed
its normal behavior.

The above examples suggest a general behavior of electrical and magnetic disturb-
ances just prior to earthquakes that would be expected from the inclusion theory. The
inclusion theory requires an increase in the magnitude of the electric polarization vector
1n the highly stressed rocks of an acidic composition approximately normal to the fault
growth direction just prior to the earthquake. It is important to note that the high
potential differences produced by the stresses in the focal region would develop only
upon an abrupt change in the magnitude and orientation of the local principal stresses,
since current leakage would dissipate the polarization effect over a period of time longer

than a day, or few days at most. The magnetization effect, on the other hand, if con- -

ditions favoring its existence are present, would dissipate more slowly since it is less
sensitive to stress changes. The magnetization effect would vanish completely only
when all areas of high stress in the fractured focal region are removed.

Precursor phenomena such as electrical resistivity, anomalous crustal movements,
1i!t and anomalous electrical and magnetic effects are difficult to quantify. At the present
ume. the best that can be expected is to determine whether these phenomena are quali-
tively consistent with any one theory. While these effects are consistent within the

frame-work of the inclusion theory the need for additional data which could be obtaired -

from a comprehensive field test program designed to measure all the above precursors
is obvious. [t is important to note that the inclusion theory predicts that all of the
precursor phenomena discussed above bear a fixed relation in time to one another, and
further that these phenomena result onlv from definite physical processes related to
failure and preparation for failure in the focal region and in the inclusion zone of an
impending earthquake.
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4. Prediction and possible control of crustal earthquakes B::zﬁ“in
$ W0 R

The inclusion theory gnd its associated scale independence principle sugges; thay 2k actvit;

the earthquake problem is truly deterministic. Implicit in this concept is the applic. .~ock. Howe

ability of the theory to the dual problems of earthquake prediction and, possibly. +:2hout fluid
earthquake coatrol. However, the development of possible methods of caﬂhquu;e -=d duid difT:
prediction and/or control Tequires.an understanding of 1) the effect of fluids on g,

carthquake process, and 2) the applicability of the inclusion theory to the occurrence Zzrihquakes
of earthquakes within existing fault zones, These subjects are considered before the Figure 5s
problem of earthquake prediction and/or contro] s discussed. : =cluding a I

.3rDY, 197
Effect of fluids on inclusion growth

In the inclusion theory, fluids are not required to be present in the focal region 19
produce most of the precursory effects observed prior 1o an earthquake. The inclusion

an effect discussed at length in rock mechanijes literature.

The presence of fluid pressure in the interstices or pores of rock affects the stress
state in the solid rock matrix. The fluids within the eracis or pores can be under pressure.
The effect of this pressure, £, is to cause the cracks to remain open and is conveniently
included in the analysis when the tota] pressure, P, is replaced by the effective pressure
PPmp_y» P,, where +* > 1.0 for most practical problems. Failure of rock containing
fluids with pore pressure is then determined in the inclusion theory only by the effective
stresses (6, — P,, 0, - P,, 0y~ P, where ), o, o3 denote the applied principal stresses)
acting on the rock.

Assume fluids are present in both the inclusion and dilatant volumes of an impending
earthquake. During the closure phase, fluids in the focal region must diffuse out from
that part of the focal region where closure is occurring. Fluid will also diffuse into the

o, within the inclusion will increase to a value 6, + P,. This increase in tension in the
*inclusion zone produces a concurrent increase in stress concentration in the focal region.
When the scale independent princi pleis applied to this situation. it is clear that diffusion
and increased pore pressure in the inclusion zone have a much larger influence on focal
region modulus than op inclusion modulus. Consequently, inclusion thickness must
decrease due to elastic deformation resulting from increased tension in the inclusion and 7Y uticinted
increased compression in the focal region. Therefore, the effect of fluids in the potential lited in Fig,
earthquake region and Auid diffusion produced by closure is merely 10 enhance failure: -3Fig. Ssugge
that is, the system, primary inclusion - focal region. tends toward a condition of in- - eexisting f;
stability earlier than it would if the rock were completely dry. Once the main earthquake 1d the facy ¢
has occurred, the fluid will tend to diffuse into the fractured secondary inclusion 20n¢ N, sugges:
in response to the stress transferral resuiting from the earthquake. The effect of ﬂ‘f'd F’b"a reorie
diffusion in the secondary inclusion zone on aftershock sequerces will be similar to its fom high ter,
 effect on the main shock. fuake,

Prec
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gooker (1972) showed that the effect of fluid diffusion on aftershock sequences

g to resultina 1/1 type decay law for the aftershr cks. This result suggests some after-

(hock activity may be caused by transient pore pressure change induced by the main

. However, it is possible to show that a 1,7 aftershock decay law can also occur

erthou: fluid diffusion. This result strengthens the hypothesis that the effect of fluids
2od fluid diffusion on the earthquake process is only one of a modifying agent.

Earthquakes within existing fault zones

Figure 5 shows precursor time (4t) versus failure length (L) for several canhqual.m.v

including a rock burst from northern Idaho and a coal mine roof fall in Pennsylvania
(BxADY, 1974). Both the rock burst and roof fall were fresh failures that occurred in
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Precursor time-failure length relationships for carthquakes and mine failures

dry unjointed rock. Most major earthquakes in the world, including the earthquakes -

listed in Fig. 5, are known to occur within pre-existing fault zones. However, the data
n Fig. 5 suggest a similar mechanism of failure must be operative both for failures along
Pre-existing fault zones and failures in fresh unfaulted rock masses. This observation,
ind the fact that carthquakes z-occur in basically the same locations time and time
3gain, suggest that old faults may ‘heal’ with time resulting from crack closure due to
“ither a reorientation of the applied principal stresses or to crack cementation resulting

from higp temperature fluids depositing minerals within these cracks after an earth-
Quake.
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The inclusion theory is ditectly applicable to describe earthquakes for the Qe
where effective healing of any kind has occurred. In addition, the inclusion theon
obviously has applicatiog to earthquakes generated along ‘old’ fault surfaces Wher

sliding can resume. I terms of the inclusion theory, the asperities or ‘lock’ points

inclusions follows the same process discussed in Par [

There are some consequences of failure of ‘lock’ points within pr:-existing fayjr
Zones. For example, the method of estimating what has been called ‘effective fayj;
length’ in the literature (Fi2. 5) from the aftershock regicn and relating this to the
precursor time for the main shock is, in general, consistent with the inclusion theory.
However, there may be situations where the calculated *faut length’ is too large. For
example, consider the problem where a major ‘lock’ zone exists along 2 pre-existing
fault. This zone must be destroyed before slippage along the fault can occur. Therefore
this zone becomes the nucleus for the inclusion and its associated foca] region. Thus,
the focal region or, alternatively, the aftershock region, will be contained within the
‘lock’ zone. When the carthquake occurs, there will be slippage along the fault in the
vicinity of the ‘lock’ zone. Failure of additional smaller ‘lock’ zones in the vicinity
of the major ‘lock’ may occur due to the rapid stress transferral from the earth-
quake. As a consequence, the aftershock area will include the aftershock areas of the
major ‘lock’ zone and the additional smaller zopes along the fault and appear somewhat
largerthanit really is. Consequently, care must be exercised in interpreting the numerical
relationship between 4t and the ‘effective fault length' L.

Precursor time as an earthquake predictor
Precursor time, 4t, should be used witk cAution as a possible prediction of earth-

focal region, precursor time will be shortened or lengthened in proportion to the excess
rate of load increase or decrease, respectively, in the focal region. As a practical example.
recent studies by the author jn northern Idaho by the U.S, Bureau of Mines have derqon'
strated that a rock burst in one mine pillar can result in rapid stress transferral to neigh-

boring portions of the pillar or adjacent pillars, resulting in secondary rock bursts.
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Precursor times for the secondary b.urm were thc.rcby shortened, because loading rate
ncreased over and above that which existed prior to the secondary bursts. A large
e example of stress transferral may be the occurrence of multiple earthquake
\equences that appear to be causally connected. Precurscr times for the secondary shock
may be shortened in proportion to the amount of stress transferral to the sacond shock
egion resulting from the main event.

" Caution must also be exercised in using velocity anomalies such as ','V, or V,-
residuals (Wyssand HoLcoums, 1974) to predict the time of occurrence and the magnitude
of an impending earthquake. P-wave velocity decreases prior to earthquakes have been
observed by monitoring the average V,-residual at seismic stations near the focal region
of an impending earthquake. The V,-residual is the difference between '5e observed
wavel time from an epicenter to a station and that computed theoretically based on
some earth model. Thus, if the P-velocity iz the crustal material undernezth a seismic
sution decreases temporarily before an earthquake, each seismic wave rzaching this
station will arrive somewhat later during the premonitory period. Wyss (personal
communication, 1974) observed that prior to the Sitka carthquake the },-residual
increased for a time and then decreased back to zero well before the occurence of the
carthquake. Consequently, both the ‘precursor time' as well as the magzitude of the
arthquake to follow would be underestimated if it were assumed that ths earthquake
occurs when the V-residual returns to zero. Figure 6 is a schematic illust=ztion of the
processes that would bs expected to occur in an earthquake region basec on the scale
incependent inclusion theory. The boundary between the closure anc :he dilatant
zones at various times, £y, 1y, ..., fs (t; > I5... > 1,), into the closure phase are shown
in both cross-section (A) and plan view (B). If a seismic station is located o= the surface
directly above the dilatant zone at point C in Fig. 6B, an obserrer would -3t detect an
increase in ¥,-residual due to the formation of the dilatant zone. This wou.z de followed
at time 1, by a decrease to its normal value due to crack closure beneat- the station.
However, the earthquake would not occur until some later time, say 15, wel zter closure
had occurred at point C. To accurately datermine the precursor time ard magnitude,
additional velocity measurements throughout the dilatant zone are requirss.

Methods of earthquake control

Water injection and withdrawal in high stress zones has been consideres 2 method of
carthquake control (HEALY er al., 1972). One procedure consists of drillinz three wells
parallel to and within an active Jault zone where natural water is present. W zter is with-
drawn from the two outlying wells. increasing normalsstress and thus theore==21lv locking
the fault at these points. Water is pumped into the central well and the stcm=c energy is
released sequentially by increasing the pore pressure in the vicinity of the sentral well.
Itis of interest to consider this technique in terms of the inclusion theor.

. Consider first the case where no water is present in either the focal rez2n or in the
Inclusica, Assume crack closure has occurred or is occurring within the {ocal region.
Two possibilities arise. This first case involves 1): Direct water injection :=:0 the focal
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«nes of small quakes was desired. Since the fault or focal region is not ‘locked’, this
method pfcontrol should also be tentatively rejected. Consequently, when natural waters
the injection and withdrawal method of control is unsatisfactory.

Now consider the case where water is present in both the focal region and the in-
ume for simplicity the system is in the dilatant phase. Four possibilities
Jnse. as shown in Fig. 7. 1) All three wells in the focal region (Fig. TA): This procedure
enhances instability as withdrawal increases the effecuve pressure in that part of the
focal region nearest to the inclusion. The tension stress increases in the inclusion.

usion. AsS

o}
o}
X x
- © - " “Nm—- \\
l' - o \\ : ° \
1 \ \
I Inctusion ' Iaclusion
A -]
O withgruwo! wall
X injecton well
o "-~ - - -
" - - ™ ) ° \
1 X ] ' X \
AN/ ! 1 \
.4‘ o \ °
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¢ 0

Figure 7
Plan view of possible injection-withdrawal requences in the vicinity of the primary inclusion

2)Two wells in the focal region. one withdrawal well in the inclusion (Fig. 7B): The effec=ve
oressure decreases in the focal region and tension stress in the inclusion decrease. Tas
system tends towards stability. 3) One withdrawal well in the focal region, withdrawal
and injection wel!s in the inclusion (Fig. 7C): The effective pressure increases in the iocal
region and tension stress in the inclusion increases. The system tends toward a stats of
instability. 4) A/l three wells in the inclusion (Fig. TD): Tension stress in the izclusicn at
outlying wells decreases and the tension stress increases in the central region. [nstabiliry
develops between the two withdrawal wells. Methods | and 3 should be rejectec as
dangerous because of the possibility of triggering a large earthquake. A modificaton
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method 2 is discussed in the following Paragraph. Method 4 produces the desireq effes
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Theory of Earthquakes. Part III: Inclusion Collapse Theory of
Deep Earthquakes

By B. T. BraDY?)

Abstract

A theory of deep earthquakes, termed the inclusion collapse theory, is proposed in this paper.
Ia the inclusion theory of crustal (or shallow) carthquakes, faults were shown to termibate within
an inclusion zone. This zone represents a region within the brittle portion of the lithospheric plate
that conlains open cracks (voids) of varying sizes that, to 2 first order approximation, are uniformly
Jistributed throughout the inclusion zone. When the lithospheric plate containing these faults and
their associated inclusions is subducted into the mantle. the stress normal to the fault planes must
increase. A depth is eventually reached where slippage along the fault planes is no jonger possible.
Eanhquakes are postulated to accur ata specified depth within the mantle as a result of processes

leading to collapse of these voids.

When the long-term modulus of the plate is much greater than the long-term modulus of the
mantle, large pressures are shown to develop within the plate during periods of active subduction.
These pressures are shown to be sufficient to initiate partial collapse of voids of similar geometry
throughout the inclusion zone.

The inclusion collapse theory and the concentration of pressure within the plate lead to four
results. (1) Earthquakes that are produced by a void collapse mechanismm will not occur below a
ubduction depth calculated to be between 350 and 1000 km. (2) The physical process most likely

-—~sponsible for producing void collapse is the formation of shear melt zones whose thicknesses are

.the order of | 10 10 cm in the immediate vicinity of the voids. This mechanism is shown to produse
3 *precursor* time on the order of a few hundred seconds during which there is 2 release of shear
strain prior 10 the earthquake. (3) The maximum energy released by void collapse is independent
of the source depth. (4) The number of earthquakes produced by this process will decrease hypex-
oaiically with source depth. Source depth, in the context used in this arzicle, refers to the depth in the
=antle to the inclusion zone where voids of similar geometry are undergoing partial collapse. The
maximum source depth refers 1o the depth where all voids have closed.

Introduction

Earthquakes have been observed to occur at depths ranging from the surface to
700 km (GUTENBERG. 1951). GUTENBERG and RICHTER (1942) determined that of the
iotal energy released in earthquakes, nearly 133 comes from deep earthquakes.
Observational data show that the frequency of occurrence of deep carthquakes de-
creases hyperbolically with depth and that the maximum magnitude of these earth-
quakes is esseatizlly independent of depth (RICHTER, 1959). Seismic source studies also

_— 7 B ecearch
*) Physicist, United States Depariment of the Interior, BuMines. Denver Migiog R
Center, Deaver, Colorado, USA.
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120 B. T. Brady

.suggest that the strength of rock at depths in the mantle down to 700 km is not sig.
nidcantly different than the strength of the rock in the vicinity of crustal ear},.
Guakes (BULLEN, 1959; Wyss and MoOLNAR, 1972).

A number of different mechanisms such as faulting and/or phase changes, for ex.
a:=ple, have been proposed as possible causes of deep sarthquakes. Laboratory studies
tave shown that sudden slip on a fault surface can only occur when the shear stress
2iong the fault exceeds the frictional stress (BYERLEE. 1966). However, the existence in
i22 mantle of confining pressures of 300 kb at a mantle depth of 700 km in the vicinity
of the subducted plate is evidence against a shear faulting mechanism for deep earth.
quakes. Yet seismic signatures suggest that the mechanism producing deep earthquakes
is similar to the faulting meckznism displayed by shallow crustal earthquakes
(GRIGGS and HANDIN, 1960; OrowaN, 1960; Isacks and MOLNAR, 1971). There is also
some evidence that suggests the cause of deep earthquakes may be due in part 1o rapidly
recning phase transitions such as would occur in response to shear melting and/or
t22 occurrence of polymorphic phase charniges such as the pyroxene-garnet transforma-
tion and the inversion of orthorhombic enstatite to monoclinic clinoenstatite (GRIGGS
and Ha~DIN, 1960; RINGWOOD. 1970; RIECKER and ROONEY, 1966: KNOPOFF and
RaNDALL, 1970; RAYLEIGH and PaTERsoN. 1965). Laboratory studies suggest that
phase trapsitions, while they may be somewhat accelerated in the presence of shear
stess, are much too slow to produce the observed violent characteristics of these
earhquakes. Yet deep earthquakes also appear to exhibit some of the characteristics
expected of a phase change mechanism; namely. volumetric compression (KNOPOFF
acc RANDALL. 1970). To date, no theory of deep earthquakes bas been proposed that
can account for these apparent paradoxes.

Inclusion collapse theory of deep earthquakes

A postulate of the inclusion theory of shallow earthquakes ;5 that all faults must

terinate within an inclusion zone. The inclusion zope creates an environment
favorable for the continuation of fault growth; namely, the existence within the in-
ciusion of a tensile stress whose uxis is oriented in 2 direction normal to the long
(m2jor) axis of the inclusion zone. This stress eventually produces catastrophic
macrocrack formation within the iaclusion. Once the inclusion grows beyond a critical
size, a portion of the macrocrack aear the}ﬁult zone closes and becomes part of the
fauit. The primary inclusion zonc,ip‘ysga(éd ip Fig. ] can be considered to be a collec-
tion of smallet secondary inclusion zones each with their associated macrocracks. The
collective behavior of these scéonc'ary inclusions and macrocracks is modeled by 2
single primary inclusion (BRaDY. 1975).

With increasing depth in the earth. both the confining pressure and the ratio of the
least principal stress to the maximum principal stress increase. Thus, a depth must be
evestually reached where slippage within the fault zone becomes impossible (Fig. 1b)-
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Theory of Earthquakes. Part 111 121

rowth of the inclucion in the sense discussed in parts and 11 cannot occur since the
(east principa.l stress within the inclusion zone changes from tension 10 compression.
However, 85 the pressure within the lithospheric plate that contains these zones con-
ginues 10 increase, earthquakes in the plate may be induced by closure of macrocracks

Sroe=gry INTLEIC 4

-—r— =
—— SeSSndary it

Tocol Region

Figure |
Effect of cozSning pressure on inclusion growtb.

(void collapse) of successively larger aspect rauos (thickness-to-lcngth ratio). It is
important to note that void collapse will occur only near the ends of the void where the
stress concentration iz highest. Cellapse wiil proceed sequcmiall};,(é'wards the central
portions of the void as the applied pressure is increased : that E,—(he aspect rativ of the
void that remains will increase jollowing each phase of collapse and will approach 3
maximum valuz of 1.0. Collapse of voids of aspect ratio 1.0 will signify the terminatioc

of deep earthquakes produced DY this process.
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12 B. T. Brady
Pressure required to produce collapse of spherical cavities
An esz3ate of the pressure required to injtiate partial collapse can be made. As.

sume thar the macrocrucks, referred to hereafier as cracks, can be modeled by
ellipsoida zavities of aspect ratio a. WALSH (1965) has shown thar the magnitude of the

upper li= :ing pressure required to close cracks of aspect ratio o is a£,, where E,isthe

Young's =odulus of the material containing the crack. The pressure (or depth within
the mants) required to close spherically-shaped cracks is of particular importanee to
the desp earthquake problem, since their collapse signifies the termination of all deep
earthquaiss caused by a void collapse process. A more refined method of calculating
this presszse is presented below. .

The taagential scress along the boundary of 2 spherical void contained within 3
lithospasasic plate subjected to a far-field hydrostatic pressure of magnitude P, is
2P,. Let u5 assurne that all voids whose aspect ratios are less than 1.0 have closed under
the existing stress field. Since shear induced crack formazion in the immediate vicinity
of the spherical void is impossible (they will close unless spherical), [ will postulate
that the paysical process by which shear induced collapse begins is by the formation
of thin (low aspect ratio) platelets of melt material that are oriented in a direction
paralle! to the axis of local maximum compression: that is. paralle] to the direction
of 2P, Trase regions represent the nuclei of the shear fajlure zones. The regions
that contain the melt platelets can be modeled as inciusion zones of aspect ratio
a¢ and relative “elastic’ conrrast K, (= E,/E,, where E, and E, are the moculi of the
melt zone and plate, respectively). The magnitude of the tensil: stress. C,, that is
developed within this region is approximarely (BrapY, [974)

G 3K(1 = K)e(l ~ a) . . )
2P, 9K(! + af) + 2a(3 = K <+ §K?)

where the eJects due to the preferred orientation of the melt platelets is rieglected.
Note that :he orientation of C. is normal to the direction of eventual shear failure.
The maxizum value of G (C5™) will occur along the boundaries of the void and cn
be calculated from equation 1. The result is

G = 0.05(2P,). (@

The theoretical tensile strength, a., of crystalline materials is known to lie between
the values (CorTrELL, 1964)

% So < L, 3)

Xd

Shear failur; begins once the teasile strcsis. C. in the melt zone equals o, The magni-

tude of the pressure, 2, required to initiate collapse of the spherical crack is found from
2quations 2 and 3 to be

0.33E, s P, < 1.00E, 4
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Theory of Earthquakes. Part m 123

when the applied far-field stresses are hydrostatic. When the maximum far-field stress
i much greater than the least stress, the range of the maximum principal stress required

to ;mdltc CO“‘PSC is
0.22E, < P, < 0.66E, D)

The value of the maximum applied principal stress, Pr required to initiate partal
collapse of cracks of aspect ratio a is

Py = W-En ' W)

where yisa aumerical constant specified by equations 4 and 3.

Equations 4, 5, and 6 show that the pressure required to produce collapse of the
sphcrial void is on the order of the modulus of the lithospheric plate. However, pres-
sures in the mantle on the order of E, (~2 x 10% dynes/cm?) are present only at
great depths (~ 5000 km). Yet deep carthquakes have not been observed below approxi-
mately 700 km in the mantle. Thus, if deep earthquakes are induced by a void collapse
mechanism, it is pecessary 10 determine how pressures well in excess of those pormally

-present can be concentrated in the upper mantle so as to produce collapse. This
problem is considered below. The detailed physics of veid collapse is analyzed later
in the paper. The following analysis begins with the well-known observations that desp
carthquakes occur only within lithospheric plates that are being subducted into the
mantle and that these earthquakes occur only within the upper 10-t0-20 km of these
plates (ENGDAHL, 1973; Wyss, 1973).

Subducring lithospheric plates as manifestations of stiff inf!u:ion.s

Assume that the lithespheric plate is subducted into mantle rock that in the un-
disturbed state is subject to hydrostatic loading. The long-term strength of the mantle
rock in the immediate vicinity of the plate is assumed to be small in comparison 10 that
of the plate, Physical justification for this assvmption is presented fater. In this situa-
t‘ion. the problem reduces to that of 2 *hard’ inclusion; that is, the region (plate) in
which the arthquak?s octur, embedded within a +softer’ host material (maantle). The
reader v.ill note that the notion of an inclusion is DOW Jbeing extended 10 include an
entire subducted plate. This inclusion is not to be confused with the primary inclusion
associated with an impending crustal earthquake or with the inclusion associated with
tbe melt zone postulated earlier to be the nucleus of the shear failure zone of an
impending dezp eathquake.

Two plate model motion schemes are considered. The first is the steady-state
subduction model. In this scheme the entire length of the subducted portion of the
plate is assumed to be in uniform motion within the mantle. The scio'nd scheme is the
variable subduction rate model. I3 this model, the plate is assimed to be locally
“hung’ up at lock zomes that must be broken before.,ihoti'o'ﬁ of the plate into the
mantle can occur. :

125



124 B, T. Brady
Steady-state subduction model

Cons;Her an elliptically-shaped inclusion zore (subducted plate model) of average
thickness 4, and length Z, with average modulus £, embedded within a host materiy
(mande) of modulus £,. This inclusion zone Fepresents the brittle portion of the litho.
sphere in which the carthquakes occur. Let the composite system (plate and mantle)
be subjected to an applied far-field hydrostatic pressure of magnitude £,. Whep the

s of the plate and mantle are
principal stresses parallel 1o,
within the plate are constant

system is in mechanical equilibrium and the Poisson s ratio
equal, the stresses o, and o, [where 0. and 0. denote the

azd normal to, respectively, the length, L,, of the plate]
and equal to (BraDY, 1974)

o = KK + &) + (1 + SK)aylV < 3K = K - é_);v*

o1 = 3K(1 = K)(@d = a)¥ + 31<[3(1< = =) - 1+ 51) ci_]lw, ™

where a, (@, = d,’L) is the aspect ratio of the plate, X = £J/E, and

N = .
K(1 + <) + 22 = K = 3k,

N* = Py
T e L
91((17“5)-,-.(2 K - sx)q

®

The ratio of the principal stresses normal to (¢.) and parallel to (oy) the length L,
“of the plate is

%o R B Fa)he, + 432 )

oy (I 3K + 3T < 3e3) @
When the plate js ‘elastically stiffer’ (£w « £,) than the host material,

'R>l. aQ>1

R=]l ¢ =] (10)
R <], e, < .

Equations 9 and 10 show that down-dip compression must exist within the plate at
depths greater than the plate thickness (d,). }I'e down-dip direction, in the context

used in this paper. refers 1o the direction of pfate descent: that is, parallel to the direc-
tion of plate motion. L e

model for two reasons. (1) Equations 7 and 8 are only valid when the applied pressure
is constant. The use of an applied pressure, P,, that increases with depth in the mantle,
while complicating the analysis, will tend 10 increase the depth that the plate will have
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Theory of Earthquakss. Part I " 128

to be subducted into the mantle before down-dip compression would exist throughout
the plate. This correction can be shown te produce only a 10-20% depth increase. (2)
The assumption that the far-field pressure is hydrostatic in the upper 200 to 300 km
of the mantle is not realistic. For example, it can be shown using equation 9 and the

. pumerical results in the appendix that if the horizontal stress is only 20%, larger ttan

the vertical stress in the upper mantle, down-dip extension can exist within the plate
to a subduction depth on the order of three times the plate thickness when the rauo
K is 5.0. However, once the plate is subducted beyond this depth, down-dip com-
pression will predominate in that part of the plate beyond this depth. Thus, the exis-
tence of down-dip extension in 2 plate (satislying the constraints of the steady-siate
subduction model) subducted beyond a depth cn the order of its thickness would be
evidence that the pressure distribution within the upper mantle is. noniiydrostatic 2nd
and that the horizontal pressure is larger than the vertical.

It should be noted that down-dip extension has been observed in plates that Lave
been subducted to depths on the order of 200-300 km (IsACks and MOLNAR, 19°1).
The existence of down-dip extension at such depths is incompatible with 2 plate mocsl
that satisfies the constraints of the steady-state subduction scheme. At the maxiu=.
a transition depth from down-dip extension to down-dip compression is 100 km wien
a plate thickness of 15 km is assumed. This problem does not arise in the variath
motion subduction model.

Variable plate motion subduction model

The following definitions are required to develop the variable plate motion sub-
duction model. (1) The brittle portion of the lithosphere in which the carthquakes csur
is represented as an elasti¢ plate of Young's modulus E, and average thickness &,.
(2) The mantle rock and the lower purtions of the crustal lithosphere in which no e2-15-
quakes occur dre both modeled as 2 viscous medium of average thickpess d, and iizear
viscosity 7.. The viscous zone is defined to represent that portion of the mantle acé tze
lower viscous portions of the lithosphere whose physical state is affected by the
subduction of the brittle portion of the lithosphere (referred to hereafter as the *piate )
The base of the viscous zone is defined to be that portion of the mantle wiere
no motion occurs. The viscous zone will be referred to as the asthenosphere. 3)
The velocity-depth relationship in the asthenosphere it assumed to be linear. While
the approximation of the asthenosphere as a Newtonian solid is a simplificatiozn of
actual behavior (PosT and GRIGGS, 1974), the general resultyrderived below soould
not be significantly affected. The effect of rewurn flow id the upper porticzs of
the asthencsphere due to plate subduction will be “Teglected in the foliowing
analysis, :

Assume that the plate is compressed under a compressive Suess parallel <0 its
length and that the resulting deformations of the plate are purely elastic. If u decotes
the displacement of a point in the plate as it is subducted into the mantle, the iocal
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horizontal stress parallel to the direction, s, of motion is approximately o, o
E(Cujés) and 1= horizontal force Per unit thickness of the plate is 4,(lo,jés), The
shear stress at 122 bottom and top of the plate is ne1dy(Cuict). Balance of the forees
paralle] to the cirsction of Plate motion with the shear forces on the plate gives

eu .
?’ = K, ey (“)
where X, = d.d,£, 2n,. This equation has the form of the simple diffusion equatiop
whose solutions 2ce well-known, .

Th: .verage velocity that a disturbance applied 1o the upper near surface portions
of the plate prorazates in a time ¢ is approximately (ELsasser, 196€9)

24d,d,E,
O & e 21,
M

wherer (=5 ;) represents the ‘propagation velocity® of the disturbance averaged over
a specified time interval, 7, and denotes the distance traveled by the disturbance

(12)

based on recent estimates of the source dimensions of deep earthquakes (Wyss, 1973:
ENGDAHL, 1973). Tas average asthenosphere thickness, 4., will be taken 1o be 300 km
and is based op c2’culations by ARTYUSHKOV (I1971). A reasonable range for £, for
shallow depths i~ 100 km) is 0.50 x 1012 dynesicm® 10 1.0 x 1012 dynes;cm3
(Gricaes and Haxorx, 1960). Nuxr and M.vko (1973) and ARTYUSHKOV (197]), using
independent methods, calculated asthenosphere viscosities of 5.0 x 101 P apd
1.0 x 10%° p, respectively, where P denotes viscosity units in poise. Substitutinz these
values into equatica 13 [7a = 7.5 x 1019 p, £, = 0.75 x 10*2 dynes cm?] gives an
average propagatica velocity of the pressure pulse to be

*lock’ point, thereby freeing a portion of the plate to move under the existing force
System. A pressure pulse whose magnitudc can be estimated from equations 7 and 8
(where e, now refers 1o the aspect ratio of tie moving portion of the plate) begins to
Propagate down the subducted portion of the plate at an av_tfgnge velocity of 50 kmj/yr.
(2) Motion of the plate begins at a velocity estimated ¢ a few centimeters per year
and downward migration of earthquake activity at an average velocity of 50 km/yr
begins. (3) The pressure in that portion of the asthenosphere jocated on the underside
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of the plate will decrease in response to the jncrease in plate pressure. Stress equili>-
rjum will cause an extensional stress state to develop within the plate on the oceanic
side of the trench. (4) This physical process and the possibility of a positive densiry,
contrast between the plate and the asthenosphere in the leading portions of the moving
rrion ‘of the plate will lead to conditions that tend to favor normal faulting in the
upper (brittle) portions of the oceanic lithosphere. Furthermore, tc this pressure
reduction in the plate must be added the pressure reduction resulting from the ex-
(ensional stress pulse that propagates up the plate from the initial location of the
underthrust event. Thus, the plate, so to speak, slides dowun into the mantle,

The effect of the underthrust and normal fault sequence discussed above 5 to
locally destress an area, 4., of the plate between these two locations. The time, T,
required for the stress within this area to build up and for failure (undenhrustag)
to occur again [assuming that the lock point(s) has been reestablished} can be cicu-
lated from equation 11. The result is

277:'4¢

R e—— -3
T4.E 211 x 10-3 4, years, (15)

T,
where A, is measured in km® and where 7, = 7.5 x 101* P, d, = 30 x 10%cm,
d, = 1.5 x 10°cmand £,(= surface plate modulus) is equal 10 0.50 x 1033 dynes c®.
A typical value of 4, for an underthrust event is 30,000 km?® (determined from 2fter-
shock area measurements (MoGl, 1973, 1974)]. The time required for pressure buid-up

is approximately 66 years. This time interval is in good agreement with MoG1's (1573,

~ 1974) observations on earthquake recurrence relationships in the western Paciic. It

should also be noted that equation 15 predicts that for large underthrust events. such
as the 1964 Alaska ear:hquake [4, = 200,000 km* (PLAFKER. 1965)), the time reg=red
for pressure buildup is on the order of 500 years. Eauation 15 also shows tka: e
pressure build-up time should increase with earthquake magnitude since magnitude
and aftershock area are known to be proportional to one another.

In summary. the following five results are predicted by the variable plate motnen

subduction model and the associated inclusion collapse theory of deep earthguzxes. .

(1) There wili'be a spatial and temporal variation in earthquake occurrence witki= the
plate: that is, seismic activity will progress in time from a shallow region to 2 3229
region within the plate that is calculated to occur at an.average velocity on the crcer
of 50 km/yr. (2) There will bz no earthquakes induced by a void collapse meckznism
in the plate when the plate is statiopary or in the process of deceleration, since void
collapse cannot occur in the absence of pressure overloads within the plate. (3) L' the
pressure distribution within the upper 200 to 300 km of the mantle is nonhydros:2tic,
down-dip extension can exist within the moving portion of the plate to these deoibs.
(4) The subduction process is quasi-periodic: that is, it has a definite beginning (tader-
thrusting followed by the migration of a pressure pulse down the plate and peraaps
earthquake activity) and an end [reduction in th_c"horizomal stress in the plate 2ad 2
“rehealing’ of the lock zone(s)] and that the proress may recur after a time icienval
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sphere. (5) The overal] plate motion is of an oscillatory nature. An entire plate segmen;
pulses its way down into the mantle. It js important to note that this type of motioy
minimizes the power required for subduction 1o take place.

Inclusion collapse as a finction of depth

When the elastic contrast berween the plate and asthenosphere s large; that js,
K= E/E.» 1, the ratio R(mo,a,) is approximately

R-—s 304!,. (16)

This relationship shows thar in the steady-state subduction model the down-dip
sompression stress wil] be nearly tea times the normaj stress (o) in the plate when the
total length of subducted plate is 500 km {d, = 15 km). It should be noted that R will
Se greater than the value spec. 4 by equation 16 when nonhydrostatic stresses exist
2 the upper mantle (horizontal stress js assumed to be larger than the vertical). In the
“ariable motjon subduction model, the value of 2 will also be larger than the value speci-
Z2d by equation 16 since the aspect ratio of the moving portion of the plate must be
F=ater than the aspect ratjo of the total subducted portion of the plate. For example,

-2 the length of plate freed by an underthrus event be 75 km. This gives an aspect

direction of plate descent. This calculation assumes that the far-field stresses are
Sxdrostatic, '

lower limiting value, This result suggests that brittle fracture, in the sense observed in
stallow earthquakes; thay is, fault-primfry inclusion-focal region growth, will be
uzikely unjess g triggering mechanist is available for Producing decreases in the
locz! values of the principal stiess difference (maximum principal stress — mijnimum
principal stress) within the plate. It will be shown shortly that the existence of voids
(csacks) in the plate thay were themselves producsd by shallow earthquakes rior 10
plate subduction can actastriggers for Producing shear instabilities (melting) within tke
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prittle portions of the lithospheric plate. These instabilities will be shown to initiate
adjacent 1O the void(s) and then propagate across the brittle plate, thus producing the
earthquake a5 well as partial collapse of the void.

The preceding analys’s and the two plate motion schemes and, in particular, the
variable motion subdurtion model, show that the plate can behave both as a stress
cuide and as 2 vehicle that can produce anomalous local pressure concentrations
~ithin the upper mante. Consequently, collapse of spherically- or cylindrically-
shaped cracks within the primary inclusion zones produced earlier by shallow earth-
quakes prior to subduction may occur in the mantle as is shown by the following
analysis.

Let o, be the aspect ratio of the ith crack and ¢, its concentration, within the
primary inclusion (Fig. 1b). For simplicity, a uniform distribution of crack sizes will
pe assumed to exist throughout the volume of the primary inclusion. The pressure
P, required to initiate partial closure of the ith crack set is approximately

Py = ya(l ~ @)L, (17

where E, is the average plate modulus and y is a parameter shown earlier to depend or
the stress state existing within the plate. The average pressure, P, within the plate is
(E,» Ea)

P = {20, + 0)), (18

where the intermediate principle stress within the plate is assumed to be equal to
o,. Equations 7, 8, and 18 combine to give

6
o, = -l'6_§,(1 + 3a,) Py

c. = 1_66(3 + &) Po, (15;
where g, is the aspect ratio of the moving portion of the plate, Po = pwgh and pn anc
h are the average mantie density and depth below the mantle surface, respectively.
The average pressure within the moving portions of the plate is found from equations
18 and 19

F=1 [9 + a, + é] Po. (20

The critical depth, k,, required to initiate partial collaps= of the ith crack set is

h, = M, /}{ 2

' .
A 7 o4

where k, = B/P, and m = p.3. Equations 20 and 21 combine to give

8a,(1 — c)Ezy “ne
h = m(2.+‘9a,) , (=
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where terms on the order of a; are neglected, The critjcal depth that will be required 700 k.

to cisse all cracks: that is, the depth bevond which there will be no ear:hquakes thy; the req
Qc 2¢ induced (or triggered) by a void collapse mecharicm occurs when o = 1.0, lated &
8(1 = ¢)E,a.y

hauy = __"m(z + 9a,) ' (23)
wher2 ¢ is the concentration of spherically-shaped eracks within the primary inclusior. Wh
A~ estimate of this depth can be made. Consider first the steady-state plate motion require
modsi. Let the length (L)) and thickness (d,) of the plate be 300 km and 15 km, whethe
respectively. The aspect ratio of this plate is approximately 0.018. Let the average that pre
densiz of the maatle in the vicinity of the plate be 3.75 gm:cm®. A reasonable valueof - The sol
the piate modulus at a subduction depth of 700 km is 2.00 x 102 dynes/em? (GRriGgs int8is ¢
and HaNDIN, 1960). Substituting these values into equation 23 gives lhe{“;‘
th
Apay = 350y km, (29) materia
where 2 nominal spherical erack concentration of 59, is assumed. . isgrean

It 225 shown earlier that the parameter v ranges in value from 0.33 to 1.00 for ystem (-
hydresatic (o, = 0.) and 0.22 to 0.66 for uniaxial (¢ » o.) loading within the plate. adjacen:
Focal mechanism sruciss suggest that deep focus earthquakes are characterized by - plae m
down-cip compressio: (Isacks and MOLNAR, 1971). This result suggests a reasonable zon¢ 'hf
range <y 1o 0.2 to 0.66. Thus, the maximum depth range for deep earthquakes in- the mec
duced v a void collapse mechanism in a Plate satisfving the constraints of a steady- able ( ~
state s_zduction model js The

cack o
TTkm < hgyy < 230 kmn. @) maerial

No= consider the variable imotion subduction mode!. Let the length of the plae - ‘“"5’3
fresd &y an underthrust event be 75 km. The aspect ratio of the moving portion of the tress is
Plate is 0.20 for a plate thickness of 13 km. Let the plate modulus and average mantle S¢tween

a density at the eritical depth be 2.00 x 1012 dynes/cm® and 4.50 gm/cm3, respectively.
The maximum depth is The
haas = 1650y k. (26 11928) ar
uon non
In this case the maximum depth range for deep earthquakes induced by a void collapse Paralle] |
mechanism is L.and w
360 km < hq., < 1090 km. (o2}

The exact cut-off depth for either the stcayy’:state or variable motion subduction ab
model depends critically on parameters such/es a, and y that are not known with pre- Ee v,
cision.at this time. I is important to' noté that the variable motion subductiop model | 3ad O(a)
is 2 physically more realistic Todel since the power required to subduct a plate satis- Fack js |

fying this model is approximately three-fourths the power required to subduct a plate
satisfying the constraints of the steady-state model. If the observed cut-off depth of
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700 km for the occurrence of deep earthquaics is used in the variable motion model,

the required value of y is 0.42 (¢, = 0.20). This value is well within the bounds calcu-
Iated earlier in the paper.

Physics of inclusion collapse

While the equation Py = yaf, may signify the magnitude of the plaie pressure
required to initiate collapse of cracks of aspect ratio «. this equation gives no indjcazion
whether collapse proceeds rapidly (~ few seconds) or what the physical processes zre
that produce the observed characteristics of the earthquakes associated with collapse.
The solution of these two problems requires knowledge of both the loading system,
in this case, the mantle, and the physical process(es) that are responsible for producrg
the collapse. _

It has been demonstrated experimentally that failure of either brittle or ductie
materials can be controlled only when the post-failure stifiiess of the loading sys:z=
is greater than the post-failure stiffness of the material contained within the loacizg
system (for example, see BRADY. 1974). The low pressures within the mantle mate=2)
adjacent to the subducting plate suggest that the loading system is less stiff thap 1=2
plate material (see appendix). Thus. failure of cracks within the primary inclusi=n
Zone that is contained within the plate will probably be of a violent nature provicad
the mechanism(s) that initiate collapse can be shown to occur a time interval compzr-
able (~ few seconds) to that observed in shallow crustal earthquakes.

The elastic strain energy stored in a material that contains an elliptically-shapes
crack can be calculated once the difference between the strain energy, ¥, of =2
material containing the crack under a specified state of applied stress and the sizis
energy, W, of the same material without the crack under the same state of aprias
stress is known. The strain energy of the crack. W', is defined to be the differezza
between these two quantities: that is.

" W, = W - I, (8

The strain. energy due to the presence of the crack has been calculated by STsr=
(1928) and Sack (1946) for two cases: namely. a normal stress, o,. applied in a dires-
tion normal to the major axis of the crack and a shear stress, 7, applied in a directicz
paralle! to the major axis of the crack, respectively. The result for a crack of leng:=
L and width 1 contained with a plate subject to a condition of plane strain is
(1 = vf)=L3 )

4E,
where v, and E, are the Poisson's ratio and Young's modulus of‘the plate, respectiveis.
and O(c) refers o terms that are on the order of the aspeétTatio of the crack. If ira
Crack is long and narrow, O(a) = 0.0, and !

W, = [i+ 7 +0(). (28

- z )
u,' - (1 .:E?)‘-'-'Le’ [0‘3 COS’,B -+ ai sin® ﬁ]. (30,
] .
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w:ere o, and o, denote the principal stress (maximum and minimum respectively) and
7 is the angle between the major axis of the crack and o;.

Equation 30 represents the energy that will be released during crack closure. For
sxample, let the energy released by a desp earthyuake at 2 depth of two bundred
Liometers be 1 x 102 ergs. Let the Young's modulus and Poisson's ratio of the plate
sezment in motion be 2.00 x 10*2 dypes/cm? and 0.30. respectively. Substituring these
vaiues ,ut0 equations 7, 8, and 30 gives a maximum value of the crack lensth (letting
! = L, and B = 0°) to be 175 meters for an aspect ratio of the moving plate segment
szual to 0.20. Thus, to an order of magnitude, the maximum lengths of the cracks
contained within the primary inclusion that iz undergoing partial collapse are on the
order of a few hundred meters. It should be clearly noted that this length value does
=t necessarily equal the source dimensions of deep earthquakes. Source dimensions
ci deep earthquakes are observed to be on the order of 10 km (Wyss, 1973). The cracks
«5at are undergoing partial collapse act as triggers for the propagation of shear
instabilities (melting) in a direction away from the collapsing void for reasons discussed .
below. _

The physical process by which partial void collapse develops will be postulated to
pe shear failure that occurs only near the end portions of the crack (Fig. 2). Collapse
of the crack will proceed sequentially toward the central portions of the crack as the
inclusion zone that contains these cracks is subducted to increasing depths in the
mantle.

It is important to determine whether these shear failure zones can be propagated
ty melting. Let /7 denote the heat energy required to melt 2 unit mass of material peas
the ends of the crack. The increment of eaergy required to melt n zones of thickness §
and lateral extent §dL. in the immediate vicinity of the crack is

dW. = n(sdL o H. (31
The increment of energy released by closure of the crack by an amount dL. is

(1 = vi)mtLdL. 2
-———_,_'E—‘—'—"‘ o G

where g = 0° for purposes of ca]cula}'oﬁ(. Equations 31 and 32 combine 0 give

..'--é,-:'- E, E,_}_{. (:.:\)
ns o (1=w) o

dw, =

t

Equation 33 gives the magnitude of the crack leagth when the energy rclcnscd. by
crz =k closure of an amount dL, is equal to the energy that is absorbed by mcl'llﬂk:
Typical values of H, py, En vm o are 100 caligm =42 x 10° ergs/gm, 4 g0/
200 x 10" dynesjem?, 0.30 and 0.20 for a mantle depth of 700 km (GRIGSS ¥
HANDIN, 1960) and for a plate motion mode! satisfying the constraints of the varitb
motion subduction scheme. Substituting these values into equation 33 gives

-Le (Eal
ria 0.04.
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Figure 2

Process of void collapse by formation of shear melt zones in the vicinity of the void.

As an example, let L, = 5 x 102 cm. The number, n, of m;lf zones is found fre3
S3uation 34 1o be nearly 1 x 10* for § = 1 cmand 1 x 107 for § = 10 cm. Equazcn
% shows that the energy released by a collapse ‘ﬂicchﬁism will be ar least severz!
~tders of magnitude greater than the energy required to initiate shear melting in 3¢
“iqinity of the crack (Fig. 1b). This calculation suggests that the shear failure zones =2y
Mropagate by a shear melting mechanism once 3 shear crack zone(s) has formec 2
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the immediate vicinity of the crack. It is to be noted that the effect of this propagating
shear melt zone will be to increase the magaitude of the local principal stress difference
ia the brittle portion of the lithospheric plate. Thus. conditions become favorable for
shear faulting within the plate. Jt is this process thar will give rise 1o the earthquake,

The time required to melt a zoue of thickness 3 in the vicinity of the crack can be
~alculated. Consider a zone of thickness s* subjected 1o a shear stress of magnitude
- such that the upper surface is displaced parallel to the lower surface at a velocity .
I the absence of heat flow, the time required to heat this zone to a temperature above
ambient is (GRiGGS and HANDIN, 1960)

]‘ ™ -T.D_,C_,{:. (35)
T

where C, is the specific heat of the material. T cbtain an order of magnitude estimate
of t., let T = 700°C, p, = 4gm.cm’, C, = 0.30calgm, = = How = 0.) = 20 x
192 dvnes:cm? and 5° = 10 cm. A reasonable value of ¢ is approximately 20 km;yt
(= 1.59 x 10! cm sec). This value of ¢ denotes the average velocity that a pressure
pulse propagates down the plate following the release of the upper near-surface por-
tions of the plate by an underthrust and or normal faulting sequence. Substituting
these values into equation 35 gives

1. = 400 seconds. (26)

Tte time I, represents the period during which there will be a release of shear strain
epergy in the plate, after which, violent failure (shear faulting in the plate followed
by partial void collapse) takes place. ,

The time ¢, is in satisfactory agreement with the *precursor’ time observed by
Dziewonsk! and GILBERT (1974) for two deep earthquakes during which they
calculated a hypocentral compression 80 seconds prior to each earthquake. This
agreement also supports the hypothesis that void collapse initiating shear melting
may be a viable mechanism operative in desp earthquakes.

The reader will note that the inclusion collapse theory of desp earthquakes 0™
bines both the features of shear failure and volumetric compression. It will also b‘
potd that a shear failure mechanism aided by a shear melting scheme is not pecessant?
. a process that will belong exclusivcly)s deep earthquakes that are produced bya void
coilapse model. It is likely_that & similar process wil be operative in the decP
(~ 30 km) portions of shalloQ';nhquakcs characterized predominately by fa““’_“g'
This hypothesis could be tested by determining whether such earthquakes exhibit 2
precursor’ time during which there is a ‘slow" release of strain eergy a few miput®
prior to the main shock. The energy released by melting would be comparable t© e
energy released by the main shock itself.
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Discussion

Detailed studies of the focal mechanisms producing deep earthquakes will readily
determine the applicabiiity of the model proposed in this paper. Fer example, the
mechanism of void collapse must involve two distinct processes. The first is the for-
mation of shear meit zones that will first develop adjacent to the void and will then
nropagate ourward from the void into the plate. The source dimensions produced by
this Process will be compzrable 1o the thickness of the plate (~10-20 km). The orien-
(avion of the shear planes will be determined by the direcuon of maximum compression
within the plate- The sscond process will involve collapse of 2 portion of the void itself
and will include the artendant volume increase of the fractured material as it is relieved
of high stress. This volume increase is large and is theoretically on the order of 10%
(TAKEUCHL 1966) due o the high pressures generated within the plate durin¢. periods
of motion in the mantle. Thus, if the shear failure mode generates down-dip compres-
<on as would be expected in deep focus shocks. the collapse phase, probabiy occurring
within a few seconds after the main shock. would produce 2 down-dip exicnsion com-
ponent to the radiation pattern of the main shock. These two processes should pro-
Juce tWo distinct seismic signatures: the first represcming shear failure, the secoad
representing the partial collapse of the void itself. These two effects will be observes
irrespective of the position of the eantnquake within the plate. 1t should alco be potec
(hat the expansion phase that will accompany partial collapse, ensures that aftershock
wequences of deep earthquakes produced by this mechanism will cither be nonexisten=
or else exhibit temporal characteristics of much shorter duration than their shallow
counterparts. However, collapse of one void may wrigzer the collapse of nearby voics
of similar geometry due to stress transferral. This process would give the appearance =
afizesnocks.

The frequency of occurrence of deep earthquakes is observed to drep offin a near::
nyperbolic pattern with depth (SYKES. 1966). In the inclusion collapse theory. 12
aumber of deep eirthquakes that occur is inversely ptoporﬁonal 1o the crack lengi=
Ii the distribution of -crack -lengths is assumed to be uniform within the prima=;
inclusion zope prior 10 its subduction into the mantle, 3 hyperbolic {requency dec;
isw will result since the pressure within the plate is very nearly proponiona.l o &2
danth of subduction.

. Equation 29 shows that the energy released by crack collapse is proponional e
PELZ, where L. is the crack length and P is the pressure in the plate at the instan: -7
coilapse. This pressure is .versely proportional 10 L (equation 6). Thus, peglect=:
1erms on the order of O(a) in equation 29. the energy released {gpm decp earthquars
that are produced by avoid collapse process is independent of sourcs depth. This res.:
> 1 agreement with seismic magnitude studies of deep eitfhquakes (RICHTER, 193= .

Lastly. an important conseguence of the inclusion collapse theory is that the ey
'_‘l‘n“d by deep carthquakes is small in comparison t0 the total energy released by =2
descent of the plate that contains the primary inclusion ZODEs. Jt was suggested thati =2
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136 B. T. Brady

epergy will be released in a sequential manner not only parallel to the direction of plate
desce=t tut also parallel to the strike of the plate (trench). The energy release will ajg,
be of' 2 guasi-periodic nature with 2 mean period that depends on the area of plate
destrassed by the earthquake. These results suggest that the spatial and temporal natyre
of the sz2:7y released by plate motions may be sufficient to produce cumulative changes
in th2 rotzrion of the earth, such as the excitatioa and maintenance of the Chandler
wobkbie. Accordingly, large-scale plate motions that indirectly produce the earth.
quakes =2y aiso be responsible for maintaining the wobble. Earthquakes, while they
may e correlated with the wobble, would clearly not be the source of this phenomenon,

Conclusions

A tteery of shallow and deep earthquakes with a physical basis in the scale in-
varia=: properties of rock failure has been proposed in this set of papers. Deep earth.
quakes 1 eve proposed in this paper to be initiated by the closure of the voids that were
formes iz the brittle portions of the oceanic lithosphere by large underthrust earth-
quakss a=d independently by normal earthquakes associated with the pre-trench rise.
The p=vsical process by which void collapse is initiated was shown to be consistent
with te formation of shear zones by melting adjacent to the void. The large pressures
requir=d to initiate void collapse were shown to result from subduction of the plate
jnto & =a:zrial (asthenosphere) whose strength is much less than that of the plate. It
was 2750 shown that high pressures generated within the plate must be counter-
balancsd oy lower than normal pressures in the mantle rock adjacent to the plate.
If the mazule rock adjacent to the plate is near its melting point, this pressure reduction
rmay ¢ suicient to produce partial meiting adjacent to the plate. Thus, the plate may
create an savironment favorable for its subduction: namely, the formation of a low
viscosity melt zone (asthenosphere) in the vicinity of the plate-mantle boundary.
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Appendiz,

Figure Al illustrates the stress distribution at selected locations within and in fh‘
viciaity of a rectangular-shaped elastic inclusion of variable aspect ratio. The inclusi*®
is coptaiued within a material that s deformed by stresses S. and S, applifd !
distances far removed from the inclusion boundary. The curves in this figurs *
obtained by using a two-dimensional finite element method (OUDENHOVEN ¢
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Siress ratios (oS, and 0. S at selected points within and outside a rectangular shapes =ciusion

of aspect ratios 4.0 and 0.25 centrally conrained within an elastic plate deformed by sx.'|-_fs¢.~"5 and

S_1S; = S applied at distances far removed from the inclusion boundary (after O SENHOVEN
) er al., 1972).

1972). In Fig. Al, the stress concentrations at selected points along the bouz === both
within (Fig. Ala,d) and outside the inclusion (Fig. Alb.c.e.f) are shown fo.r - ziues of
relative stiffness X (=E,'En) ranging in value from 0.20 10-5.00. The so:;:::ns are
shown for rectangular-shaped inclusions of aspect ravios 9{5 and 4.00. ‘ljhe".'.::ercnce
in stress values betwesn this’ geomelry and the ellipscidally-shaped inc.-100 are
negligible (OUDENHOVEN et al.. 1972). For our Current application. we are ::Fcemed
only with values of X greater than 1.0. Note that the numerical results in = figure

substantiate the results discussed earlier in the paper and further, for values 25 & > 1.0,
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138 B. T. Brady

the hig oressures within the inclusion must be counterbalanced by low pressures out.
side t== :=clusion. Note that if the material outside the inclusion canpot support shear:
that is. ;s relaxation constant js zero, the effective elastic contrast between the jp.
clusioz :=d host material vanishes. The pressure conceatration within the inclusion ang
plate tesomes equal 1o the applied far-field pressure.
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Theory of Ea'rthquakcs -1V.
" General Implications for Earthquake Prediction

By B. T. BrADY')

Abstract - The «ale invariant inclusion theory of failure is applied to the general problem of pre-
arsors that precede failure. A precursor is defined 1o be an effect produced within a physical system which
icates that the process leading to failure of the system has begun. Precursors are grouped into three
Class 1 precursors refer to long-term indicators of impending failure. These may include v, /v,
g-term tilt, and crustal uplift anomalies observed to precede some major shallow carthquakes by a
yeurs. Class 11 precursors refer to short-term indicators of failure and include: S-bend tilt, electro-
agn:tic radiation, radon emanations, and seismicity changes that have been reported to precede major
hquakes by a few hours. Class I1I precursors refer to very short-term phenomena such as long-period
srain) waves, rapid changes in surface ground tilts, and seismicity increase in the hypocentral region that
predicted by the inclusion theory to precede major shallow carthquakes by a few scconds.

The physical processes that occur within the inclus’on zone of an impending failure that indirectly
oduce the class 11 precursors are used with the scale ‘nvariant properties of failure to show that their
im« -luration is a direct mcasurc of the average length of the cracks that comprise the inclusion zone.
Qe cosult is used to derive the precursor time-*fault’ length relationship that has been observed to hold
class I precursors of shaliow earthquakes, mine faitures, and luboratory size failures of rock. The
ysical model proposed for producing class I, class I, and indirectly, the class 11T precursors leads to
1x results when both the Utsu relationship between aftershock area and earthquake magnitude and the
iutenberg -Richter energy-magnitude relationship are satisfied. (1) The scismic efficiency factor for
ilures satisfying tl e constraints of the inclusion theory is approximately 0.40%. (2) The energy radiated
v altershocks will be at least 1.0%/ of the cnergy radiated by the mainshock. (3) An upper limiting magni-
wlc of any aftersbock in the aftershock sequence is Af — 1.6, where Af is the mainshock magnitude.
4) The time durations of all three precursor classes are shown to be shortened (or lengthened) by a factor
aversely proportioaal to the rate of increase (or decreasc) of the far-field stresscs during the time duration
the precursor. Changes in far-ficld stresses, such as might occur to tidal effects, arc shown to be of
particular importar.ce in initiating class 11 precursors, and it is shown that tidal stresscs provide a mechan-
m for triggering |11ge carthquakes (M > 6.0) in rcgions that are at the point of incipient failure. Thu.,
dass {1 precursors may give the appearance of being independent of magnitude for large earthquakes.
(5) When fluids are present in the focal volume of the mainshock, the predicted magnitude, calculated by
ss | precursors, «will always be larger than the observed magnitude. (6) Scismic events that produce the
ilusion zone of th e impending mainshock will not be foitowed by aftershocks. These events arc predicted
W be charactcrized by anomalously long rupture lengths.

The inclusion theory is shown to provide a physical basis for criteria required to predict failure. The
implications of the inclusion theory to the problem of carthquake prediction arc discussed. The theory is
applied to existing carthquake-prone regions. '

——— e e

') Physicist, U.S. Department of the Interior, BuMincs, Denver Mining Rescarch Centcr, Denver,
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]

A precursor is defined in this article to be an cffect produced within a physical
system which indicates that the process leading to failure of the system hasp bz l:x:.l
Precursors of failure will be grouped into three distinct classes. Class 7 precurio'?:
refer to ihe long-term indicators of impending failure and may include v,/v,, lo .
tcnp tilt, b-value, and crustal uplift anomalies that are often observed to prccnj
majo.r shallow carthquakss by a few years [3, 13, 14, 19, 28, 29, 34, 35, 39 f1)3] ’c ;
physical mode! that explains many of the essential features of this, pr;cur’sor c.]a;-

.has been dtfscnbcd elsewhere [6, 7]. Class II precursors will be defined to represe :
:short-tle:m indicators of failure. For example, there is some evidence that tilt cll:an ﬂ
in fxddmon to the tilt anomaly of the class I type, develop several hours priorg Lt':>
major shallou./ earthquakes (M ~ 7.0). These tilt changes are termed S-bend tilt and
arc chara.ctenzed by fwo reversals_in the tilt Cirection in the vicinity of the earatll]]
qua!«? epicenter shortly (~few hours) before the mainshock [28, 29]. Similarl in
addmo-n to S-bend tili, there are other class II precursors that h;ve l;cen rcagft'czin
'l;hesg include anoma.lous short-term vertical and horizontal crustal displacex:nents
e t':ctrfc?l a'nd magnetic effects, change in water level, and in some instances increas -d
.selsmxcxfy in the hypocentral region of the mainshock (16, 19, 28, 29, 33 :17] r’lc1z11::c
:; z:;c;;u:::::é z::dp;‘l;e?re]tical evidence suggesting that class I1 prc;ur;ors x;aay be
y rel sical processes that occur in the hypocentral repion pri
the mainshock [6, 7). Class 111 precursors will be defined t : & very short.
term phenomena of impending failure and include henom 28 soch a5 o Sh‘?ﬂ'
(strain) waves, rapid changes in surface ground ti]t: and e’na FU'Ch in IOHS'I?CHM
hypoteata oo ; ; _ . seismicity increase in the
by byga rr;wp;:::l:]t;g [l;g].thc inclusion theory to precede major shallow
The .stud‘y of precursors of failure and, in particular, class II prccursofs tl i
gener'al implications for earthquake prediction, and their importance to th ‘ d]?lr
;t;;nlfsn:ﬁ of t{;e physical processes inivolved in the preparation of a region- foi ;’l::h::c.
e su ject matter of this article. The article is divided into ot
f\r;txic;l::ln (;; zg:;:;n.ed with the mathematical development of theti‘:lﬁlfxz‘i:;l: lt]lsle;)rrl;c
0 1al importance examined in this section i ini iteria
for recognizing that a region has approached a conditi:r:stﬁ:tte:n\::llln 5::::;‘:::

failure. The sccond section j i
ilure. n 1s concerned with the application iteri
existing shallow earthquake zones in the earth. ® °f these critera (o

Physics of failure

In ord i
i dccrl t'c; :nders.tand the physical processes that producc the precursors of
. ailed physical model of the failure process in an impending failure zone

2 .
) Numbers in brackets refer to references listed at the end of shis article
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is requircd. This subject is examined in this section. For convenience, the rcader js
refcered to Appendix A for a glossary of symbols and terms used in the articla.

Class 1 precursors of failure : their Physical basis

Four distinct phases have been postulated and experimentally demonstrated to
precede fault growth in rock on a small scale (laboratory) 6 9]). Thesc behavioral
phases have been shown to be scale invariant over

and are, therefore, _ﬁd/y applicab!c ¢ the carthquake process (7,8, 11, 12]. These

Dilatant phase: Cracks form within the rock mass in response to the applied far-
field stresses. The far-field stresses refer to the stresses that exist within the rock mass
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Figure 2

Scquence of macrocrack growth prior to failure. This figure illustrates the formation of the primary

inclusion zone within the deformation band {anomalous region) (A-C). The formation of the sccondary

cracks within the primary inclusion zone and their coalescence with the primary cracks to form a macro-
- crack is illustrated in D.

at a distance far-removed from the dilatant zone (hereafter referred to as the anoma-
lous region}. In Figs. 1 and 2, the maximum 2nd minimum far-field principal applied
stresses are denoted by 6, and 6,,. The intermediate principal stress, g,,, is assumed
equal to a,, for the sake of argument. The dilatant or anomalous phase begins at a
maximum far-field principal stress whose magnitude is usually well below the ulti-
mate strength of the rock mass. This phase culminates in the formation of crack
clusters [deformation band(s) (Fig. 2a)] within the anomalous volume when the
rock mass is within a few percent of its ultimate strength. The dcformation band(s)
behaves physicaily as a low modulus clastic inclusion(s) that is embedded within a
host material (dilatant and uncracked volume) of higher clastic modulus. This
clastic contrast produces a rotation, 0, and changein magnitnde (a,, » a,.a,, - 6,)
ol the principal stresses both within and in the vicinity of the deformation band. The
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magnitude of o3 decreases in compression within the deformation band as the
Jeformation band softens. The amount of stress axis rotation and the change in the
stress values depend on the relative elastic contrast between the deformation band
and the surrounding material [6]. An example and brief discussion of this behavioral
phasc is presented in Appendix B.

Inclusion phase: Additional cracks will develop in response to iccal stress con-
Jitions existing within the deformation band as the applied far-field stresse s (10, G30)
continue to increase. Cracks may also develop along the boundaries of the deforma-

" tion band due to stress concentrating effects of the deformation band and as the
deformation band continues to soften in response to continuing crack grewth within
the band. At a point in time before failure, an inclusion zone, termed ihe primary
inclusion zone will develop within the deformation band (Figs. 1, 2c). Tn the context
of this article, the primary inclusion zone represents a region of highly concentrated
dilatancy that forms at a time before failure that is dependent only on the size (mag-
nitude) of the failure that is to follow and the time rate of change of the far-field
applied stresses [6, 7].

Once the primary inclusion zone has formed, compressive (o.) and tensile (a,)
stresses are induced within the zone parallel to and normal to, respectively, 5.0
eventual direction of fault growth (Fig. 2c). These stresses are a result of the elastic
contrast between the primary inclusion zone and the surrounding material. It is
important to observe that the primary inclusion zone exists, or begins to evolve
only when the least principal stress within the deformation band in the vicinit y of :.bmam
the primary inclusion zone wili form changes from compression to tension. The forma-
tion of the primary inclusion zone causes the local principal stress difference o,
(= 0, — 6,) to decrease in the focal region of the primary inclusion, that is, the
?.m.mo: into which the primary inclusicn v+l grow at the instant of failure (Figs. 1, 2¢).
Class T precursors, such as tilt and seism_city rate, will begin to exhibit deviations

,.2.,8 .:ﬁmn ‘normal’ pre-earthquake values as the primary inclusion zone forms. The

scismic velocities v, and v, will decrease for seismic ray paths that pass through the
primary inclusion zone. There will be no change for ray paths passing only through
the focal region. Note also that b-values will decrease from their ‘normal’ background
level for the seismic events that form the deformation band. The physical cause for
~.=n b-value decrease is that the local least principal stress decreases during the forma-
tion of the deformation band. Thus, some of the cnergy that normally would have
been dissipated by frictional sliding for these events will now be availabie to power
the growth of these events into their respective focal regions where the value of the
kast principal stress is 03 (03 < 03,). Hence, the cflective magnitudes of the seismic

.22:.4. will tend to increase as the deformation band softens, that is, as gy dccreases

n .no::uanmmmon. The largest b-value decreases will be for the cvents that form the

Primary inclusion zone of the forthcoming mainshock since the value of o4 in the

¥icinity of where the primary inclusion zone will form is approximately zero.

r ", e Al ..
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in magnitude of the local shear stress and tie corresponding increase (11 compression) &
of the least principal stress (o). The seismically determined stress axes that produce i
crack closure will be rotated 90° from the s*ress axes that produced the cracks that .
comprisc the anomalous volume and the primary inclusion zone. Thus, the strain
encrgy density increases throughout the focal region and approaches its maximum
possible value when all cracks that formed during the dilatant phasc arc closed.
Conscquently, the focal region will become clastically stiffer than its surroundings
and, as such, will behave physically as a stress guide for the direction of fault growth
during the growth phase of the failure. Therefore, focusing of the strain energy, some
of which will be released during the mainshock, is predicted to occur in a direction
parallel to the rupture propagation direction.

Shortly before failure, when the focal region of the primary inclusion zone has
become elastically stiffer than the surrounding anomalous volume, the stress differ
ence will increase outside the focal region in the direction of eventual fault growth.
Thus, increased seismicity is predicted by the model to occur outside the focal region
prior to the mainshock. The scismically determined stress axes of these seismic
events will exhibit an orientation similar, though not identical, to the stresses that
produced cracks during the dilatant phase within the anomalous zone.

It is not a necessary and sufficient condition for cracks to be physically present in
the focal region of the primary inclusion to produce failure. The presence of the
primary inclusion zone produces both a reversal in the local principal stress differcnce
and an increase in the mean pressure in the focal region. These two conditions give
rise to an increasing valuc of o, within the primary inclusion zene as this zone evolves
toward its final pre-failure state. Thus, v,, v, andfor v,/v, anomalies need not exist
within the focal region prior to the failure. Therefore, when the focal region of the
impending faiiure is *dry’, that is, when eflects due to fluil Jiffusion’away from the
primary inclusion zonc can be neglected, the seismic velocities v, and v, will both
increase during the closure phase for ray paths passing throvgh the focal region.
There will be no increasc in v, and v, from their ‘normal’ background values during
the formation of the primary inclusion zone. However, when the focal region is wet.
fluid diffusion away from the primary inclusion zone (in response to crack closure)
may producc small fractures within the focal region, causing both v, and v, to locally
decrease for ray paths through the focal region. These velocities will recover to their
pre-dilatant values only when the closure front has passed.

Just prior to failure, the tensile stress, g,, in the interior of the primary inclusion
approaches its maximum possible value when all cracks in the focal region have
closed. If the ratio of the applied stresses (¢, and @;), 0,/a3, is sufficiently small
[(<0.10)], secondary cracks (Fig. 2d) (termed primary foreshocks of the impending
mainshock) will form in the primary inclusion zone. Coalescence of the primary and
secondary crack occurs and macrocrack growth begins within the macrocrack zone
(Figs. 2c,d). It is important to observe that both the shear stress and shear strain will
deerense within the focal repion prior to the mainshock, that is, during the class |
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Muring this phase. In addition, both the shear stress and strain will increase within
Kihe focal region just prior to the mainshock in response to crack growth within the
primary inclusion zone. This predicted behavior is in marked distinction from other

The scale invariant inclusion theory has been used successfully to explain class 1
’ _rccursérs, such as anomalous tilt and seismicity to mention a few, observed to occur
 few years prior to major shallow earthquakes [7, 28, 29]. This theory also provides
a physical basis for class Il precursors, such as S-bend tilt, and several results of
articular physical importance follow.
6. S-bend tilt. Figure 2d illustrates the formation of secondary cracks in response
to an increasing magnitude of the tensile stress, o,, within the primary inclusion zone
has the focal region of the primary inclusion begins to store strain energy. The second-
ary cracks lcad to the formation of the macrocrack (macrocrack zone, Fig. 2d) by
ftheir coalescence with previously formed (primary) cracks whose lengths are com-
Aparable with the secondary cracks. Finite element modeling of this problem [8] has
_own that the compressive stress, 62, increases along the boundary of the macro-
crack zone as the macrocrack zone ‘softens’ in response to the generation of the
racks within the secondary inclusion zones that will lead to the formation of the
ysecondary cracks. Thus, as the relative elastic contrast increases between the macro-
_‘ack zone and its surroundings, the local values of the stress difference and the mean
fpressure decrease and increase, respectively. Hence, cracks that formed earlier
within the primary inclusion zone outside the macrocrack zone begin to close as the
c ndary inclusion zones that are contained within the macrocrack zone (Fig. 2d)

tquivalently, the aspect ratio of the primary inclusion zone, defined as the zone that
ontains open cracks, must decreasc as failure becomes imminent.
- Figure 3 illustrates the fault-primary inclusion zones, the focal region of the
primary inclusion zone, and the idealized behavior of a tiltmeter located on the
rface above the focal region. The physical situation depicted in Fig. 3 would be
that of a thrust fault earthquake-type geometry. Similar, though not as pronounced,
tilt behavior will also be observed for a strike- -slip fault earthquake type geometry [7].
¢ tiltmeter will exhibit the following sequence of events in response to physical
iprocesses occurring within the focal region and the primary inclusion zone prior to
ﬁhe failure. (1) Tilting is in a direction away from the primary inclusion zone as this
;mne evolves in response to the applied principal stress within the deformation
kband Thls time mterval wnllbeev:denccd by d:crcasmgv,/v valucs wuhmthe pnmary

volve to their respective failure initiation points. Therefors, the thickness, or -
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Fault zone—primary inclusion zone—focal region idealization of a thrust-fault ccometry (a) and the
idealized behavior of a hypothetical tiltmeler localion on the surface above the focal region (b).

rotation within the focal region of the impending failure [7]. (2) Crack closure in the
focal region of the primary inclusion will eventually dominate the deformation,
causing a rcversal in the tilt direction. Recovery of v,/v, may occur in the focal region,
and other class I precursors, such as tilt, will return to their ‘normal’ predilatant
values during this time interval. (3) Crack growth within the secondary inclusion
zones that are themselves contained within the primary inclusion zone (macrocrack
zone, Fig. 2d) eventually leads to the formation of the secondary cracks. Crack
growth within the secondary inclusion zone produces tilting in a direction away
from the primary inclusion zone. Note that the increased stress levels in the focal
region of the primary inclusion may produce ‘overshoot’ of v,/u, above its pre-dila-
tant level; that is, its value prior to the formation of the primary inclusion zone, as
additional cracks that were present prior to the anomalous phase close. (4) As cracks
continue to form within the macrocrack zone, the stresses o* and ¢* increase and
decrease, respectively, causing the closure of cracks outside the macrocrack zone.
This closure will produce a reversal in the tilt direction. As these cracks close, the
clastic contrast between the macrocrack zone and its surroundings approaches a
maximum. The tensile stress in the primary inclusion zone, the stress concentration
within its focal region, and the shear stress along the fault zone all approach their
maximum pre-failure values. When the stress conditions within the primary inclusion
zone are favorable to produce secondary crack growth, that is, those cracks that will
coalesce with the primary cracks in the macrocrack zone, the failure must occur at
this point in time as the principal stress difference within the focal region of the
primary inclusion begins to increase during the class IT precursor time [7]. Note that
the predicted tilt direction will be toward the epicentral region just prior to the
mainshock. Note also that this model predicts that the time duration of S-bend tilt
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a direct mcasurc o1 e length of the secondary cracks that comprise the macro-
ack zone. This time duration will also provide a direct measure of the average
gth of the cracks that initially formed the primary inclusion zone. In addition, the
gengths of the secondary cracks are, in turn, directly related to the size (magnitude)
bf the failure that will be produced.

Other class 11 precursors. Other short-term precursors resulting from the physical
bprocesses that occur in the primary inclusion of the impending failure are also pre-
fdicted to devclop during the time duration of the S-bend tilt phase. For example,
when the impending failure will be of a thrust-like geometry, these precursors will
: :cludc the following phenomena. (1) The regional uplift displacement rate above

ry inclusion zone during the early phases of S-bend tilt. The rate of uplift will begin

Jeone during the latter portions of the S-bend tilt phase. Thus, regional subsidence
gmay occur above the primary inclusion zone just prior to the mainshock. Similarly,
Kihe rate of regional subsidence above the focal region of the primary inclusion will
increase during the S-bend tilt phase in response to the increased stress levels during
Pthis phase. (2) Seismic velocities will increase as cracks close within the volume out-
: ide the macrocrack zone. (3) Seismicity will increase within ihe macrocrack zone
as cracks form within the macrocrack zone. The enicrgy released by this process is
Jshown shortly to be at least five orders of magnitude less than the energy that will
Bbe released during the mainshock.

f:  Direct ficld observations of some of these predicted precursors have been reported
(19, 28, 29, 36]. For example, MaTUZAWA [36] has reported evidence of rapid
felevation changes a few minutes prior to the 1923 Kanto earthquake. Increased radon
Bcontent shortly before earthquakes has been detected in welis far removed from the
Bhypocentral region of impending large earthquakes [19]. Increased stress in these
Bregions, resulting from crack growth within the macrocrack zone, may be responsible
for this effect, thus suggesting that radon emission and increased stress levels prior to
tarthquakes are positive correlated quantities. Electromagnetic phenomena, if con-
¥ditions favoring their existence are present [7], that may be stress induced have been
reported to precede major earthquakes. Anomalous animal behavior prior to these
bearthquakes may also be a result of these same stress-induced electromagnetic cffects.
¥ Such anomalies are consistent within the framework of the inclusion theory [7].

g

C

*C!ass {1 precursors of failure: their physical basis
'S' The inclusion thzory rests on the postulate that failure occurs when all cracks in
}(hc focal region of the primary inclusion are closed, or equivalently, when the strain
Renergy density throughout the focal region is a maximum. At this point in time, the
- physical contrast between the primary inclusion and its focal region becomes a
Emaximum. The tension stress within the primary inclusion and the strain energy

10 decrease in response to crack closure within the volume outside the macrocrack
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‘ -4 ity throughout its focal region reach a maximum just priorto the  _.ationof the
mainshock. Crack growth occurs within the secondary inclusion zones, leading to§
the formation of sccondary cracks, coalescence of these secondary cracks with the .
primary cracks occurs, and the macrocrack forms within the primary inclusion zone,
This scquence of events marks the termination of the class 11 precursor stage. Growth
of the macrocrack, or alternatively, the initiation of the mainshock scquence, begins -
at this point in time.

Growth of the macrocrack into its focal region, termed the tertiary inclusion
zone (Fig. 4), will be evidenced by a decrease in the magnitude of the tensilc stress
within the primary inclusion to a value, say o,, that is below its maximum pre-failurc
value g,5. Closure of the macrocrack in the immediate vicinity of the fault zone will

AY
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. Figure 4
Nlustration of the tertiary inclusion zone within the primary inclusion zone.

occur as the normal stress at the fault-primary inclusion zone boundary increases as
the tensile stress within the primary inclusion zone increases. In the inclusicn theory,
failure can continue only when the tension stress within the primary inclusion equals
its maximum pre-failure value (0,0), that is, the tensile stress that exists in the imme-
diate vicinity of the macrocrack tip (tertiary inclusion zone, Fig. 4) must be sufficient
to initiate new crack growth.

This model of macrocrack growth predicts a number of precursory phenomena
that will result from the physical processes that occur within the tertiary inclusion
zone. These precursors will include the following: (1) The displacement rate above
the primary inclusion zone will increase dramatically as cracks form within the
tertiary inclusion zone. (2) Seismicity increase in the tertiary inclusion zone and
electromagnetic phenomena in the 2picentral region (assuming conditions favoring
their existence aie present), will become pronounced during the time duration of the
class 11T precursor in responsc to the rapid increase in load and loading rate in the
focal region of the primary inclusion [7, 49]. These increases will be in addition to
those that developed during the class 11 precursor phase. (3) There will be a release
of strain energy produced by macrocrack growth within the primary inclusion just
prior to the initiation of catastrophic fault growth (‘strong motion'). The time dura-
tion of this release is on the order of L;/v,, where L, is the length of the primary inclu-
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;.'sion zonc and v, is the longitudinal wave velocity in the material just prior to the
- mainshock. Thus, the model predicts that there will be a release of ‘low’ frequency
e elastic energy prior to the initiation of strong motion (fault growth). The time
duration of this energy release will be shown shortly to be a function of the magnitude
. (M) of the mainshock. .
% Adetailed model of the dynamics of fault growth during the mainshock sequence
®-and its role in aftershock formation has been discussed elsewhere [10].
#-  Dircct field observations of these predicted class I11 precursors are scanty, al-
 though there is some cvidence of low frequency waves occurring before some strong
3 carthquakes [41]. There is also evidence of low frequency waves recorded on long-
¥ period seismometers shortly before (~few seconds) the initiation of strong nmiotion
of some shallow earthquakes [S. T. HARDING, personal communication, 1975]. The
y phenomena of ‘carthquake lighis’ and atmospheric electrical discharges have been
- documented to occur a few minutes or seconds prior to some strong earthquakes
¥ [49]. There is also some evidence of very short-term anomalous tilt prior to moderate
earthquakes. For example, HARDING and KIRBY [personal communication, 19751,
< using long-period seismometers in the epicentral region of the August 1975 Yellow-
* stone earthquake sequence, observed a tilt-like precursor approximately 0.2 sec
. prior to a number of aftershocks in the magnitude M4 range.

Lastly, there are three additional observations of the inclusion theory that
- deserve mention. (1) The direction of fault growth will be parallel to the direction of
“the local maximum principal stress at all times during the growth phase of the failure.
: Thus, while shear faulting would appear to violate the requirement that failure
satisfy a minimum energy principls, that is, the fault ‘orms at an angle to the applied
- stresses (64, 030), this difficulty does not arise in the inclusion theory. The fault
*always grows paralle] to the direction of the local maximum applied principal com-
pressive stress (a,). (2) The Griffith theory is a limiting case of the inclusion theory
since the equations reduce the Griffith equation when there is no elastic contrast
~between the inclusion and its surroundings [6]. However, the Griffith theory is
strictly applicable only to describe the formation of the first crack, usually considered
Lto form on the molecular leve! [23]. Once this crack(s) has formed, crack interaction
L effects must be considered to describe the further evolution of failure. (3) The inclu-
‘iSion theory predicts the existence of a critical confining stress when the behavior of
the material changes from a brittle to a ductile deformation mode. This transition
-will occur when the ratio of the least pringipal far field stress, a3,/c, o, attains a value
(~0.07 — 0.10) such that the tensile stress within the inclusion Zone cannot attain
“the value a,,.

Precursor time~length relutionship of failure

A difTusion-like functional relationship between precursor time and focal region
‘area is predicted by the scale invariant properties of the inclusion theory [7]. Thus,

, .

~ acrack on this scale is of the order of a few electron volts eV =16 x 10-i2

O, 4. Liauy

———

* relationship between the class I precursor time (z,) and the foc

where 2 is a proportionality constant. Onee the primary inclusion zone has formed,
the process leading to the formation of the secondary cracks which will, in turn,
coalesce with the primary cracks at the instant of the mainshock, begins. If 4,

- denotes the cross-sectional area of an average size crack within the primary inciusion
zone, then the relationship between 7o and 4, can be written by virtue of the scale
Invariant properties of the inclusion theory :

Ty = fA,, (Ib)

where f is a constant whose magnitude and relationship to a are determined below,
For simplicity, we shall assume that the average size crack which forms within
the secondary inclusion zone Just prior to failure can be modeled by a narrow penny-
shaped geometry, that is, A, = (=/4)L2 where L. denotes an average lincar dimension
of the secondary inclusion zone. Let us also assume that the scale invariant properties
of the theory are applicable to some minimum average length, say L, = {, that is
ontheorderofa few molecular bond lengths. On this scale, /. denotes the fundamental
ich a crack of length /_ will form at the instant

of failure. This crack may be nucleated at dislocations and/or other stress raisers,
such as point defect- (impurity atoms, vacancies). The energy required to form such
cres)
[23]. Thus, an order of magnitude estimate of lis1 x 1077 cm (see cquation 10).
Lct.v, represcnt the longitudinal wave velocity in a physical system of this dimension.

of the system. Therefore, the relationship lfv, = (n/4)pI> must be satisfied, or’
simply, the proportionality constant Bis (n/3)/l.v,. Reasonable values of v,and [ on
this length scaleare 1 x 108 cm/sccand I x 10-7 cm, respectively. Hence‘: an or‘dcr
of magnitude estimate of the class I precursor time-crack arca relationship is

To & 104, (4, = 10714 cm?),

arca i:s denoted by 4 [2, s, 11]. Let L = uL, where # (=1.0) is a scale invarianl
quanuty relating the ratio of focal region length to primary inclusion length. Let 3
denote the ratio of the average crack length (L)) within the primary inclusion zone
to the length of the primary inclusion zone (L)). Equation (2_a)'can be written

To & 10(y/p)3L2, (2b)

(Pageoph,

e : . onarca (4)
.-; the primary inclusion zone of the impending failure can be vrrittes, ~

. T

T ® aA. (IJ)T
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: A reasonablc estimate »f u is 3.0, since the range of influence of an ellipsoidal-shaped
-inclusion is of the order of three times its length [22]. Experimental investigations
by the Burcau of Mines of tilt and seismicity precursors in a wide variety of rock
types indicate that in standard sizc laboratory specimens (5¢cm in.diamcter, 10 cmin
 length), 7o and L are approximately (! @ 3) x 10”3 secand | = 3 cm, respectively
[9]. Substituting these valucs into equation (2b) gives ¥y = 1 x 1072, in good agree-
r ment with other independent measurements of crack size within the primary inclusion
(sec Fig. Bl, Appendix B). Thus, an order of magnitude estimate of class I precursor
time—f{ocal region area relationship in rock materials is approximately 1, = 1.0 x
10~* 4, where 1, and A are measured in seconds and square centimelers, respective’y.

It will be shown in the application section and Appendix C that rockbursts in
rnorthern Idaho, where the primary inclusion zons lengili, magnitudes, and class I
precursor times are known, give an upper limiting value of the relationship between
toand A. There:" 'tis

1o = 2.43 x 1074 4. 3)

It is also shown that (for materials whosc porosity is approximately zero) the ratio
of focal region area to primary inclusion area is A/A; = 21.8. According to the
postulated scale invariant properties for failure, the evaluation of these parameters
for a known failure is sufficient to describe the characteristics of all other failures.
Figure 5a illustrates the precursor time—‘fault’ length relationships that are
observed for selected earthquakes, mine failures, and laboratory size rock failures
[1, 9, 11, 34]. The fit of equation (3) to these data is shown for comparison. The
relationship between precursor tims and calculated average crack length (L, =
(/)L = 5.28 x 107 3L) for these data is shown in Fig. 5b. Note that the predicted
average crack lengths associated with the rock bursts are in the order of 102 cm.
These length estimates also agree with independent calculations of crack lengths
associated with the energy radiated by individual cracks in rockbursts (~10'° ergs).
Note also that average crack lengths predicted to be associated witlr the dilatant
zones of major crustal earthquakes, such as might occur at sites of major under-
thrusts and/or normal-faulting carthquakes along subduction zones, are of the
order of a few tens of meters to a few hundred meters. These length predictions agree
closely with crack lengths calculated elsewherc (8] that induce deep earthquakes by
a void collapse mechanism.

" The relationship between the time duration for the class II precursor time, 1,,,
focal region area (4), and average crack area (4,) within the primary inclusion zone
is readily determined from equations (2a) and (3). The result is

To =243 x 10744, = 1.11 x 10-°4, (4)

}whcrc 7,0 is measured in seconds and both A and A, (4, = 10744, = 107%4/21.8)
are measured in square centimeters. It is assumed that no changes occur in the far-
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Precursor time-fault length (A)—Crack length (B) relationships of failure.

It is of value to express the class I and II precursor times in terms of the energy
reicased as seismic radiation during the mainshock, or alternatively, the magnitude,
M, of the mainshock. UTsu and SEx1 [31] and Moat [18] have observed that the
aftershock area (A4) of Japanese earthquakes can be related to magnitude by the
relationship [recently revised by UTsu, 45, 53]

logio A =M + 6.3 (5)

where A [ = (n/4)L"] is measurcd in squarc centimeters. Equations (3), (4), and (5)
can be combined to give -

Table I lists predicted precursor times for class I and class I precursors for a range
of magnitudes varying from M(—)5 to M8 failures. It 1s of interest to notc S-bend
tlt precursor times of nearly 0.6 hr, 6.2 hr, and 2.6 d are predicted to occur for main-
shock magritudes in the 16, M7, and MS class, respectively. Sassa and NisHUMURA
[28, 297 observed S-bend precursor time durations comparable to those predicted
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Table |
Predicted precursor times as a function of maguitude
(Note: no changes are assumed 1o occur in the far-feld boundary conditions
during the times To and 1,4)
Magnitude T T0 Comment
-; 48m 0.02 us Typical laboratory size failure
13.3 he 0.2 s Typical mine failure
4 5544 200 s Earthquake
5 1.5yr 6.5 m Earthquake
f 152 yr 0.6 hr Earthquake
7 152 yr 6.2 hr Major earthquake
8 1520 yr 26 d Great carthquake
by equa"lon (6) prior to several major underthrust events in Japan, In addition, an
S-bend tilt time of the order of 20 seconds is predicted to occur prior to a magnitude

class 11 precursors) as a possible indicator of im ndin i
Y mod
carthqunes pe g crately sized (> A14)
The rt.'.latior.)ship between the predicted class HI precursor time, 7,5, and an
average dimension (L)) of the primary inclusion zone is

T0 = °L—l’
| 0= _ )
where v, is the longitudina] wave veiocity in the focal volume just prior to the main-
:;lac;ck. The relationship between T,0 and magnitude is found from equations (5) and
T legyo 7,0.= 0.501 + 2.8 — log,, v, - (7b)

ThpS, for a. typical longitudinal velocity of 2 x 105 em/scc, the predicted class II{
precursor times for earthquakes magnitudes of Ma, Afs, M6, and M7 are 0.2s

3

i9:16) has also observed Precursory events occurring at intervals of the order of | s
TIOr 10 subterrace normal faulting events following the 1965 Rat Island mainshock
'he body wave magnitudes ‘of these eévents were in the range of 5.2 to 5.6. The prc:
ursory cvents were also of opposite polarity to the cvent they preceded.

i: .- :'. - - .
- Relationship of the class I precursor time to mainshock miagnitude
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In the inclusion theory of failure, a macrocrack zone that contains an open void of
cross-sectional area A4, forms within the primary inclusion zone prior to the maijn-
shock. The total change in the elastic potential energy, ¥, of the system provides the
encrgy required for the failurc. When the boundaries far removed from the primary
inclusion zone arc rigidly fixed, no work can be done by the far-field stresses (0,0
0320, 030). Thus, the change in the elastic Potential energy is equal to the decrease in
the strain energy of the system. If, on the other hand, the far-ficld stresses are con-
stant during the mainshock, work will be done by these stresses and the strain encrgy
of the system will decrease. However, the change in the elastic potential energy of
the system is the same as in the case where the boundaries are rigid. Consequently,
the total potential energy change, ‘¥, is the difference between the total strain energy
for the medium with and without the void. The result of this calculation is [4, 27,
26, 32]

1 — 2
p = (=9 5 0 gaps ®)

where vq and E, are the intrinsic values of Poisson’s ratio z2nd Young’s modulus of
the medium, 64 (62 = ¢2sin? § + o} cos? B) denotes the ‘effective’ stress existing
within the primary inclusion zong, and f is the angle between the major axis of the
macrocrack and the axis of the maximum principal compressive stress (a.). As this
angle is zero (Fig. 2), the ‘effective’ stress is gy = g,.

Equations (3) and (10) can ke combined to give

2
I — 2

¥ = 1.19 x 103 aitd?, (9)

where L; = L/4.67. The relationship between ¥ and the magnitude of the main-
shock is found by combining cquation (6) and (9). The result is

2
252 4 1500,

(10)

]Oglo l*l = 7.‘0 -+ logxo

0

where ¥ is measured-in crgs. The appropriate value of o, to be used in equation (10)
must be the theoretical tensile strength of the material because this is the stress required
to form a void of length L;. This strength is estimated to lje between the limits
5E, < 6, < 15E [23]. We shall use an average value of 6, = J5E, in the following’
calculations. Appropriate values of £, and v, for brittle materjals are 1 x 10'?
dynes/cra? and 0.30, respectively. Thus, the average change in the total potential
energy of a system within which a void of length L, forms prior to failure js approxi-
maltcly

log,o ¥ = 16.5 + 1.51. (1
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The cnergy provided by the decrease in the potential energy, ¥, will be par-
- titioned during the failure in the form of heat gencrated by friction along the fault(s),
- crack closure, plastic deformation, and scismic wave radiation. Thus, the total
change in potential energy of the system can be written

: ¥Y=%¥,+ Ay, ‘ (12)
: where ¥, (=¥, + ¥,) represents the cnergies radiated by seismic waves and dissi-
pated by inelastic processes as the fault(s) and its associated inclusion(s) advances
: into the focal region of the primary inclusion and AW denotes the reversible com-
- ponent of ¥ required to complete the failure preparation process. ‘¥, denotes the
- cnergy required to form the primary inclusion zone of the impending failure. This
- energy must be supplied by the seismic cvents that Jorm the primary inclusion zone.

. Theer .cgy radiated by the mainshock will be assumed to be given approximately
* by thz Gutenberg-Richter relationship

logio ¥, = 11.8 + 1.5M. (13)

+ N

This relationship should be considered to represent only the average energy that can
be radiated by an earthquake since the radiated energy will obviously be dependent
on both the materizl properties and the stress conditions persisting in the hypo-
central region of the mainshock.

The energy, ¥, required in the formation of the primary inclusion zone of the
mainshock represents a maximum value of the energy available for aftershocks,
assuming of course, that the system approaches an equilibrium state following the
mainshock. To determine the functional relationship of ¥, to ¥,, we shall require
an understanding of the processes required to form the primary inclusion. First, recail
that one of the more distinguishing characteristics of the primary inclusion zonc of an
impending failure is the existence within this zone of a tensile stress that is oriented
normal to the direction of eve.tual rupture propagation. This direction is parallel
to the direction of the local maximum principal stress axis (o, Fig. 2b) within the
deformation band 1.t is itself contained within the anomalous or dilated volume,
Thus, shear failure, as defined in this article, cannot occur within the primary inclu-
sion zone. Consequently, seismic events that produce the primary inclusion zone
‘will not be JSollowed by aftershocks, or at the very least, will exhibit a severely curtailed
aftershock sequence. These events will be characterized by anomalously long rupture
lengths. The regions fractured by these seismic events form the volume of the primary
inclusion zone of the forthcoming mainshock. Of course, the energy, ¥, (= Y, - %,
that would normally have been available for frictional dissipation and aftershocks
for each of thesc events becomes available to fracture a region much larger than the
individual focal regions of the individual events. :

- Equations (11) and (13) can be combined to give the equivalent magnitude of
cach scismic event that forms the primary inclusion zone. The result is

M* = M, + 3.1 (14)
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- cvhere M, represents the magnitude of the event had it not been in. ..ed in forming

the primary inclusion zone. Since AY* = ¥* — Y3 = 'P*, it can be assumed lhalallcl
the energy that would have normally been dissipaiwed by frictional sliding and after-
shocks is available to fracture a portion of the evolving srimary inclusion zone.
Thus, M* in equation (14) represents an upper limiting vaiuc to the equivalent
magnitude. The effective area, 4*, fractured by these cvents is found by equation (5)
to be

A* = 1014, (15)

Let A4; denote the area of the primary inclusion zone of the forthcoming mainshock.
If n denotes the number of scismic events, of average equivalent magnitude M*,
then nd* = 4;, where the arcas of the individual primary inclusion zones that give
rise to each of the n events are neglected. The scale invariant properties of failure
and experimental data (see Appendix B) give an order of'magnitude estimate of the
ratioof 4;and 4,, A//4,,tobe 1 x 10%. Thus, an upper limit to the required number of
events, of equivalent magnitude M *, predicted o form the primary inclusion zone is

A
nx1x 10‘-A—: = 10. (16)

This value is shown to be close to values observed prior to moderate rock bursts
and moderate carthquakes in the application section. Equations (15) and (16) can
be combined to give

log,on = log,, 4; — log A*
= log,p 4 ~ log 4, — 4.3 (17

where 4 (= 21.84,) represents the (ocal region area of the primary inclusion zone.
Equation (17) provides an estimate of the upper limiting value of the difference in
magnitude between the impending mainshock, A, and the averdge magnitude, M,,
of the *background’ seismic cvents that occur prior to the formation of the deforma-
tion band within which the primary inclusion zone, ’

AM =M — M, =53, (18)

In addition, note that equation (18) can be interpreted as indicating that if M_,,,
denotes the maximum value of the average ‘background’ seismicity, then an upper
limiting value of the magnitude of an earthquake that this region can sustain is
M. +53 "

The energy, \V,, required to form the primary inclusion zore is simply

log,o ¥, = logn + 16.5 + 1.5M*
logio ¥, = 14.2 + 1.5A1, (19)
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where for calculatic . purposes it is assumed that each of the n events that form
the primary inclusion zone is equivalent. Thus, the energy partitioning of failure
predicted by the inclusion theory is approximately '

¥, = 0.004¥,
¥, =099,
¥, = 0.005¥ (20)

Equation (20) shows that the seismic efficiency factor, 5 (n = ¥,/¥,), for failures
satisfying the constraints of the inclusion theory and the Gutenburg—Ri’chter relation-
ship is only 0.40%. Similarly, of the total energy available for aftershocks, only
0.407; will be available for seismic radiation. Thus, the model predicts that, at the
very minimnum, approximately 0.5% of the totsl energy radiated by the mainshock will
be radiated by all of its aftershocks. In addition, the functional relationship between
the total energy radiated by the aftershock sequence, ‘¥, and ¥, can be written
(a5)
log;o ‘P;, = 1.56M, ' (21)

where M = M — M and M denotes an upper limiting magnitude to the largest
p'ossible aftershock. Equations (20) and (21) give this value of M to be M — 16, or
simply, the predicted maximum value of the magnitude of any aftershock within’the
aftershock sequence is the magnitude of the mainshock less 1.6, This result is close
enough to and thus lends theoretical support to the well-known empirical relationship
referred to as Bath’s law, that the largest magnitude of an aftershock within an
aftershock sequence is M — 1.2 [50].

. The above analysis Suggests a method of determining the average linear dimen-
stons, Iy, of the anomalous zone within which a shock of magnitude M can occur,
The modified Utsu relationship can be written for the mainshock as

logio 4 =M~ 37
=M, + 1.6, (22)

‘WhetezM, denotc; the ‘average background’ seismicity and 4 is the minimum arca
In <m* that can support this level of seismicitv. Thus

A =358 x 104 (23)

and if /, denotes an average linear dimension of the anomalous region, equation (23)
leads to the relationship

lo < 8.9/(2/m) x 10°-5Mmax. (24)

quuauon (24) should be considered as specifying vhe mininuum average linear dimen-
flon of an assumed circularly-shaped anomalous region that can sustain an average
background scismicity of maximunm value M ax. By way of example of equation
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Table 2
Typical minimum dimeunsions of anomalous reyion and carthquake mugnitude
(M= M, +53;logod =M, — 3.7; 4, = 421.5)

- 751

Mo, M A, km? A, km? Iy km Remarks
~5 0 2x 16"* 9 x Jo~1! 2 x 107?  Typical laboratory size failure
-2 33 2x10°¢ 9 x 10°% 0.80 Typical mine failure

1 6.3 2 x 10"3 9 x 1073 25.0 Earthquake

2 7 2 x 1072 9 x ]0~¢ 80 Earthquake

3 8.3 0.20 9 x 10”3 250 Earthquake

33 86 0.64 30 x 10°? 450 Eurthquake

(24), Table 2 lists several typical values of /, against M. as well as the value maxi-
mum allowable magnitude, A, of an earthquake that can occur within this region.

Geodetic investigations in seismically active regions indicate that the spatial
extent of the anomalous region is often much larger than the focal volume of the
carthquake itself. For example, premonitory changes were dztected as far as 100 km
from the epicenter of the 1964 Niigata earthquake (M7.5) [38] and nearly 25 km
prior to magnitude 3 events in the Garm region [39]. AGGARWAL ¢t al. [2] observed
the size of an anomalous zone to be at least 10 km prior to a magnitude 3.6 event in
the Blue Mountain Lake region of New York state. Equation (24) shows that the
calculated minimum dimension (/;) for the Niigata mainshock must be at least
90 kin (M7.5). The calculated range of iy is approximately 20 km to 200 km for
“background seismic events’ in the magnitude range of M., = 1.0to 3.0 in the
Garm region. The calculated size of the anomalous region at Blue Mountain Lake
is in the range of 10 km. The typical magnitude of the ‘background’ seismicity is in
the order of 1.0 in this region [2].

Factors affecting the precursor time focal region
area-magnritude relationships of failure

The functional relationship between the class I precursor time (t,) and focal

region arca (A4), where A = (n/4)L?, can be written
L Co108
= — = 5.24 x — cm/sec, 25)
Vo ™ I / (

where v, denotes the average velocity of the crack closure froat in the focal region

“of the primary inclusion zone when the far-field stresses (strains) remain constiunt

during the time duration of the class 1 precursor. Equations (5) and (25) show that

this velocity is magnitude dependent, that is, the larger the magnitude, the smaller

the closure front velocity. For example, typical values of L on the laboratory scale

[M(—)5] and major shallow carthquakcs (Af8) are calculated from equation (5) to


http:largL.st
http:0.004.Pp

1. 114, 1976)

Graegal Implications for Earthquake Prediction 1051

in the order of 1 cm .07 cm, respectively. These length values suggest closure
ont velocities in the order of 10° cm/sec and 103 cm/sec, respectively. Note that

upper limiting value of v, must be v,

When a condition arises such that changes (increases) in the far-field stresses
trains) can occur at a velocity v, where v > Vo, then the crack closure front will
oceed at the higher velocity v in the focal regjon. In this instance, the correct class I
ccursor time, 7, is T = L/v. The precursor time-focal region area relationship

mes

= zo% =243 x 10~ (%)A. = vp) (26)
As an example of equation (26), consider a magnitude 7.5 earthquake. Equa-
ns (3), (5), and (25) give 74, 4, and v, to be approximately 244 yr, 3.16 x 10° km?,
d 0.26 km/yr, respectively, for this event. However, when changes in the far-field
(or strains) are occurring at a velocity, say of the order of 50 km/yr, as is
served and predicted to occur in major shallow earthquake zones [8, 18], then the
icted actual class I precursor time for this hypothetical cvent becomes t = T
26/50) = 1.27 yr, a reduction in what would have been the predicted time by nearly
orders of magnitude. This example serves to illustrate that the class I precursor
e-area relationship, as specified by equation (3), must be used with extreme
tion. However, this relationship can be modified to take into account changes in
far-field boundary conditions once it has been determined how the boundary
ditions are changing.
Observational data for large earthquakes (> M6) suggest that there is little or no
ﬁ'rclation between earthquake magnitude and what has been referred to as the
Lss IT precursor time (1,4) in this article [46]. Yet equation (6) suggests that T,
d M are functionally related to one another. It is of interest, therefore, to consider
iether changes in the far-field boundary conditions, such as might occur owing to
al strains, can influence or possibly trigger earthquakes. Earthquakes that would
triggered by such short-term changes in the far-field boundary conditions would
'e the appearance of exhibiting little or no positive correlation between 1,0 and
ignitude. This will be particularly true for those large earthquakes where the phase
secondary crack growth within the primary inclusion begins or is occurring during
: time interval when tidal effects are increasing the value of ¢, within the primary
Jusion zone.

The lunar tidal stress is known to have L peak amplitude of approximately
x 10¢ dynes/cm?, cycied every 13 h, in the crust. The peak rate of change of the
al stress is about 7 dynes/cm?/sec [49]. Let us assume thai the average Young's
idulus of the primary inclusion zone is in the orderof I x 10'! dynes/cm?. Thus,

: peak volumetric strain, ¢, that can be induced within the primary inclusion zone

nthecorderofe ~ 5 x 107, The problem of resolving whether the hunar tidal stress
VIrigger un carthquake rests with a determnination of whether this stress can initiate

1852

B. T. Brady

o i5celerate the Jormation of cracks that will eventually lead to the fo. _.ion of the

secondary cracks that, in turn, will coalesce with the primary cracks (Fig. 2d) and thus
produce the carthquake.

Theoretical and experimental results discussed earlier in this article have shown
that an order of magnitude estimate of the area, A,, of the secondary cracks is
Ac 221 x 107*A4,, where 4, is the arca of the primary inclusion. Since the cracks
that produce the secondary cracks form in a tensile stress field, the area of these
cracks is approximately a, >~ 1 x 10734, =~ 1 x 10774, by equation (15). The
relation of g, to the arca, a,;, of the primary inclusion zone that produces this crack is
a; =1 x1077421.8 > 4.6 x 107°,. If I; denotes thc length of this inclusion
zone, then/,; =~ 6.8 x 107°L;. Itis shown in Appendix D that an order of magnitude
estimate of the thickness, t,;, of these cracks is al,;, where o, of the order of 1 x 1073,
is their aspect ratio. Consequently, an order of magritude estimate of the volumetric
strain, ¢*, that will be induced within the primary inclusion zone as a result of crack
growth within the secondary inclusion zone is ¢* = 1}L; ~ 6.8 » 1078, This value
compares with the peak strain of ¢ ~ 5 x 10~7 that can be induced within the
primary inclusion zone by tidal strains, and is suggestive that induced tidal strains
are of sufficient magnitude to initiate crack growth within the primary inclusion zone
once this zone has approached a critical state. In addition, these calculations show
that the tidal strains can induce strains within the secondary inclusion zones that
are scveral orders of magnitude greater than the strains required to induce the level

of crack growth that will, in turn, lead to the development of those cracks that form

the secondary inclusion zone. Therefore, those earthquakes whose size is sufficiently
large that their secondary inclusion zunes begin to form during the time interval that
the tidal stresses are increasing may be triggered by this stress increase. Such earth-
quakes, particularly those of large magnitude, may give the misleading appearance
of exhibiting class II precursory phenomena whose time durations (7,,) appear to

be independent of magnitude. Thus, the apparent lack of a significant correlation .

between 7., and M [46] may be explained by changes induced within the far-field
boundary conditions resulting from the influence of lunar tides. This hypothesis
could be treated by monitoring class II precursors of small shocks whose magnitude
is small, say < M4, and determining the relationship ¢f 7,0 to M for these events.
Detailed munitoring of rockbursts may be useful in this respect.

The effect of changes in the applied far-field stresses (010, 030) Will produce no
change in the amount of energy released by the failure. However, the same can-
not be said when fluids under a pressure, P,, are present in the focal volume. For
example, when fluids are present within the anomalous volume, the principal stresses
(o4, o3) within this volume will each be reduced by an amount approximately equal
to P,. Consequently, less strain energy can be stored within the anomalous volume
and subsequently released during the mainshock. Thus, the predicted magnitudc.
say M, of a failure occurring within a volume containing fluids under pressurc will
be greater than the observed magnitude M. :

(Pageoph,

- 752 -



bl. 114, 1976) G —Implications for Earthquake Prediction 1053

Equation (9) can be . _J'ly applied io thjs situation to give the total potential
lergies for the *dry’ (‘o) and ‘wet® (V') cases

l_ 2
log,o ¥ = 3.08 + logm—E—'ﬁag +1.50l0g,07, ‘Dry
[+

1 -~
log,o ¥ = 3.08 + log,o—gﬁa}“ + 1.50l0g,, 7y “Wet’
0

here o /oo = (a., — Pp)fo,, 0, is the least principal stress existing within the
omalous zone, and no changes are assumed t< occur in the far-field tectonic stresses
trains) during the time duration of the class I precursor. Equatiors (10) and (27)
n be combined to give the discrepancy between the predicted and observed magni-
des to be .

M=M, + glogmi’;"-' (M < M) (28)
3]
s an example, assume the difference between the predicted and observed magnitudes
1.0. Equation (28) predicts that the magnitude discrepancy can be readily explained
y the presence of a pore fluid in the focal volume of the mainshock with a pressure
', equal to approximately 807 of the /ocal far-field minimum principal stress. Local,
the context used here, refers to the stresses existing within the anomalous volume
which the failure occurs. ’
Two important practical results arisc from equation (28). (1) The existence of
re fluids in an earthquake zone will produce a discrepancy between the predicted
M,) and observed magnitudes (M) of the carthquake (M < M)). There will be no
iscrepancy in the predicted precursor time 1, provided the far-field tectonic stresses
emain constant during the precursor time duration 74. (2) The decrease in observed
agnitude M as P, is increased will be evidenced by a transition from unstable to
table formation. This predicted behavior has becen observed experimentally by
AARTIN [1975, personal communication]. This result suggests that earthquake prone
cgions exhibitizg swarm activity may be characterized by high values of P /o .

Appiication to existing earthquake regions

The application of the seismic conditions discussed above that are required to
predict carthquakes is made in this section. The seismic conditions include the
magnjtude, scismicity, and the spatial and temporal distribution of seismicity in and
near the pending rupturc zone. Five carthquake sequences are investigated and have
been chosen so as to illustrate the predictive capability of the inclusion theory and,
in particular, to point out some of the difficulties that can and will occur in the
development of any rcliable predictive capability for earthquakes. These examples

2 27 ‘

1054 B. T. Brady (Pageoph,

£.7% .e: (1) The 3 September 1975, Rockburst, Star mine, Burke, 1 (2 The o
Garm Earthquake of 22 March 1969; (3) The 9 February 1971, San Fernando, 2
California, Earthquake; (4) The August 1973, Earthquake at Blue Mountain Lake, 1
New York; (5) The 3 October and 9 November 1974, Peru Earthquake sequence.

The 3 September 1975, rockburst, Burke, Idaho

A moderate rockburst occurred on the 7500 level of the Star mine, Burke, Idaho,
at 10:G9 a.m. (18:09 UTC) on 3 September 1975, The burst was preceded by a
dramatic increase of seismic activity that was followed by a distinct decrease prior
to the burst. Miners were evacuated from an active mine stope located in the immedi-
ate vicinity of the eventual burst hypocenter. Detailed information of the Star mine
and the mining method used in this mine are available elsewhere [12]. Location
accuracy of the seismic events in this mine is +4 m.

Table 3
Secismic event number and time prior to burst

Event number Time (a.m.) Event number Tine (a.m.) Event number Time (a.m.)

i* 9:00:32 1 9:02:32 21 9:30:40
2 9:00:38 12¢ 9:02:40 22 9:44:52
3e 9:00:48 13¢ 9:03:00 23 10:01:03
42 9:00:53 14¢ 9:03:38 24 i 10:01:58
s 9:00:5S5 15 9:05:53 25 10:02:08
6* 9:00:57 16 9:006:09 26 10:02:24
7 9:01:11 17 9:06:46 27 10:02:42
8¢ 9:01:38 18 9:10:44 28 10:05:10
9+ 9:01:39 19 9:22:27

10 9:02:29 20 9:24:32

Burst was event number 29 and occurred at 10:09:04 a.m.
* Refer to seismic events that formed the primary inclusion zone.

Table 3 lists the seismic event numbers and their corresponding times of occur-
rence prior to the burst. Figure 6a shows the event location numbers as well as the
seismic events, termed aftershocks, that followed the burst. Figure 6(a,b,c) illustrate
the seismic events as projected onto the horizontal plane (a), the projection of the
aftershocks onto the vertical plane along sections A-A’ (b) and B-B’ (c). There are a
number of results that are noteworthy from this data. First, the rapid increasc of
seismic activity prior to the burst was essentially associated with events 1 through 14
(Table 3). The seismicity increase was associated with the formation of the circularly
shaped zone (shaded region, Fig. 6a) whose area, 4, is approximately 7.86 x 10°cm?.
The total time required to form this zone was 188 s. Second, the seismic events that
followed the formation of this zone were concentrated outside this zone, and were
primarily located near and outside the boundaries of what was to be the aftershock
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region. There was a increase in seismicity in the hypocentral region (events 24
and 25) approximate:, .cn minutes prior to the burst. Third, the burst cecurred at
10:05:10 a.m. (18:05: 0, UTC) and was followed by 22 aftershocks that defined an
elliptically shaped zone of approximately area, 4, cqual to 1.74 x 107 cm?. The total
time to the burst, measured from the initiation of growth (9:00:32 a.m.) of the
primary inclusion zone, was 68.5 m. Fourth, the cross-sections of the aftershock zone
rcveal an elliptically shaped zone (Fig. 6b) whose major axis is parzllel to the inferred
rupture propagation dircction as well as a circularly-shaped zone (Fig. 6¢) normal
to this direction. The observed geometry is remarkably similar to the aftershock zone
geometry that is predicted by the inclusion theory when the local least and inter-
mediate principal stresses are equal. This observation is also consistent with stress
mcasurements on the 7300 level by S. CHAN [personal communication, 1976]. Chan’s
measurements show that the intermediate (o,) and least (o3) principal stresses are
equal (Table 4). The major horizontal stress (o,) is probably of tectonic origin. Fifth,
the inferred rupture propagation direction, that is, the direction where most of the
energy was released (section A-A’, Fie. 6a), was approximately normal to the vein
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Table 4
In-situ stress distribution at east lateral drift
7300 level-—star mine

(CHAN, personal communication, 1976)

Stress Magnitude Bearing

Major horizontal (¢;,) 0.66 kb NIl w
Major horizontal {(¢;) 0.42 kb N76°E

Vertical (c;) 0.43kb -

(1kb= 1 x 10°b, 1b = 15 psi)

nd, in particular, normal to the region where active mining was in progress. Major
tructural damage to the mine workings was observed in this area following the
ccurrence of the burst. Sixth, the burst hypocenter in Fig. 6§ appears to be displaced
pproximately 6 m from the edge of the circularly-shaped zone, termed the primary
nclusion zone. However, the burst is located using velocity surveys taken prior to the
urst. Thus, as the focal volume of the primary inclusion zone begins to store strain
nergy, the seismic velocities in this volume will increase, thus giving rise lo an
pparent displacement of the burst hypocenter from the theoretically predicted
ocation on the boundary of the primary inclusion zone.

Independent studies (reported in Appendix C) by the Bureau in the Galena mine,
allace, Idaho, have shown that a lower limit to the ratio o/, is 12.5. Conse-
uently, once 1, is known, a minimum predicted time to the burst is possible. The
alculated time to the 3 September burst is 40 m, where the observed value of 188 scc
s used for z,. This value compares favorably with the observed value of 68.5 m.
owever, based upon the observed areas 4, and A, the calculated times 1,, and 71,
re 191 sec and 70.3 m, respectively, in good agreement with the observed times of
88 sec and €8.5 m. Thus, not only was this burst predicted, the analysis admits a
rore realistic estimate of the ratio /1, (=21.8) required for future accurate pre-
iction times. This analysis provides the physical basis for using this ratio in this
rticle.

Lastly, this rockburst was not detected by the Newport, Washington, scismic
tation. The Newport station is capable of detection of events of magnitude M1.5 in
he Coeur d’Alene district [KERRY, personal communication, 1976]. The functional
relationship between aftershock area, 4, and magnitude, M, islog,, 4 = M + 6.3,
where 4 is measured in square centimeters. Substituting the observed area of 1.74 x
10* cm? into this relationship gives a calculated magnitude for the 3 September burst
of A10.9. This value is well below the threshold value of A 1.5.

The 22 Murch 1969, M5.7 Garm earthquake

This earthquake was located 25 km from the Garm scismic station at a depth
ACIS 1 T10Y AN nrecnrear nheervations were obtained within a radius of 25 km of

l
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.-z.picenter and outside the 6 ki by 10 km aftershock zone. Ners. 2t al [19]
have supgested that the precursor volume exceeded the source dimensions by a facter
of five for this seismic cvent.

NERSEsOV et al. and Wyss [19, 35] have summarized five independent precursor
observations of this earthquake. (1) The seismicity decreased outside the epicentral
region 1.7 to 1.5 yr prior to the mainshock. (2) The compression axes, obtained from
fault plane solutions of small earthquakes located within the precursor volume,
showed evidence of rotation apprcximately 1.7 yr before the mainshock; this re-
orientation of the compression axis was then followed by another rotation of 90°,
approximately 3 months before the event. (3) The P-residual increased 0.4 sec at
1.2 yr prior to the mainshock {35]. (4) The resistivity began to decreasc about
simultaneously with the return to normal of v, approximately 6 months before the
earthquake. This change was measured at 10 km to the north of the epicenter. The
calculated source radius for this shock was approximately 3 km. (5) The rate of
uplift near the Garm station began to increase 1.7 yr prior to the mainshock.

The calculated magnitude for an event producing an aftershock area of 60 km?,
assuming the Utsu relationship (equation (5)) is applicable to this region, is found
from cquation (5) to be M ;5.5 as compared with the observed value of M5.7. The
calculated minimum diamcter (/;) of the anomalous region, within which the main-
shock occurred, is approximately 125 km. This calculation is based on obscrvational
data suggesting that this region sustairs an average maximum background seismicity
of magnitude M_,, = 2.5 [19]. Thus, the calculated ratio of /,/L for this scismic
event (M,5.5) is approximately 12.5 for a source dimension, L, of 10 km. This value
compares with the observed value of 5.0 [19].

In the absence of changes in the far-field stresses (strains) during the pieparation
time required for this event, the calculated precursor time, 7,, for a mainshock of
caiculated magnitude M 5.5 is 4.8 yr. The observed precursor time, 7, for this earth-
quake is estimated to be 1.7 yr (19, 35]. Because most major earthquakes occur in
active tectonic zones, such as the Garm region, it is doubtful that the tectonic
boundary conditions would reinain constant during the predicted precursor time 1.
and the corrected precursor time is now given by equation (26). However, once it is
determined how these changes affect the predicted precursor time, the theorctical
relationship between 1, and 4 (or M,) can be appropriately modified and used to
provide more accurate long-range prediction of future seismic events of comparable
magnitude that might occur in this region. For example, equation (26) shows that
the ratio between the velocity (v,) of the crack closure front when the boundary
conditions are changing is vo/v = /15 = 0.35 (o = 10 km/4.8 yr = 2.08 km/yr) for
the Garm region. Thus, for earthquakes of comparable magnitude in this region,
the calculated precursor time-focal area relationship is T = 8.60 x 10734, where
7 and A are measured in seconds and square centimeters.

The calculated time, t o, required to form the primary inclusion zonc of the
22 March 1969 mainshock is found from equation (C.5) and the expcrimentally

LR
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detcrmined ratio of .., .ud 4 (4/4 = 1/21.8). The result is 4.3 months. The pre-
dicted times required to form the individual seismic events, whose predicted magni-
tudes, M, are determined from equation (18) to be approximately 0.4 are only
0.3 hr. Since this time interval is short enough that changes in the far-field stresses
are negligible, the predicted time of 4.3 months is probably a reasonable estimate for
the formation of the primary inclusion zone. It is important to note that this time
interval will represent the time required for the seismic compression axes to change
over to their new orientation. This calculated time is in reasonable agreement with
[the observed time (~ 6 months, sce Fig. 2, reference 35).

It is noted that in the context of the inclusion theory, the focal region of an
impending failure must become elastically stiffer than the surrounding anomalous

tress difference will increase both witkin the focal region and throughout the
nomalous volume in the plane of the primary inclusion and focal region zones. If
he increase in stress difference is sufficient to initiate seismic events, then their
ompression axes will be rotated 90° to those associated with the seismic events that
ere produced by crack closure. The compression axis of the mainshock will be
dentical in orientation to the axes of those events that occurred in the pre-primary
nclusion phase. This predicted behavior is in agreement with Soviet observations

19].

Fhe San Fernando, California, earthquake of 9 February 1971

WHITCOMB ef al. [34] have proposed that the dilatancy—diffusion mode! may be
pplicable to the San Fernando, California, earthquake (46.4) of 9 February 1971,
\ccording to their interpretation, a large precursory change in the seismic body-
vave velocities occurred approximately 3.5 yr prior to the mainshock. It is of interest
0 examine this earthquake from an alternative point of view.

Figure 7a illustrates the major tectonic features in the region surrounding the
1ainshock and its associated aftershock area [51]. The aftershock area was esti-
1ated to be approximately 400 km? (34]. Equations (3) and (5) give a calculated
recursor time, 14, and mainshock magnitude, A, to be 30.4 yr and 6.3, respectively,

uming that (I) no changes occurred in the far-field tectonic stresses (strains) and
2) the Utsu relationship is applicable to this region. Table S lists the seismic events
hat occurred in the epicentral region beginning with the M2.4 event of 7 June 196].
 scismic search (data provided by the USGS and included all seismic data contained
1 the Caltech catalogue) in the region 37°N = 35°N and 118°W = 119°W for the
me period of 1955-1974 shows no events occurred in the cpicentral region from
January 1955 to 7 June 1961. The data also show that following 11 Fcbruary 1964,
ost of the scismic activity developed in the northwest, west, and southern rcgions
\at were outside the aftershock region. There was little activily within ihe after-
ock region.

olume during the latter portions of the earthquake preparation process. Thus, the .
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40 km?. The calculated value is A4, = Teo/a = 33km?, where a = 2.43 x 1074,
using the *observed’ value of 1, = 31 months. The precursor time for the mainshock
was reduced nearly 3007 from 30 yr to approximately 10 yr. This result suggests,
not surprisingly, that changes are developing in the far-field boundary conditions
during the time duration (z,) required for the mainshock to develop. Equation (26)
gives the corrected precursor time-focal region area for earthquakes of comparable
magnitude in this region, assuming the boundary conditions change in the same
prescribed mannerto bet = 5.70 x 1034, where t and A are measured in seconds
and square centimeters, respectively.

The formation of the primary inclusion zone of an impending shock of magnitude
Af was shown earlier to be represented by a decrease in gravitational potential energy
of amount ¥, (equation (19)). This process occurs over a time interval during which
‘he far-field tectonic stresses can be assumed constant. Thus, the energy decreasc,
¥,, must be manifested by a corresponding increase of gravitational potential
:nergy in the region surrounding the primary inclusion zone. For the San Fernando
shock, equation (19) gives ‘¥, to be approximately 6.30 x 10?3 ergs. This energy
:ompares with the energy of 2.5 x 10?! ergs radiated by the mainshock and is
sufficient to vertically displace a volume of rock, V, by an amount ¥, /pVy, where
» is mass density, g, the gravitational constant (103 cm/scc?). Let ¥ be Ah, vihere A
ind /i denote the vertical thickness and 4 the cross-sectional area of the rock inass.
fA ~20,000km?, 4 ~ 10km, thendk ~ 1.50 cm forp = 3.5g/cm3. Thus, the theory
sredicts that anomalous uplift should be associated with the formation of the
srimary inclusion zone of an impending shock, and further, the greatest rate of
1plift will occur during the time interval 74 (~31 months for the San Fernando
:arthquake). The above calculations are consistent with recent observations reported
3y CASTLE er al. [52] on the uplift in the Palmdale~Dume region, near the epicentral
egion of the 1971 San Fernando shock. An estimate of the average stress increase,
¥o, assaciated with the formation of the primary inclusion zone of the 1971 shock,
issuming the uplift is ‘elastic’ is 6o ~ (Sh/h)Ey/vy ~ 9 bars, where E, and v, are
aken to be 1 x 10'? dynes/cm? and 0.30, respectively. These order of magnitude
‘alculations are suggestive that the observed uplift (covering approximately 12,000
im? [51]), while being of a tectonic nature, should not be confused with the pro-
‘esses leading to an impending earthquake, rather, the result of physical processes
hat led to the formation of the San Fernando mainshock on 9 February 1971. If
'vent 9 in Table 5 marks the termination of the primary inclusion phase, then v,
‘md r, should begin to decrease in the focal region as fluids diffuse away from the
rrimary inclusion zone. This behavior would be evidenced by earthquakes in the focal
‘olume tending to migrate with time away from the primary inclusion zone. This
ichavior is observed. Lastly, the predici~d minimum dimension of the anomalous
egion, assuming an average maximum ‘background’ seismicity of M_, = 2.5, is
25 km, respectively. This value compares favorably with the value of 80 km quoted

B. T. Brady

The August 1973, earthquake at Blue Mountain Lake, New York

A magnitude A2.6 earthquake occurred at Bluc Mountain Lake at a depth of
approximately 1 km on 3 August 1973. This earthquake was preceded by approxi-
mately 5 days by decreases in v, and v, of approximately 22% and 129 below normal.
The anomalous zone (region of low v,) for this earthquake was about 3 km — § km
radius. According to AGGARWAL er al. [2], the anomalous zone had a radius of at
least 6, but probably less than 10 times the radius of the aftershock zone. AGGARWAL
et al. [2] observed that the P-wave delays were a maximum in the hyrocentral
region of the earthquake and decreased away from this region. The carthquake
occurred approximatcly one day following a return of v,/u, to its pre-anomaly value.
Both thesc results are consistent with the existence of pore fluids within the focal
volume of this earthquake for reasons discussed earlier in this article.

The aftershocks of this cvent were observed to occur within an ellipticaliy
shaped zone whose dimensions were slightly less than 1 km by 0.3 km, giving an
aftershock area of 0.24 kin?. Equation (3) gives a calculated precursor time, 1,, for
this event of approximately 6.8 d. The obscrved time, measured from the onset
v,/v, decrease, was approximately 5 d. Note that the time of onset of the v,/v, decrease
must be considered to represent a minimunt value for 7o. The average maximum
magnitude of the background seismicity, A_,,. in this region is approximately
1.0 [1, 2], giving a calculated minimum diametcr of the anomalous volume of
approximately 22 km. These values are well within the bounds calculated by
AGGARWAL et al. [2]. AGGARWAL ef al. also observed that the future rupture zone
was seismically quiet during the time of the low v,/v, values preceding the 3 August
cvent. Nearly all the seismic events studied occurred in an area surrounding the
aftershock zone. This result is in agreement with the behavior predicted by the
inclusion theory. However, the calculated magnitude of the 3 August shock, assuming
that the aftershock arca (4) magnitude (A7) satisfies the Utsu relationship is M3.1,
a discrepancy in magnitude of nearly 0.5. This result may possibly be interpreted as
indicating that pore fluids were present within the hypocentral region of the 3 August
event. The magnitude of this pressure is found from equation (28) to be approxi-
mately 0.600,, where o, for this event is the vertical stress and is approximately
0.2 kb. Thus, P, in the hypocentral regicn of the 3 August shock is predicted te be
in the order of 0.12 kb.

The 3 October and 9 November 1974, Peru earthquake sequence

An earthquake sequence that may have important seismological and sociological
implications occurred approximately 60 km off the coast of central Peru between
3 October and 9 November 1974 and within a well-documented seismic gap. The
3 October (m, = 6.3, M, = 7.6, USGS) and 9 November (my, = 6.0, M, =172,
USGS) shocks were shallow (~20 km depth), complex multiple ruptures that began
with a low energy episode followed by higher encrgy ruptures [30]. The subsequent
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Figure 9

Location of mainshock and aftershock region of the 3 October-9 November 1974 Peru carthquake

sequence. A. Relationship of 3 October 1974 afiershock region 1o previous earthquakes in the immediate

epicentral region. B. Rupturz propagation direction of the 3 October mainshock. C. Lozation and dimen-

sions of the hypothesized primary inclusion zone of the 3 October mainshock. D. Yearly scismicity count

versus lime in the epicentral region of the 3 October-9 November mainshocks. [Figures A-B are repro-
duced with permission of SPENCE and LANGER, 1975].

aftershock scquence of the 3 October event, occurring within an elliptical zone
some 250 km by 150 km, partially filled the scismic gap and was essentially terminated
by the 9 November 1974 mainshock (Figs. 9a,b). The primary aftershock region of
the 3 October cvent since 14 November 1974 is now very near to the normal back-
ground level of scismic activity. Subscquent activity has shifted to the north-northeast
afthic rneinn FSpEneE personal communication, 19757,

6 B. T. Brady (Pageoply,
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Table 6 ™

i
Precursory scismicity in the immediate cpicentral region prior to the 3 October-9 November 1974, Peru
earthquake sequence
(after SPENCE and LANGER, 1976)

Latitude Longitude Dcpth

Date °S W (km) m, M,
1. 7 October 1963 129 76.8 69 54 —
2. 22 August 1967 12.5 76.8 - 57 4.8 —
3. 5 August 1968 12.8 76.8 78 44 -
4. 9 February 1970 12.8 77.2 40 4.6 —
*5. 28 May 1971 12.5 67.8 56 49 —_
*6. 1 August 1971 12.9 76.8 64 5.2 -
*7. 1 October 1971 “ 12.8 771 43 . 4.7 —
*8. 3 October 1971 12.7 77.2 — 46 —
*9. 3 October 1971 12.8 77.4 42 5.2 -
*10. 3 October 1971 12.6 71.6 — 4.2 —
*11. 19 June 1972 12.1 7.5 72(?) 52 -
*12. 29 January 1973 12.1 71.3 63 4.5 —_
*13. 24 December 1973 12.6 71.5 - 54 .
14, 3] August 1974 12.7 71.0 61 . 44 —
*15. 27 September 1974 124 71.6 41 5.0 —
16. 3 October 1974 i2.3 71.7 20 . 6.3 1.6
17. 10 October 1974 124 77.6 27 5.3 —

(largest aftershock)

18. 9 November 1974 12.5 1.7 10 6.0 7.2
19. 14 Movember 1974 12.8 77.1 shallow - 54 —_

Table 6 summarizes the date, foca! depth, and magnitude data for the seismic
events that preceded the 3 October 1974 event. Location accuracy of these events is
115 km [SPENCE, personal communication, 1975]. These data show that no scismic
event occurred in the immediate hypocentral zone between 1962 and 1970. The
precursory scismicity data, however, suggest a peak of activity on 3 October 1971,
followed by a period of relative quiescence in the epicentral region. Seismic events 5
through 10, beginning on 28 May and terminating on 3 October 1971, a time span
of approximately 4 months, map out an area, A4;, of approximately 1.5 x 10'3 cm?2.
These events migrated in time toward the epicentral regions of the 3 October and
9 November shocks, and as such, appear to be causally related to these shocks. There
was n¢ further activity within this zone until the mainshock of 3 Octcber 1974. It
should be noted that events 14 develeped within the E-SE portions of this zone
several ycars prior to, and may have been instrumental in, its formation.

Figure 9d illustrates the yearly seismic event count within the bounds 11.5°S =
i4.0°S and 76°W = 79°W. The body-wave magnitude range of the seismicity in this
figurcis 4.0 < m, < 5.5. Note the pronounced peak in scismic activity that occurred
during 1971, followed by a period of relative quiescence that terminated +ith the
3 October 1974 mainshock. Figure 9¢ shows the aftershock arca and the locations of
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eismic events 5 through 15. The peak of seismic activity in 1971, like the peak of
eismic activity associated in the San Fernando region and the rockburst discussed
arlier, was associated with the formation of the shaded zone depicted in Fig. 9c.
“hus, the data in Figs. 9¢,d suggest that the primary inclusion zone associated with
he 3 October 1974 mainshock may have formed during the time interval between
'8'May 1971 and 3 October 1971.

The 3 October and 9 November shocks occurred within a well-documented
lcismic gap that is of a size to suggest that it could have supported a much laiger
nagnitude earthquake sequence than what did actually occur (Fig. 9a). There is also
ome seismic evidence that suggests that the earthquakes in the sequence were
anomalous’ events in that the actual shock could have been of a much larger magni-
ude (< M8). The estimated aftershock area, A, of the 3 October 1974 event was
ipproximately 3.0 x 10'* cm? [30]. The calculated magnitude of an event having
«n aftershock area of this dimension is calculated from equation (5) to be approxi-
nately M ,8.2, where it is assumed that the modified Utsu rclationship between A
ind M, is applicable to this region. If the seismic event sequence (5 — 10) in Table 6
an be assumed to denote the formation of the primary inclusion zone of this shock,
hen the calculated aftershock area 4 (4 = 21.84)), of this event is approximately
1.3 x 10'* cm?, in good agreement with the observed aftershock area. The class |
rrecursor time, t,, for the calculated mainshock (A£,8.2) and the time, 1,4, required
o form the primary inclusion zone of this event would have been 2405 yrand 113 yr,
espectively, in the unlikely situation of there being no changes in the far-ficld boun-
lary conditions due, for example, to plate motions during the time 1, and the pre-
licted time required to form the primary inclusion zone. Thus, assuming that (1) the
Jtsu relationship is applicable to this region and (2, ' he time, 1,, to form the inclusion
rone required only 4 months, the calculated time to the mainshock becomes t'=
‘o(ta/t40) = 7.1 yr, a reduction from the theoretical value by a factor of nearly 300.
substituting these values into (26) gives a predicted velocity, v, at which changes are
xcurring in the far-field boundary conditions equal to 28 km/yr. This value is in
:lose agreement with observational and theoretical treatments of the average velocity
of strain pulses in the lithosphe-e along major subduction zones [8, 45, 46].

The calculated precursor time for an event of this magnitude (M 8.2) would have
equired approximately 7 yr. This time is measured from the 28 May 1971 cvent.
However, the actual earthquake sequence occurred 3 yr from that time. The observed
partial filling of the aftershock region of the 3 October 1974 mainshock could be
interpreted as indicating that this region may not have had the time required for
the preparation of the larger magnitude shock. 1n addition, it should be noted that
cvents 11, 14, and 15 (Table 6) occurred within the cpicentral region of the 3 October
iand 9 November mainshocks. In particular, events 13, 14, and 15 appcar to migrate

toward the hypocenters ot these shocks. These events were of significant magnitude
Mn hava actad ac maccihle fdectressine earthquakes® in the reeion of what could have

o ——
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onlya large fajlure could have occurred in the absence of destressing. similar behavior™

has becen reported to occur in mines experiencing rockbursts [12]. It is conceivable, !
therefore, that both the 3 October and 9 November shocks may have been ‘triggered’
by cvents 11, 14, and 15. Thus, according to thesc arguments, it is theoretically
possibie that the mainshock should have been much larger (#18.2) than what was
actually obscrved (41,7.6).

There is some evidence that suggests this region may have again approached a
critical state. For example, the multiple rupture characteristics of the 3 October and
9 November events, taken in context of the inclusion theory, may signify a low com-
pression level of the least local principal stress in the hypocentral region. Similarly,
the relatively high M, values of these events may be an indication that this stress is
nearing or has attained a tensile value in the  hypocentral region. Necessary and
sufficient conditions for an impending failure include the conditior that g, become
tensile within the inclusion zone. As discussed above and elsewhere (11, 12], de-
stressing seismic events, such as may have occurred in events 13, 14, and 15, mercly
postpone the total release of the cnergy that is stored in the region. In addition, the
magnitude of the event that may occur, assuming no additional destressing-type
events occur during the earthquake preparation process, may be larger than the event
that would have occurred had the destressing shocks not occurred, that is, the magni-
tude of the impending shock will be at least A/8.2, and possibly higher.

These arguments and the observational data that the 9 November 1971 shock
terminated the earthquake sequence with only onc additional aftershock (event 19,
Table 6) nearly 5 days later are consistent with the theoretical conditions discussed
earlier in this article that this region may now be in the process of being prepared
for an earthquake whose magnitude will be at least A8.2. The 14 November 1974
shallow focus event occurred within and near the eastern end portions of the zone
that may have been the postulated primary inclusion zone of the 3 October and
9 November mainshocks. According to SPENCE [personal communication, 1975].
this shock produced a radiation pattern characteristic of deep earthquakes, that is,
small rupture length but high energy release. Thus, the location of the 14 November
event may mark the eastern termination of the inclusion zone of the impending
mainshock.

If the hypocentral regions affected by the 3 October and 9 November events are
now contained within this inciusion zone, then the total area of the ‘new’ primary
inclusion zone is of the order of 3 x 10'3 cm?. The predicted magnitude and class |
precursor time, t, is measured from the 14 November 1974 event. However, without
more reliable information on the dimensions of the hypothesized new primary inclu-
sion zone, the best estimate that can be made at this time of the magnitude of the
impending shock is that it will be at least A78.2. Accordingly, if there are no turtlicr
destressing seismic events and the far-field beundary conditions in this region change
in the same prescribed manner as for the 3 October 1974 shock, then the predicted |
class I precursor times for a range of predicted magnitudes of 8.2, 8.3, and 8.5 are
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2.1 yr, 89yr, an .1, respectively. The predicted location and preferred fault
plane for this cvent should be similar to those of the 3 October 1974 shock (Fig. 9b).
This earthquake, like the 3 October-9 November 1975 sequence, will be an under-
thrust event.
~Inthisinterpretation of the Peru sequence, I have assumed that the Utsu relation-
ship is applicable to this region. Thus, the anomalously large size of the aftershock
region for the 3 October 1974 event and the relatively small magnitude (m, = 6.3,
M, = 1.6) of the earthquake that produced the aftershock region may be evidence
that the region may not have been relieved of the available stored energy. However,
as discussed earlicr in the text, it is possible that the existence of fluids under pressure
in the hypocentra! region of the 3 October shock may be partially responsible for
lowering the ‘predicted’ magnitude, based on the observed aftershock area, from
8.2to0 7.6. Yet, neighboring regions, such as shown in Fig. 9a, have also experienced
great earthquakes (> M8) in the recent past. Thus, there is no obvious reason to
assume that the epicentral region of the 3 October 1974 event is ahy different. Simi-
larly, historical records indicate that this region has experienced large earthquakes
(and their accompanying tsunamis) in the historical past (28 October 1746; M ~ 8.4
SPENCE and LANGER, personal communication, 1976). ,
The hypothesis that the primary inclusion zone of an impending great earthquake
may have formed approximately 75 km off the coast of central Peru on 9 November
1974 can be tested by detailed monitoring of sea level changes (sea level should
decrease as the focal region begins to store energy), anomalous v,, by, and/or v /v
‘ beh.avior if fluids are present in the focal region, radcn emanations, possible secula;
variations in the geomagnetic field, and other class | precursors that have been
.reportedly observed prior to major earthquakes. If the measurements support this
interpretation, then detailed monitoring of the region for the class II type precursor

is in order. Detection of the class II precursors may give a few hours warning of the
mmpending shock.

Discussion

‘ Theoretical arguments and supporting data presented in this article suggest that
the inclusion theory of failure and its associated scale invariznt propertics may have
Important applications to earthquake seismology and, in particular, to the problem
of earthquake prediction. It was shown that to have a predictive capability, detailed
.l:n.owlcdge of both when the primary inclusion forms and its geometrical character-
lSthS. are essential. Knowledge of the dimensions of the primary inclusion zone and
the time duration required for its formation provides an cstimate of both the magni-
lfl'jc and the class I precursor time for the impending failure. In addition, it was
shown that there arc features characteristic of carthquake prone regions which indi-
cate that accurate prediction of both the class I precursor time and the magnitudc ofan

oy .
’ .

“**ditions due, for example, to platc motions occurring during the  ..al class I pre- .

v

mpending carthquake is difficult. Changes in the far-field tect oundary con-
cursor time interval as well as the existence of pore fluids under pressure in the focal
volume of an impending shock arc both factors that influence the precursor time-
magnitude relationship. Howcver, once it has been determined how these parameters
affect the class I precursor time-focal region arca-magnitude relationships in a given
region, then it is possiblc te adjust the theoretical relationships so as to accurately
predict these paramecters ror other carthquakes in the samé rcgion, providing, of
course, that the boundary conditions change in the same prescribed manner. Thesc
difMiculties, however, do not arise for the class II precursors since their time durations
arc short enough that changes in the far-field boundary conditions are, for all practical
purposes, constant during the class II time duration. Thus, monitoring of this
precursor class in the epicentral region of an impending earthquake may provide
an accurate indicator of when the mainshock will occur.

Thecriteria required to determine when a region is approaching or has approached
a condition that it will experience an earthquake are readily provided by the inclusion
theory. These criteria include the following: (1) A determination of the b-value
variation of the scismic events occurring within the anomalous (or dilated) volume.
The b-values are predicted to decrease as the deformation band, within the primary
inclusion zone will form, develops within the anomalous volume. {2) Once a candi-
date region has been found, detailed monitoring of this region is required to deter-
mine where and when the primary inclusion zone forms. The events that form this
zone are predicted to be relatively few in number ( < 10). Each event will be character-
ized by anomalously large rupture lengths since ihey are forming within a stress field
characterized by a tensile value of the local least principal stress. The b-values of
these events are predicted to be low. In addition, since these events are predicted to
have long rupture lengths, anomalous uplift and/or anomalous horizontal expansion,
depending upon the focal mechanism of the impending mainshock, both within and
outside the epicentral region are predicted. The overall level of background seismicity
will decrease once the primary inclusion has formed. (3) The epicentral region of the
impending earthquake should be instrumented at this time so as to detect the onset
of the class 11 precursor. ’

It is of particular importance to note that the numerical calculations, such as the
energy budget of a failure, that have been performed in this article are subject to
revision as more rcliable data on the functional relationship between the aftershock
arca and magnitude arc available. This relationship may be dependent upon the
location and physical characteristics of the rock materials in the focal volume. This
relationship represents the *calibration factor’ in applying the inclusion theory to given
earthquake prone zones.

It should also be clearly undcrstood that the inclusion theory is directly applicable
to failurcs along existing fault zones as the physical processes reponsible for ‘lock
zone' failure and ‘fresh’ failures are identical. However, when applying the theory
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~ to the prediction thquakes along existing fault zones, it is possible that con-
siderable undercsti.ation of the magnitude of an impending shock, even when factors
due to pore fluids have been taken into account, can result since failure of the lock
zone may also result in the sudden release of stored strain energy along the fault
zone outside the lock point. Thus, ir is theoretically possible that a large magnitude
shock could occur only when a much smaller magnitude shock has been predicted. We
have found evidence supporting this prediction from certain classes of rockbursts in
northern Idaho, that is, rockbursts that develop along pre-existing fault zones that
are activated by mining. . '
' The inclusion theory requires the existence of low magnitude foreshocks, termed
. primary foreshocks, whose magnitudes are approximately M —5.3, where M is the
mainshock magnitude, to form in the hypocentral region during the time duration
of the class I precursor phase. This class of foreshocks should not be confused with

Lastly, it is of interest to observe that the deviation of the observed class I pre-
cursor'time, 7, from the predicted time, 7,, which is obtained when no changes are
occurring in the far-field boundary conditions must provide a relative indication of
.how the boundary conditions that indirectly produce the carthquake are changing
in the region where the earthquake is occurring. Thus, the deviation of g and tin
lflg. 5 should provide quantitative information of relative plate velocitics, or alterna-
tively, the relative magnitude of how the far-field strains induced within a given
car.thquakc prone region are changing in response to these relative plate motions.
Evidence presented in this article lends support to this hypothesis. Clcarly,'this
1spect of the earthquake problem warrants further attention. '
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Appendix A
Glossary of Terms and S ymbols
Terms

(1) Anomalous Zone: This zone refers to the dilation zone within which a deforma-
tion band will form prior to a major failure. '

(2) Deformation Band: This band denotes the portion of the anomalous zone within
which the principal stress axes rotate as the region is being prepared for a
major failure, v

(3) Primary Inclusion Zone: This zone forms within the deformation band at a time
prior to failure that is dependent on the magnitude of the failure that will occur.
The formation of this zone marks the initiation of the class ! precursor phase,

(4) Secondary Inclusion Zone: This zone represents the inclusion from which
secondary crack growth occurs within the primary inclusion zone. This criack
growth leads to the coalescence of cracks within the primary inclusion to form
the macrocrack. The formation of this zone marks the initjation of the class 11
precursor phase, .

(5) Tertiary Inclusion Zone: This zone denotes the inclusion from which macro-
crack growth occurs during the growth phase of the mainshock. The formation
of this zone marks the initiation of the class 11 precursor phasc.

(6) Macrocrack Zone: The zone containing the macrocrack within th= primary
inclusion zone. :

(7) Focal Region: The region into which the failure js propagatced. This region
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represents the zone where strain energy storage occurs during the preparation
stage of the mainshock and where the aftershocks occur.

(8) Hypocenter: The contact between the fault zone and the primary inclusion zone.
The hypocenter denotes the location where closure of the macrocrack first
occurs. .

(9) Fault Zone: Represents the faulted region that precedes the primary inclusion
zone. The fault represents that part of the macrocrack that has closed.

(10) Lock Point Zone: A zone along a pre-existing fault zone where movement is
prohibited. This zone represents the region within which a primary inclusion
that will lead to its failure is nucleated. - o

. Symbols

600030 ° Far-field maximum (o,,) and least (30) principal stresses.
These represent the principal stresses that cxist outside and are
far removed from the anomalous region within which the main-
shock occurs.

g,,0, Local values of the maximum and ; :ast principal stresses within
the deformation band. :

0 " The angle between g, and a,.

G, G, Principal stresses parallel (6.) and normal (#,) to the major axis

’ of the primary inclusion zone.

Gy The magnitude of o, at the inception of failure.

64(=0, — 0;) Principal stress difference within the focal region.

al, o} Compressive and tensile stresses existing in the region outside
the macrocrack zone during the time duration of the class IT
precursor.

Up U, Longitudinal and transverse wave velocities.

L, A, Length and area of the primary inclusion zone.

L A Average dimension and area of the focal region of the primary
inclusion zone.

A, ) Area of the average-sizcd cracks within the primary inclusion
zone.

A Fundamental inclusion length (~10~7 cm).

T, T Predicted and observed times of the class 1 precursor.

T0. T, Predicted and observed times of the class 11 precursor.,

100 1T, ’ Predicted and observed times of the class 111 precursor.

Taos Ty Prcdicted and observed times required to form the primary

A inclusion zone.
tg (=L/1p), Average predicted and average observed velocity of the crack
.t [ RN R r LS | Ciarmantl N [ } . . . :

2y A Average linear dimension of the deformation und. This length

‘Y,
o)
P

B. T. Brady - ' (Pagcoph,

.. . . i
also-denotes the average minimum dimension of the anomalous '

S\T

zone. 2

M Predicted and observed magnitudes of the mainshock, |

Predicted background value of the average maximum magni-

tude of scismic events within the anomalous zone.

Y, ¥ Total potential energy changes of the system duc to presence
of the primary inclusion zone when fluids are not present (V)

or present () in the focal volurre of the primary inclusion zone.

¥, Energy radiated by the mainshock.

¥, Energy dissipated by frictional sliding, plastic flow, etc., during
the mainshock.

Ysas Total encrgy radiated by aftershocks.

M Predicted maximum magnitude of any aftershock during the
aftershock sequence. :

Cec (=03 — P)) Effective value of the local least principal stress.

P, Pore pressure within the focal volume of the primary inclusion
zone.

Seismic efficiency factor.

Appendix B

An example of the dilatant or anomalous phase in rock is shown in Fig. B.1.
This figure is a photograph of a corner section of an oil shale sample that illustrates
the process of fault (F) growth. The initial length and diameter of this specimecn
were 10 cm and S cm, respectively. This specimen recovered nearly 10%; of the total
initial deformation (~ 0.25 c¢m) within one day following the test. Note the orienta-
tion of the deformation band (D), whose width is approximately one centimeter
and the tensile cracks (¢,) that developed within the band in a direction nearly normal
to the predicted direction of g,, that is, normal to the direction of eventual fault
growth [6]. Microscopic cxamination of this deformation band, as well as other
dcformation bands within this specimen, shows the existence of numerous (apparently
closed) small cracks (whose average lengths are approximately 0.01 cm) that are
slightly inclined to the fault dircction. Residual tensile and compressive stresses in
the deformation band (following unloading) in directions parallcl and normalto g,
respectively, are predicted by the inclusion theory [6]. The tensile strength of oil
shale normal to the bedding plane is small (~50 bars, V. E. HOOKER, personal com-
munication, 1975), and is suggestive that a major contributing factor to the post-test
recovery of the specimen was the formation of the tensile cracks within the deforma-
tion band(s).
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Figure B.1
Polished scction of oil shale sample deformed under 100 bars confining pressure, illustrating the deforma-
- tion band within which the fault developed.
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Appendix C

Experimenial determination of the precursor time="fault' length relationship
of failure

When there are 110 changes in the far-field tectonic stresses (strains) during the
precursor time interval (1), the relationship between t and the focal region area (A)
can be written [7]

(C.1)

where « is a constant to be determined by experiment. Rockbursts, whose class |
precursor times are small enough (<24 hr) so to satisfy the constraints imposed by
(C.1), can be used to evaluate the parameter a. Assume that the Utsu relationship
(equation (7)) between magnitude (Af) and aftershock arca (A4) is applicabie to the
rockburst failure. Equations (5) and (C.1) give

T = aAd,

(C.2)

where 1, is the class I precursor time and is measured in seconds. A major rockburst
occurred in the Galena Mine, Wallace, Idaho, on 9 August 1968 (sce reference 11 for
details). The magnitude and precursor time of this burst were determined to be
approximately AM2.3 and 21.6 hr, respectively. Substituting thesc values into (C.2)
gives & = 2.43 x 10™* sec/em?. Thus, cquation (C.2) becomes

1o = 2.43 x 10744,

log,o T = 6.3 + log;g a - M,

(C3)

7o and 4 arc measured in scconds and square centimeters.

The rclationship between the primary inclusicn area (4;) and A must be deter-
mined. A moderate rockburst occurred on 8 November 1975 (1: 10 am) at the Galena
Mine. Scismic data obtained from this burst allows a determiination of the relation-
ship of 4, and 4 as well as other critical parameters applicable to the scale invariant
properties of the inclusion theory. Briefly, the following sequence of events preceded
the burst. (1) Blasting in a nearby stope (mining zone), located approximately 75 m
from the burst hypocenter, occurred at 2:23 pm on 7 November. No apparent
seismic activity was triggered in the hypocentral region as a result of this blasting
sequence. (2) At 11:20 pm on the same day, blasting occurred in another stope,
located approximately 25 m from the hypacentral region. The time required for
blasting was 8 min, during which time a length segment of approximately 15 m of
rock was removed from the stope. (3) The burst occurred at 1: 10 am, nearly 100 min
after blasting.

Experimental studics by the Burcau of Mines in the Galena Mine have shown
that the majority of rockbursts are apparently ‘triggered’ by blasting in stopes that
are located in the immediate vicinity of the burst hypocenter. There are theoretical
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arguments that s. . this observation. For example, using equations (C.1) and
" (C.3), the time 1, required to form the primary inclusion zone of an impending
burst is 1, = 2.43 x 10™*4,. Combining this relationship with the revised Utsu
relationship (log 4 = M + 6.3 [46])

logio Ty = M + 2.69 + log,o nt (C4)

"where p = A;/A. The observed value of g, as calculated from the 3 Scptember 1975
Star burst is 0.046. Equation (C.4) becomes :

log,o Tso = M + 1,35 (C.5)

‘Thus, for a typical burst magnitude of ML.5, the time, 1,4, required for the formation
of the primary inclusion zone is nearly 6 min. However, the time required to form
the individual seismic events whose magnitudes are of the order of M(-3), that
comprise the primary inclusion zone of an M1.5 burst are only a second. Therefore,
the seismic signature of thesc events will be included within the signatures of the
individual events. As a result, the primary inclusion zone of the impending burst will
be formed by the stress transferrals to the critically stressed region (Fig. C.1) due to
blasting. Consequently, the time interval required for blasting provides a maximal
value of 1,4 (and 4,) for the impending burst.

e S
Mined om

Region of rock to be
removed by blasting

—{Lp b
Y--Critically stressed region

CASE I

Li>L, Blost — Burst (Burst occurs during blasting)

Mined out

CASE It

L, <L, Blost-Burst(Burst accurs ot time t after blasting)
Li SLy<L, Length of Primary Inclusion Zone of Impending Burst.

Figurc C.]
Influence of blasting in triggering rockbursts. The critically stressed region represents the zone where the
stresses have approached a critical state such that an increase in the maxitnum principal stress (resulting
from blasting in a ncarby region) will produce a burst.
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The ratio of 1, (=8 min) and 1, (=100 min) for the 8 N\ -ar 1974 bursid

" gives a minimum estimate of 1,4/, (= A/A4) cqual to 12.5. This valuc compares with

the observed value of 21.8 calculated for the 3 September 1975 Star rockburst
discussed earlier in the test.

Appendix D
Geometrical characteristics of the primary inclusion zone at the instant of failure

Theoretical and experimental arguments suggest that the length of the primary
inclusion zone (L;) and the average length (L) of the cracks that comprise this zone
are proportional to each other with a proportionality constant, or equivalently,
scaling factor 7 (= L./L;), experimentally observed to be approximately 0.01 (Appen-
dix B). The scaling factor, y, denotes the rclationship by which the length (L,) and
thickness () of these cracks with respect to the length (L;) and thickness (z;), respec-
tively, of the primary inclusion zone. Thus, the scaling law for the inclusion theory
can be expressed as

L: = }'Li . (Dl)
t

]
~
-

¢

In the inclusion theory, failure, or equivalently, growth of the primary inclusion
zone occurs only when the tensile stress within the primary inclusion zone equals
its maximum possible value g,5. This physical situation dcvelops only when the
aspect ratio of the inclusion zone approaches a value that is of the order of 0.20 [S].
Several recent finite clement investigations have shown that this aspect ratio is
insensitive to the relative stiffncss of the primary inclusion zone and the surrounding
host material (Bancock, USBM, in press, 1976). Substituting this ratio in_(D.1)
gives

I, =20 x 1073L, (D.2)

Thus, the condition for failure can also be stated that the ratio of the thickness of
the crack zone to the length of the primary inclusion zone must equal approximately
2.0 x 1073 at the instant of failure. This condition is also equivalent to the criterion
that the tensile stress within the macrocrack zone becomes a maximum at failure.
To a first-order approximation, the crack zone thickness (¢) will also equal the
thickness of the macrocrack zone, say ¢, at the instant of failure. This thickness will
also correspond to the thickness of the fault gouge zone. Consequently, when the
focal region of the primary inclusion is circular (A = (2/4)L2, A; = A/21.8), the
functional relationship between I, and the class I precursor time 1, can be written

1, = 0.03/1, (D.3)

where 1, and 74 are measured in centimeters and scconds, respectively.
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Equation (D.3) its that a knowledge of the fault zone thickness along either
active or inactive fauus may be an indication of the magnitude of the earthquake(s)
that produced the fault zone. The functional relationship of 7, to M, ¢, and P,is
found from equations (5), (27), (28), and (D.3).

log,g 1, = 0.50M + 0.66 logmi’a;”i - 0.8

3

(D.4)

where M is the predicted magnitude of the mainshock when P, = Oandt, is measured
in centimeters. ‘

Table D.1 lists the typical value of fault zone thickness for magaitudes ranging
from M(—)5 to M8. The pore pressure is zero in these calculations. As an example,

Table D.1
Fault zone thickness-magnitude relationship

(P] = 0)
L L ) "
km km M km Comments
1x10°% §$x10°% -5 48 x 10°*  Laboratory failure scale
1 x10°% §x1)0-% —] 4.8 x 10~¢ Laboratory failure scale
I x10°2 §5x10-? 1 4.8 x 107  Mine failure scale
0.03 0.16 2 1.5 x 1074 Mine failure scale
0.10 0.5 3 4.8 x 10™¢ Mine failure scale
0.34 1.6 4 1.5 x 1073 Earthquake scale
1.1 S S 4.8 x 10°? Earthquake scale
34 16 6 1.5 x 1073 Earthquake scale
10.6 50 7 4.8 x 10”3 Earthquake scale
34 160 8 1.5 x 10~} Earthquake scale

maguitude M8 earthquake corresponds to a fault zone thickness of nearly 60 m,
‘hile the thickness on the scale of major rock bursts (M = 2 — 3)is only predicted
o bein the range of 15 — 48 cm.

These values appear to be in good agreement with measurements taken in rock-
urst prone mines in South Africa [17]. Also, note that {, on the laboratory scale
M(—)5] is predicted to range in value from 10~3 cm, in reasonable agreement with

easurements taken in our laboratory. Lastly, note that in real fault zones in the

rth, wheie fluids under pressure are probably present, gouge zone thickness will
less t7.n if the zone were “dry’ at the time of its formation.

. If{L.=) is found by experiment to be applicable to real fault zones, it may become
possible to predict the spacial distribution of carthquake magnitude along either
}activc or inactive faults of known geologic age as a function of geologic time. Such
a mcthod may, in some instances, be of value in assessing scismic risk for engineering
structurcs proposed or currently in operation in these regions.

e
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The preceding calculations can be used to estimate the faul, -acement thatry

“occurs during an earthquake of magnitude M. Let 0 denotc the arzie between the™
major axis of the macrocrack zone (Fig. 1) and the maximum applied far-field !
principal stresses o, 4. In the inclusion theory of failure, the shear displacement that
can occur during the mainshock sequence is due only to closure of the cracks that
developed during the dilatant phase. These cracks formed under the applied far-ficld
stresses, @y, 034, and g4, (Fig. 2a). Thus, to a good first-order approximation, the
total shear displacement, s,, that will occur as the fault grows into the hypocentral
region is ’

5o =1, cot (D.5)

As an example of (D.5), MCGARR [17] observed that following a A3 rockburst,
which produced violent crushing of supports in the vicinity of the burst, shear dis-
placements of 30 — 50 cm were observed along the fault. Equation (D.4) gives
1, = 48 cm, where P, = 0. The predicted relative shear displacement for a failure -
of this magnitude, assuming 0 = 30° is 83 cm, in reasonable agreement with
observation,

Lastly, it is important to observe that (D.1) suggests that the component of
volumeltric strain, ¢ (=7) duc to the formation of the primary inclusion zone and its
associated macrocrack zone at the instant of failure is approximately 1 x 10~2. This
result suggests that current theoretical methods of modeling shear dilatancy "1 rock

-by linear classica! models may be unsatisfactory [21].
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ABSTRACT

A detailed study of the spatial distri-
bution of precisely located hypocenters
of South American earthquakes that oc-
curred berween lat 0° and 45°S shows
that the data can be explained by the
simple model of a descending oceanic
plate beneath a continental plate and that
the following conditiors obtain: (1) The
hypocenters clearly define five segments
of inclined seismic zones, in each of
which the zones have relatively uniform
dips. The segments beneath northern and
central Peru (about lat 2° to 15° S) and
beneath central Chile (about lat 27° to
32° ” have very small dips (about 10°),
" the three segments beneath south-
en. .dador (about lat 0° to 2°S), be-
neath southern Peru and northern Chile
(about lat 15° to 27°S), and beneath
southern Chile (about lat 33° to 45°S)
have steeper dips (25° to 30°). No clear
evidence exists for further segmentation
of the descending Nazca plate beneath
South America. If the two flat segments
are in contact with the lower boundary of
the continental plate, the thickness of
that plate is less than approximately
130 km. This is in marked contrast to the
reports of thicknesses exceeding 300 km
for the South American continental plate.
(2) There is considerable seismic activity
within the upper 50 km of the overriding
South American plate. This seismic activ-
ity is well separated from the inclined
seismic zones and probably occurs in the
crustal part of the South American plate.
Thus, hypocenters in South America are
not evenly distributed through about a“
300-km-thick zone as previously de-
scribed. (3) A remarkable correlation
exists between the two flat segments of
the subducted Nazca plate and the ab-
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sence of Quaternary volcanism on the
South American plate. (4) The transition
from the flat Peru segment to the steeper
Chile segment is abrupt and is interpreted
as a tear in the descending Nazca plate.
The tearislocated approximately beneath
the northern limit of the Altiplano (a high
plateau in the Andes), and about 200 km
south of the projection of the oceanic
Nazca ridge down the subduction zone.
(5) A gap in seismic activity exists be-
tween depths of 320 and 525 km.

INTRODUCTION

South America is a part of one of the
major lithospheric plates. Study of the sub-
duction zone along the western margin of
this plate provides the opportunity to
examine whether the simple model of the
descending of oceanic plates beneath an
oceanic or small continental block (as
developed primarily for the northern and
the western Pacific) is also a working model
for the subduction of an oceanic plate be-
neath a continental plase. In this study we
show that the simple model of subduction
is essentially a valid one for the subduction
process beneath South America. However,
some features of the interactions and ge-
ometries of the descending Nazca plate
and the overriding South American plate
are quite different from those observed in
the northern and western Pacific.

We present here a detailed study of the
spatal distribution of South American
earthquakes. Previous studies have used,
for the most part, the hypocenter file of
the United States Geological Survey (USGS)
for different time periods (see, for example,
Santo, 1969; Isacks and Molnar, 1971;
James, 1971; Stauder, 1973, 1975; Sacks
and Okada, 1974; Swift and Carr, 1974).
Sykes and Hayes (1971) reported results of
relocations of South American earthquakes
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occurring between 1950 and 1964, Some «of
the studies mentioned above used very
much the same daia but the suthors came
to quite different conclusions regarding
the tectonics of South America, This is
partly a result of contamination of the data
set with poor-quality dara: In this study
we analyzed mainly the data provided by
the International Seismological Summary
(15S) and the Iniernational Seismological
Centre (I1SC). W established criteria for
selecting good-qualiry data out of the hypo-
center file and rejected all but about 30
percent of the events as a result. This
severe rejection procedure is compensated
for by considering the entire sample of
high-quality data that have accumulated
since the late 1950s. We are thus able to
resolve features more clearly than is pos-
sible with a smaller set of data or one

with a large number of poorly located
events.

DATA

" The earthquakes analyzed in this study
are mainly all those located between lat 0°
and 45°S and long 60° and 85°W reported
by the ISS from 1959 to 1962, by the 1SC
from 1964 10 August 1973, and by the
USGS (Earthquake Data Report) from
September 1973 to April 1975. However,
because few deep earthquakes occur be-
neath South America. the final data set
also includes all the well-located deep
events (deeper than 500 km) located by the
ISS for the periog 1953 to 1958. Data for
events located within the Nazca plate or
along the Chile Rise are not included.

The 1SC data represent the most com-
plete compilation of data on hypocenter
locations availatile on a world-wide basis.
These data, however, include a large num-
ber of imprecisely located events, mainly
because the events of small size, and espe-
cially those in areas far from any local
seismic stations, are reportea by only the
very sensitive teleseismic stations. Thus,
a selection of the better quality data from

. the 1SS, ISC, and the USGS data file can

be made. A selection based on the elimina-
tion of events that are located by less than
a certain number of stations is often used
but will still include poorly located events,
even though many of the worst locations
are thereby eliminated.

A selection procedure based on the con-
trol of depth by local stations, pP depth
control, and the azimuthal control of the
epicenter is used in this study. In this pro-
cedure all events reported by the 1SS and
1SC and the large events of the USGS are
examined and either rejected or selected
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depending on (1) the distances and the
~wymber of local staticns that recorded tie

)u. (2) the consistency and the number
../pP readings, and finally (3) the azimuthal
distribution of the teleseismic stations. The
latitude and longitude of the hypocenters
as reported by the 1SS, 1SC, and USGS
are used for the selected events; however,
we used the depths as obtained from pP
readings if provided by the 1SS, ISC, or
USGS.

Of a total of about 5,700 events, only
1,700 events (about 30 percent) were se-
lected for this study. A computer program
was used in plotting the selected events on
maps and cross sections. The sphericity of
the Earth is shown on the sections, and all
the sections are plotted without any vertical
exaggeration.

GENERAL CHARACTERISTICS OF
SEISMICITY

An outstanding and well-known feature
of the spatial distribution of hypocenters
along South America is the gap in seismic
activity between depths of 320 and 525 km
(Fig. 1). The decp earthquakes (deeper
than 525 km) define two relatively narrow
belts of activity, and the number of small-

‘gnitude events relative to the number

arge-magnitude events is very low
«suyehiro, 1968; Lomnitz, 1973).

The intermediate-depth activity tends to
cluster in space. There is a peak in activity
between depths of about 100 and 130 im;
most of these events occur between abuut
lat 17° and 24°S near the bend in the
coastline between Peru and Chile. This is
also the region that kas lacked large shal-
low earthquakes for about.the past, 100 vr
(Kelleher, 1972). The gap in seismic activity
at intermediate depths between about
iat 25.5°S and 27.0°S is evident; however,
this region expetrienced many large shallow
events (Santo, 1969).

SEGMENTATION OF INCLINED SEIS-
MIC ZONE AND APPROXIMATE
THICKNESS OF CONTINENTAL
SOUTH AMERICAN PLATE

A careful examination of a large-scale
map of the seismicity of South America
shows that major regional diffcrences exist
in the spatial distribution of events with
denths greater than about 70 km. It is
important to find out how coherent the

~tial distribution of events within any

)on is and whether a single transverse
-.0ss section can be made to include all
the events within any region and still show
a weli-defined inclined seismic zone.
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Figure 1. Selxnicity map of South America. Bathymetry (in fathoms) from Mammerickx and
others (1974). Historical volcanoes (solid triangles) from Casertano (1963), Richards (1962), and
Hantke and Parodi (1966). Altiplano, a high plateau in central Andes, is approximately represented

. by 8 3-km contour.
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(from ~ -, 1964 ; Bullard, 1962).

T. ,.)on of southern Peru and north-
ern Chile (about lat 15° to 27°5) has the
following characteristics: (1) A major bend
in the Chile Trench and in the coastline
occurs in this region. (2) The Quaternary
volcanoes are well developed (Fig. 2). The
volcanoes define a reasonably smooth curve
(the volcanic line) in the northern part of
the region, with variations that do not ex-
ceed about 20 km. However, near Jat 22°S
the volcanoes start to make a bend that
deviates from the volcanic line by about
$0 km. (3) The distance between the trench
axis and the volcanoes varies from about
250 km in the north to a maximum of
about 370 km near lat 24°S. An important
question is whether the inclined seismic
zone (which is taken to define the descend-
ing Nazca plate) beneath this region is
reasonably coherent and can be represented
by a single transverse cross section or
whether abrupt segmentations of the in- .
clined seismic zone are required (as sug-
gested, for example, by Swift and Car,
1974).

Ten transverse cross sections, each with
a total width of about 100 km, were made
for ~gion. The azimuths of the sec-
tic ,approximately perpendicular to
the trench, the volcanic line, and the trend
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of seismicity (Fig. 2\. An important point
is that the inclined seismic zone seems to
have a thickness of about 30 km. This is
not a result of the projection procedure;
the “seismic thickness” ic very clear on the
large-scale map of hypocenters. This ap-
parent thickness probably reflects fault
zones within the descending plate (Isacks
and Barrzangi. 1977). The 10 sections can
be superimposed in a way that produces
the least amount of scatter in the hypo-
centers, but at the same time does not
have large scatter in the relative positions
of the projected volcanoes and the trench
axes (Fig. 2). If we choose the center posi-
tion of the projected volcanoes to represent
the zero position for the composite section,
then it is clear that the location of this zero
position on the map (dashed line in Fig. 2)
very much coincides with the volcanoes
except near the bend of the volcanoes be-
tween about lat 22° and 25°S. However,
the seismic sections of events located be-
neath this bend do match very well with
the rest of the sections and do not require
any recognizable offset from the other
sections.

Thus, the seismicity of the region of
southern Peru and northern Chile can be
represented by a single transverse compos-

q20°

6G°

Figure 3. Map showing locations and limits
of the cross sections that define five segments
of inclined seismic zone (secs. A, B, C, D, E)
as well as deep seismic zone (secs. F, G, H) (see
Fig. 4). Symbols as in Figures 1 and 2.

ite cross section and still shows a well-
defined inclined seismic zone. If we keep
in mind the thickness of the seismic zone,
then the data do not require any segmenta-
tion of the inclined seismic zone (and hence
the descending Nazca plate) along the total
length of this region. Furthermore, the
volcanic line is a better reference for pro-
jecting seismic sections than the trench
axis. and the variations in the distance be-
tween the trench axis and the volcanoes in
this region may be a manifestation of
accretionary phenomena (Karig and
Sharman, 1975).

In the other regions, the projection of

seismic cross sections is more straight-

forward, mainly because the geologic struc-
ture {trench, volcanoes, and coastline) and
the seismicity trend are less complicated
than those of the region discussed above.
Tens of seismic cross sections were made

_for every region with different widths and

azimuths to determine the final composite
section for any particular region. The re-
suits are shown in Figure 3 and Figure 4,
sections A through E. The transition from
the type of spatial distribution of events
in section A to that of B is reasonably well
determined (see Figs. 3, 5); the transition
from B to C is also well determined and
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Figure 4. Cross sections showing segments of inclined seismic zone (A, B, C, D, E) and deep
seismic zone (F, G, H). See Figure 3 for locations and limits of sections.

will be discussed in detail in a.section
below; the transition from C to D is poorly
determined because of the lack of inter-
mediate-depth events between about lat
25.5° and 27°S; and the transition from D
to E is not well determined because of

the scarcity of mantle events to the south
of about lat 33°S.

Figure 4 shows that cross sections B and
D sre very similar. For both sections the
dip of the inclined seicmic zones is about
10°, and for both sections an upward
bending of the zones (and hence the de-
scending Nazca plate) near 80 km of depth
is suggested by the data; both of these
features are unique to South America
(see Isacks and Barazangi, 1977). For sec-
tion B, note that although the number

* events at depths of about 100 km and

; distances of about 200 to 500 km from
‘the Peru Trench are relatively few, the
available data strongly suggest the con-
tinuity of the inclined seismic zone.

GEOLOGY

Figure 4 also shows that section C has
an inclined seismic zone with a dip of
about 25° to 30°, and that sections A and
E appear to be similar 1o section C. Qua-
ternary volcanoes are located in the South
American plate above these three sections
(A, C, and E). However, the depth to the
seismic zones beneath the volcanoes is
noticeably different from section C to sec-
tion E: about 130 km for C and about
90 km for E.

In summary, five segments of inclined
seismic zones are defined beneath the
western margin of the South American

plate. The available seismic data show no- .

evidence for any further segmentation.

It is also important to note that any mixing
of data between sections B and C or sec-
tions C and D will produce a much thicker
seismic zone and will give the false im-
pression that seismic activity occurs in the
wedge above the inclined seismic zone.

The two flat segments of the subducted ©
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Nazca plate provide a unique opportunity
to measure an approximate thickness of
the continental South American plate along
its western margin. If the flat segments are
in contact with the lower boundary of the
continental plate and since the inter-
mediate-depth events associated with the
two flat segments occur within the descend
ing Nazca plate (Isacks and Molnar, 1971).
then it is possible from geometrical con-
siderations to obtain an estimate of the
thickness of the overriding South Americar
plate in these two regions of less than
about 130 km (see Fig. 8). This result is
-in marked contrast to recent reports (for
example, Jordan, 1975) of thicknesses
exceeding 400 km for continental plates.
The widths and the azimuths.of the
cross sections of deep earthquake zones
(Fig. 4, secs. F, G, H) were chosen to pro-
duce the least scatter in the seismic zones.
Section F (western Brazil) shows a vertical
seismic zone about 80 km long, section H
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Figure 5. Map showing contours of hypo-
central depth to top of inclined seismic 20ne.
Dashed lines indicate that contours are based
on fewer data than those shown by solid lines.

(w. Argentina) shows a dipping (about
40°) inclined seismic zone about 130 km
Jong, and the events in section G (western
Argentina) do not define a clear pattern.
Note that the spatial distribution of deep
earthquakes overlaps with that of the dif-
ferent segments of the inclined seismic
zones at intermediate depths (Figs. 1. 5).
Whether the descending Nazcz plate is
continuous across the gap in seismic acti-
vity berween 320 and 525 km is not clear.
We have suggested (Isacks and Barazangi.
1973) the continuity of the plate for the
deep events in western Argentina. However,
Snoke and others (1974) showed that our
results do not require the continuity of
the descending plate.

CORRELATION OF DIP OF DESCEND-
ING NAZCA PLATE WITH VOLCANOES

There is a remarkable correlation between
the two flat segments of the inclined seismic
zones (secs. B and D, Fig. 4) and the ab-
sence of Quaternary volcanoes on the over-
riding South American plate (Fig. S). The
de-~~nding Nazca plate beneath these two

thas a small dip and may follow the
« &3 of the lower boundary of the
South American plate. This could leave
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little or no room for asthenospheric mate-
rial between the overriding and descending
plates. This may exp'rin the absence of
volcenism as well as the observed absence
of high attenuation of seismic waves in the
uppermost mantle beneath these two re-
gions (Molnar and Oliver, 1969; Barazangi
and others, 1975; Chinn and others, 1976).
In effect, the continental South American
plate and the oceanic Nazca plate form a
double thickness of lithosphere (Sykes,
1972; Barazangi and others, 1975; Stauder,
1975) of about 200 km; such thickness is
in approximate agreement, with the results
of Sacks and Okada (1974).

In the other three regions where the
inclined seismic zones have a steeper dip
(25° to 30°), Quaternary volcanism is well
developed (Figs. 3, 4, 5). A wedge of
asthenospheric material appears to sepa-
rate the descending Nazca plate from the
overriding South American plate. The
existence of asthenospheric material seems
to be a requirement for the development
of active volcanism. The Altiplano, a high
plateau in the Andes, closely coincides
with the southern Peru-northern Chile
region, and an asthenospheric material
of extremely high attenuation exists above
the inclined seismic zone and beneath
most of the Altiplano (Barazangi and
others, 1975; Chinn and others, 1976).
However, for the Ecuador and southern
Chile regions, the nature of the astheno-
spheric wedge is currently under study
(Chinn and others, 1976).

MAJOR TEAR IN DESCENDING
NAZCA PLATE

Fortunately, enough dara are available
to study ia some detail the nature of the
transition besween the gently dipping Peru
segment and the more steeply dipping zone
beneath southern Peru and northemn Chile.
The seismicity map in Figure 6 shows that
at about the same distance from the
trench, events with depths of about 200
km in southern Peru are located adjacent
to events with depths of only about 100 km
(see also Fig. 5). This indicates that the
descending, Nazca plate, as defined by
these mantle events, has an abrupt vertical
offset. The two cross sections shown in
Figure 6 clearly illustrate the geometry in
this region. The transverse cross sections
show that the inclined seismic zcne of
central Peru cvincides with that of south-
ern Peru at depths less than about 100 km. .
At greater depths, the central Peru zone
remains flat at a constant depth of about
100 km, whereas the southern Peru zone
has a steeper dip and reaches depths of

about 240 km. The longitudinal section
also shows the relative sharpness of the
transition between the two regions.

The location of the inferred tear in the
descending plate-is near the northern .nd
of the volcanic line; two Quaternary vol-
canoes are located about 50 and 100 km
northwest of the tear. The inland projec-
tion of the ascismic oceanic Nazca ridge
beneath the South American plite is lo-
cated adout 200 km northwest of the tear,
as are the northern limits of the Altiplano.
The exact extent of the northern limits of
the high-attenuation zone that exists be-
neath the Altiplano is not yet determined
and is currently under study. There thus
may be some genetic relationship between
all of the abovce features and the tear.
The Nazca ridge may represent a dormant
transform fault (Anderson and others,
1976), and hence it is a2 major zone of
weakness in the descending Nazca plate
along which the plate may tear. Although
the location of the tear is offset from the
offshore location of the Nazca ridge, it is
tempting to speculate that the ridge had
an offset along its trend. Moreover, it is
possible that the tear in the descending
Nazca plate affects the asthenospheric
material adjacent to it and hence contri-
butes to the formation of the high-
attenuation zone and the uplifted plateau
of the Altiplano.

Another remarkable correlation also
seems to exist between the location of the
oceanic Juan Fernandez ridge and the
transition from the Chilean flat seismic
zone (between about iat 27° and 33°S) to
the steeper seismic zone in southern Chile
(Figs. 1, 5). Active volcanoes are located on
the Juan Fernandez ridge. The ridge inter-
sects the Chilean coastline near lat 33°5,
whese the coastline has a major bend and
where the trench becomes increasingly
sediment filled. Moreover, the inland pro-
jection of the ridge beneath the South
American plate closely coincides with the
northern limit of the active volcanoes of
southern Chile as well as with the end of
the Central Valley of Chile (see also Sillitoe,
1974; Vogt and others, 1976). In this case.
it is tempting to suggest that the Juan
Fernandez ridge forms a zone of weakness
in the Nazca plate along which the plate
tears as it descends beneath the South
American plate.

SHALLOW SEISMIC ACTIVITY
WITHIN CONTINENTAL SOUTH
AMERICAN PLATE

The shallow seismic zone within the
overriding South American plate is proba-
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bly the most active of all subduction zones
on Earth. Figures 1 and 4 show that most
of the activity occurs within the upper

) km of the South American plate, and
most of it takes place between depths of
about 30 and SO km, These depths are
within the South American crustal thick-
nesses as reported, for example, by James
(1971) and Ocola and Mever (1972). As
Figure 4 shows. the shallow seismic activity
is separated from the well-defined inclined
seismic zones. Thus. there is no evidence
for any seismic activity within the mantle
part of the South  American plate.

A striking observation is that although
the shallow seismic actvity is relatively
dispersed, most of the activity is near the
castern flanks (sub-Andean zone) of the
Andes regardless of the distance of the sub-
Andean zone from the trench (Figs. 1, 4).
Moreover, it appears that most of the large
events are located above the two shallow-
dipping seismic zones (secs. B and D, Fig. 4).
This could be the result of the strong
interaction berween the South American
plate and the descending Nazca plate in
these two regions. The observed high com-
pressive stresses in the Peru region (Stauder,
1975) could contribute to the Jack of vol-
canism in the region {Sykes, 1972).

JINEAR FEATURES IN SPATIAL
DISTRIBUTION OF CHILEAN INTER-
MEDIATE EARTHQUAKES

The distribution of intermediate earth-
quakes in South America tends to cluster
in-space. A strikingly linear distribution
of events occurs between about lat 17° and
23°S and has a trend of about N18°W,
and most of the everts are betwesr 110
and 130 km deep (Fig. 7). In fact, at a
closer look, this linear {eature seems 1o be
formed of two approximately paraliel linear
features. Figure 7 also shows the compres-
sion, tension, and null axes of seven focal
mechanisms obtained by Isacks and Mol-
nar (1971) and Stauder (1973) for events
located along the linear feature. Isacks
and Molnar and Stauder interpreted these
mechanisms to indicate extensional stresses
parallel to the inclined seismic zone. In
cach case, one of the nodal planes of these
mechanisms closely coincides with the
trend of the linear feature, and hence
these planes could possibly represent fault
planes (Fig. 7). Failure accompanied by
these large intermediate events could occur
‘long a zone of weakness associated with

¢ linear featuge within the subducted
.iazca plate. Moreover, the linearity and
continuity of the spatial distribution of
events within the linear fearure is evidence

GEOLOGY

that there is no segmentation of the in-
clined seismic zone in this region.

Two other clusters of activity are shown
in Figure 7. Both have an approximate
strike of northeast-southwest, and both
represent linear pencil-shaped zones thzt
dip obliquely to the overall dip of the in-
clined seismic zone. The first cluster begins
near lat 24.5°S, long 67°W with events of
asboui 170-km depth and ends toward the
northeast with events of about 220-km
depth. Note that this linear activity is
approximately paralie] to the contorted
part of the volcanic line in central Chile
(Figs. 2, 7). The second cluster begins near
the end! of the first one at about 200-km
depth and ends at about 270-km depth.
Again, these two dipping “lines™ of activity
may represent relatively narrow zones of
weakness within ths descending Nazca
plate.

SUMMARY

The data presented show that the
oceanic Nazca plate is divided into five
distinct segments as it descends beneath
the continentz] South American plate.
Two of the segments {one beneath central
and northern Peru and the other beneath
central Chile betwsen lat 27° and 33°S)
are relatively flat 2nd may follow the con-
tours of the Jower boundary of the South
Amenican plate, with little or no astheno-
spheric material in between them. The
regions above these two segments are
characterized by the lack of Quaternary
volcanism (Fig. 8). The nther three seg-
ments (beneath Ecuador, beneath southern
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Figure 6. Map view, cross section, and Jong-
rudina! section of distribution of earthquakes in
southern Peru and northern Chile, showing
abrupt increase in hypocenter depth in passing
from flat Peru segment to more steeply dipping
northern Chile segment. Filled and open circles ™.
in middle cross section are for events to north-
west and southeast, respectively, of line indi-
cated in map view, Longitudinal section is pes-
pendicular to that line. Solid triangles = his-
torical volcanoes: large open triangles (and
divided triangies in map view) = Quaternary
volcinoes
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Figure 7. Seismicity map of northern Chile, showing easthquakes deeper than 70 km. Equal
area projection (upper right) of lower hemisphere of a focal sphere shows compression axes (open
triangles), tension axes (open circies), and null axes (crosses) of seven focal mechanisms of inter- ,
mediste-depth events (filled circles on map). Fogal plat (lowes right) shows one of the nodal planes
for each of the seven focal mechanisms .
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Figure 8. Two cross sections showing in-
ferved geometries of descending Nazca plate
and continental South American plate in cen-
tral Peru and in northern Chile. Inclined thin
lines schematically represent distribution of
hypocenters. Resuits obtained from focal-
mechanism data by lsacks and Molnar (1971),
Suuder (1973, 1975), and Isacks and Bara-
zangi (1977) indicate thrusting of Nazca plate
beneath South America (thin arvows), downdip
compression or tension within descending Nazca
plate, horizontal tension beneath trench, and
horizontal compression within South American
plate (heavy arrows). Thickness of South Ameri-,
can piate to east of Altiplano in Chile is taken
to be ame as that found in Peru.

Peru-northern Chile, and beneath southern
Chile) are steeper (25° to 30°) than the two
flat segments, and asthenospheric material
appears to separate them from the over-

24 suth American plate. The regions
al sse three segments have abundant
active volcanism. The transition from the
flat Peru segment to the steeper segment
to the south occurs along a major tear in
the descending Nazca plate. A thickness
of less than about 130 km is estimated for
the continental South American plate
along its western margin.

Recently, Jischke (1975) proposed a
model for the dynamics of the descending
plates that may be applicable, in particular,
to the South American arc. He argued that
if the region between the descending and
overriding plates is narrow and varies with
depth, hydrodynamic forces arise that can
balance the gravitational forces acting on
the descending plate, and hence the plate
will have a tendency to adhere to the lower
boundary of the overriding plate. The
geometry of the two flat segments of the
descending Nazca plate in Peru and Chile
can be explained by Jischke's model.

Although there has been no volcanism’
in central and northern Peru during Qua-
ternary time, the region had considerable
volcanism during Miocene and Pliocene
time (Giletti and Day, 1968; Noble and
r 1974). If the lack of active vol-

;is directly related to the flat geom-
ew., 1 the descending Nazca plate beneath
the region, then we infer that the present-

692

day geometry is not a steady-state process
and that the descending plate must have
bad a steeper dip during Pliocene time
(that is, similar probably to the present
situation in northern Chile). One can
speculate that in the future the gravita-
tional forces acting on the flat segment of’
Peru will overcome the hydrodynamic
forces that are holding the plate flat,
jeading to the separation of the descending
Nazca plate from the South American plate
and the flow of asthenospheric material
into the wedge between the two plates.
This would result in an episode of vol-
canism. It is possible that the present
geometry of plates in northern Chile is a
result of such a mechanism.
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The Energy Release in Great Earthquakes
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The conventional magnitude scale Af suffers saturation when the rupture dimension of the earthquake
exceeds the wavelength of the scismic waves used for the magnitude determination (usually 5-50 km),
This saturation leads to an inaccurate estimate of encrgy released in great earthquakes. To circumvent this
problem the strain energy drop W (difference in strain encrgy before and after an carthquake) in great
earthquakes is cstimated (rom the scismic moment M, If the stress drop e is complete, W = I/, =
(e/2u)My ~ My/(2 X 10°), where  is the rigidity; if it is partial, Wygives the minimum estimate of the -
strain energy drop. F urthermore, if Orowan's condition, i.c., that frictional stress equal final stress, is met,
W, represents the seismic wave encrgy. A new magnitude scale M, is defined in terms of W, through the
standard energy-magnitude relation log W, = 1.5M, + 11.8. M. is a3 large as 9.5 for the 1960 Chilean
carthquake and connects smoothly to M, (surface wave magnitude) for earthquakes with a rupture
dimension of about 100 km or less. The M, scale does not suffer saturation and is 2 more adequate
magnitude scale for great carthquakes. The seismic energy release curve defined by W, is entirely different
from that previously estimated from Af,. During the 15-year period from*|950 to 1965 the annual average
of W, is more than 1 order of magnitude larger than that during the periods from 1920 to 1950 and from

INTRODUCTION

The energy release in earthquakes is one of the most funda-
mental subjects in geophysics. In most cases the amount of
energy £ released in scismic waves js estimated from the earih-
quake magnitude M through the magnitude-energy relation
log £ = 1.5M + 118 developed by Gutenberg and Richter
[Gutenberg, 1956a]. While this relation was very carefully cali-
brated through repeated revisions and is considered 1o give a
reasonably accurate estimate of seismic wave energy for most

earthquakes, the validitv of this relation s questionable for
Nuww

reat earthquakes. Here

very large, 100 km or greater rupture length. This arises from
the fact that for such a reat carthquake the magnitude W
which is determined at the eriod of 20 s (or converte m

(body wave magnitude determined at shorter periods) does
not represent the entire rupture process of an carthquake. In
fact, there is little correlation between M and the rupture
length for great carthquakes. Thus the energy £ estimated
from M is very uncertain for great earthquakes. Yet it is such
great zarthquakes that contribute most to the seismic energy
budget. In order to vircumvent this difficulty we estimate in
this paper the energy involved in great earthquakes on the
basis of static source parameters such as the seismic moment
and the area of the fault plane. Since the absolute level of stress
involved in faulting is unknown, it is not possible to determine
the change in the strain energy before and after an earthquake.
However, it is possible to estimate the minimum strain energy
drop which, under reasonable conditions, approximates the
scismic wave energy. Since the static source parameters are
very accurately determined for many great earthquakes, this
method gives accurate estimates of energy for great earth-
quakes, which have the greatest contribution to the seismic
energy budget. It is hoped that this method provides a more

Copyright @ 1977 by the American Geophysical Union.

meaningful basis for various studies pertaining to global proc-
esses such as heat flow, Chandler wobble, and plate motions.

COMPILATION OF SEISMIC MoOMENTS CF
GREAT EARTHQUAKES

The seismic moment Af,, which is defined by DS (u is the
rigidity; D is the average offset on the fault: and S is the area of
the fault), is one of the most accurately determined seismic
fource parameters, For many great carthquakes, M, has been
determined by using long-period body waves, surface waves,
free oscillations, and geodetic data. A partial list is found in
the work by Kanarori and Anderson (1975b). For earthquakes
for which no direct determination of M, has been made, we
estimate it from the area of the fault plane S and/or the 100-s
magnitude determined by Brune and Engen [ 1969].

A remarkable linearity between log M, and log S has been
noted by Aki [1972], Thatcher and Hanks [1973), Kanamori and
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TABLE 1. Great Earthquakes
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Date Region M, M, 1P dyn am M, Source for Af, Valuc®
) ———
June 25, 1904 Kamchatka 8.0
June25.1904 T Pamchatka 8.1
April 4, 1908 East Kashmir 8.0 .
July 9, 1908 Mongolia 8 50 8.4 Okal {1977).
July 23, 1905 Mongolia 8t 50 5.4 Okal [1977]. -
Jan. 31, 1906 Ecuador 8.6 204 8.3 From theaftershock aren
¥ April18.1906 T San Francisco 8 10 79 Estimated from faultleng.:+ .7 500 km,
: width of 15 km, and dislocution of § m,
% Aug. 17, 1906 Rat Islands 8.0 e
*Auz. 17,1906 T Central Chile 84 29 82 From the aftershock area.
ASepL. 14,1906 T New Britain 8.1 '
April 15, 1907 Mexico 8.1 .
Oct. 21,1907 Afghanistan 8.0 '
Jan. 3, 1911 * Turkestan 34 49 1.7 Chen and Molnar (1977).
May 23, 1912 Burma 8.0
« May 1,1917 Kermadec 8.0
KJune 26,1917 T Samoa 83
A Aug. 15,1918 T Mindanao 8}
% SepL.7.1918 T Kurile 8}
«April 30,1919 T Tonga 83
wJune §, 1920 Taiwan 8
X Sept. 20,1920 }, Loyalty Islands 8 :
Dac. 16,1920\, Kansu, China 8.5 6.6 7.8 Chen and Moinar {1977).
4Nov. 11,192°T Centrai Chile 8.3 69 8.5 From the aftershock area.
\Feb. 3, 1923 T Kamchatka 8.3 37 83 From theaftershock area.
4 Sept. 1,1923 T Kanto 82 8.5 79
< April 14,1924 T Philippine 8.3 .
May 22, 1927 Tsinghai, China 8.0 30 7.6 Chen and Molnar [1977).
“«Junel7,1928 T Guerrero, Mexico 7.8 12 8.0 From the aftershock area.
{Dec [, 1928 Central Chile 8.0 3 1.6 From the aftershock area.
iMarch 7,1929 T Fox Islands (Aleutian) 8.1 6.7 7.8 Kanamori [1972b).
Atg 10, 1931 Sinkiang, China 8.0 12 8.0 Chen and Molnar (1977).
{May 14,1932 T Molucea ' 8.0 1.5 74 From the 100-s magnitude.
yJuns3,1932 T Jalisco, Mexico 8.1 15 8.1 Average of value from the aftershock ar
: and value from the 100-s magnitude.
+¢March 2, 1933 T Sanrixu ° 8.5 43 8.4 )
Jan. 15,1934 India-Nepal 8.3 16 8.1 Chen and Molnar [1977).
July 18,1934 Santa Cruz Islands 8.2 0.8 72 From the 100-s magnitude based on ane
‘ station. o
fFeb.1,1938 » Banda Sea 8.2 70 85 From the 100-s magnitude.
yNov. 10, 1938 1 Alaska 8.3 28 8.2 Average of value from the aftershock 2=
- and value from the 100-s magnitude.
April 30, 1939 R, Solomon Islands 8.0 ' '
Dee. 26, 1939 Turkey ' 8.0 )
+ May 24. 1940 Peru 8.0 25 8.2 From the aftershock area.
June 26, 1941 Andaman Islands 8.1 3 7.6 From the 100-s magnitude.
Nov. 25,1941 North Atlantic 8.3 ) .
Aug. 24,1942 _'_T Peru 8.1 27 8.2 From the aftershock area.
April 6, 1943 Chile 79 28 82 From the afiershock area.
§Dex. 7, 19+ Tonankai 8.0 15 8.1
_ E Nov. 27, 1945 West Pakistan . 8 a
Aug. 4,1946 Dominican Republic 8.1
$Dec 20,1946 T Nankaido 8.2 15 8.1
Jan. 23,1948 T Philippine 8.2 )
XAug. 22,199 T Alaska 8.1 15 8.1 From the aftershock area.
Aug. 15,1950 Assam 8.6 100 8.6 Average of values from Ben-Menchem e1
{1974), Chen and Molnar {1971, and G. -
. Stewart (personal communication, 19774
Nov. 18, 1951 Tibet 8.0 1.9 7.5 Chenand Molnar [1977).
YMarch4.1952 T Tokachi-oki 8.3 17 8.1 .
Nov.4,1952 T Kamchatka 8} 350 9.0 Kanamori [1976b).
ywMarch9,1957 T Aleutian Islands 81 585 9.1 From the aftershock area.
Dez. 4, 1957 Mongolia 8.3 18 8.1 Okal {1976).
$July 10,1958 T Alaska 7.9 29 8.2 From the aftershock area. -
*Nov.6,1958 T Kurile Islands 8.7 40 8.3 Y. Fukao (personal communication, 197
Y May 41959 T Kamchatka 81 26 8.2 From the aftershock area. -
“May22,1960 T Chile 8.3 2000 9.5
#0ct. 13,1963 T, Kurile Islands 8.1 67 8.5
Alaska 8.4 820 9.2
‘ Aleutian Islands n 125 8.7
Peru 7.5 20 8.1
; Tokachi-oki 7.9 28 8.2
Feb. 2k, 1969 North Atlantic 3.0 6 7.8
yAug. 11,1969 7 Kurile Islands 7.8 2 8.2
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TABLE 1. (continued)

Date Region M, M, 107 dyn em M, Source for M, Value®
fay 31,1970 Peru 78 10 7.0

an, 0, West New Guinea 8.1 .

vOc.3, 1974 T Peru 1.6 15 81  G.S.Stewart (personal communication,
’ . 1977),

May 26, 1975 North Atlantic 19 5 13 Hadley and Kanamori [1975).

July 27,1976 China 8.0 -2 7.5 Revised from Stewart et al. [1976).
L‘Aug. 16, 1976 Mindanao 8.2 19 8.1 G. S. Stewart (personal communication.

1977),

The values of M, not referenced are taken from Table | of Kanamori and Anderson [1975)].

Anderson [1975b], Abe [1975a), and Geller [1976). This line-
arity is interpreted in terms of constant average stress drop in
“earthquakes [Chinnery, 1964). Figure 1 demonstrates this line-
arity for large and great earthquakes. Abe 11975a] and Geller
and Kanamori [1977] suggest a relation

Ghm 18 97 amen >

where S is in square kilometers, to represent the overall rela-
tion between S and M, In many cases the aftershock area
dcﬁncﬂ at a relatively early stage of the aftershock sequence,
usually 1 day after the main shock, is used for S. This pro-
cedure involves some ambiguity but is adequate for the present
purpose. Utsu and Seki [1954), Fedotov (1965), Mogi [1968a,
b), Sykes [1971), Kelleher (1972), and Kelleher et al. [1973)
mapped aftershock areas and rupture zones of many large and
great earthquakes, including those for which no djrect deter-
mination of M, has been made. We estimate M, of these
eanthquakes by using (1) and the size of the rupture zones
determined by these authors. Although not very essential, one
adjustment is made. The rupture zones determined by these
authors are based on the aftershock area at a relatively later
stage, usually several months, after the main shock, while S
used in (1) is determined from the afiershock area at a rela-
tively early stage, usually I day. Comparison between these
two sets of data suggests that the former is, on the average,
75% larger than the latter. Therefore in using (1) we divided
the size of the published rupture zones by 1,75 The results of
moment determinations by this method are listed in Table 1.

Brune and Engen [1969] determined 100-s magnitude M,n
for 21 great earthquakes. Since M,y is determined from the
spectral amplitude of 100-s mantle surface waves, it can be
used to estimate M, if the corner period is shorter than 100 5.
In fact, there is a very good correlation between M, and log
M,. For 7 out of the 21 events of Brune and Engen [1969),
direct determination of M, is available. Comparison of M,
and log M, for these events leads 1o a relation

(Ciog M, = 2.83M s + 4,83 @)

WM in_dyne centimeters. This relation is used to
Estimate M, [or the remaining 14 events. The results are listed
in Table 1. Table 1 includes all shallow carthquakes of M, >
8.0 since 1904 (when the magnitude refers specifically to the
20-s surface wave magnitude, it is denoted by M,). These
earthquakes are taken from Gutenberg and Richter [1954] for
the period from 1904 1o 1952, from the Science Almanac
[Tokyo Astronomical Observatory, 1975, 1977) for the period
from 1953 to0 1975 and from the Preliminary Determination of
Epicenters (PDE) cards of the U.S, Geological Survey for

1976. Nine earthquakes of M, < 8.0 for which M, is known are
included. ) S

“For the period from 1921 to 1976 th.: data are fairly com-
plete; there are eight earthquakes for which M, is unknown,
but only four of them have M, larger than 8.1. It is notable
that in terms of M,, four carthquakes, the 1960 Chilean, 1964
Alaskan, 1957 Aleutian Islands, and 1952 Kamchatka earth-
¢i- -kes, dominate. For the period prior to 1920, Table | is very
. mplete, except around 1905 and 1906. ‘

MOMENT M,, MINIMUM STRAIN ENERGY DROP W,
AND A N;w MAGNITUDE ScALE M,

The seismic moment M, is a very important earthquake
parameter that measures the overall deformation at the source.
In particular, it has a very important bearing on global phe-
nomena such as plate motion [Brune, 1968; Davies and Brune,
1971; Kanamori, 1977), polar motion, and rotation of the earth
[Smylie and Mansinha, 1968; Dahlen, 1973; Anderson, 1974;
Press and Briggs, 1975; O'Connell and Dziewonski, 1976]. .

The seismic moment can be also intorpreted in tefms of the
strain energy released in earthquakes. In the framework of the
elastic stress relaxation model of an earthquake {Knopof,
1958] the difference in the elastic strain encrgy W before and
after an earthquake can be written as

W = 308 3)

where 7 is the average stress during faulting. If the stress drop
is complete, the stress drop Ac is equal to 27, and

W= W, = JAcDS = (Ac/2u)M, (4)

Since A is riearly constant ai 20-60 bars = 2-6 X 10" dyn/em?
for very large earthquakes (Figure 1) and u = 3-6 X 101
dyn/cm?® under crust-upper mantle conditions, (Ac/u) ~ 104
and (4) becomes

W, ~ M,/(2 X 10*)

Thus one can estimate W, by dividing the seismic moment by 2
x 100,

When the stress drop is partial, the situation becomes more
complicated. We let 0, and o, be the initial and final stresses,
respectively. Then

W = 508 = (Ac/2)0S + 0,08 = We + 0,05 (5)

@

Unless a substantial overshoot occurs, o, is usually positive, so
that WV, gives the minimumeestimate of the strain encrgy drop.
We can attach more significance to W, if we introduce 3 model
proposed by Orowan [1960). We let o, be the frictional stress
during faulting, Then

' . W=H+E

=777 -
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TABLE 2. Earthquakes of Large ),

Event Year M.
Chile 1960 9.5
Alaska 1964 9.2
Aleutian 1957 9.1
Kamchatka 1952 9.0

™ Ecuador 1906 3.8
Aleutian 1965 8.7
SAssam 1950 8.6
Kurile Islands 1963 8.5
Chile 1922 8.5
Banda Sea 1938 8.5
“Mongolia 1905 8.4
NMongolia 1905 8.4
Sanriku 1933 84
Kamchatka 1923 8.3
Kurile Islands 1958 8.3
Chile 1906 8.2
" Alaska 1938 8.2
Kamchatka 1959 8.2
Tokachi-oki 1968 8.2
Peru 1940 8.2
Peru 1942 8.2
Alaska 1958 82
Chile 1943 8.2
Kurile 1969 8.2
Mexico 1932 8.1
Tcnankai 1944 8.1
Nankaido 1946 8.1
Alaska 1949 8.1
Tokachi-oki 1952 8.1
“~Mongolia 1957 8.1
Peru 1966 8.1
~India-Nepal 1934 8.1
Peru 1974 8.1
Mindanao 1976 8.1
Mexico 1928 8.0
China 193} 8.0
San Francisco 1906 1.9
Kanto 1923 1.9
Peru 1970 1.9

where H = 5,05 is the frictional loss and £ is the wave energy.
Using (3), we have

E=5DS - 0,08 = (Aa/2)DS + DS(o, - 0,)
=W, + DS(a;, — a,) (6)

Thus if Orowan's [1960) condition o, = ¢, is net, W, is not
only the minimum estimate of W but also is equal to the wave
energy [see also Sacage and Wood, 1971).

Whether the carthquake stress drop is complete or partial is
presently unresolved. Brune et al. [1969)] argued, on the basis
of lack of heat flow anomaly along the San Andreas fault, that
frictional stress is very small. In this case the stress drop is
nearly complete, and W, represents the actual strain energy
drop. On the other hand, evidence for a very high (~1 kbar)
tectonic stress has been suggested primarily from the analysis
of the deformation of the oceanic lithosphere [Hanks, 1971;
Watts and Talwani, 1974: Caldwell et al., 1976). If this high
stress is representative of the tectonic stress that causes earth-
quakes. then the stress drop may be partial. Although this
problem remains unresolved, ¥, is still a useful parameter in
that it gives the minimum strain energy drop in earthquakes.

Furthermore. results of Trifunac [1972), Kanamori [1972a].
Abe [1975b). Kanamori and Anderson [1975b). and Geller
{1976] suggest that the stress drop is approximately equal to
the effective stress: i.c.. Orowan's [1960] condition o, = o, is

KANAMORE: THE ENERGY RELEASE IN GREAT EARTHQUAKES

satisfied. Then (6) means that W, determined by (3') is equal 1o
the wave energy £.

For a_more conventional measure of the ‘size’ of pr
earthquakes it is convenient to use a magnitude sca
end, we define a new magnitude scale for preat ea hQuake ia
terms of W, by using the Gutenberg-Richter magnitugde.co
crgy relation, log £ = 1.SM + 11.8. We use W, cale
from M, Tor E'in this equation, calculate M, a '
M, The results are listed in Table 1. Table 2 lists the 39 larget
earthquakes on this scale. The 1960 Chilean carthquake hag
the largest M,, 9.5. The 1964 Alaskan (M. = 9.2). 1967
Aleutian Islands (M, = 9.1), and 1952 Kamchatka (M, =g,
earthquakes follow. It is interesting to note that M, agren

very well with M, for many earthquakes with a rupture leng:s

of about 100 kn: (e.g., 1944 Tonankai, 1946 Nankaido, 1942
Tokachi-oki, 1966 Peru, 1923 Kanto, and 1970 Peru). T
agreement may suggest that the Gutenberg-Richier magne
tude-cnergy relation, log £ = 1.5M + 11.8, gives the corres.
value of seismic wave energy for carthquakes up to this size,
i.c.. a rupture dimension of £100 km. Thus the M, scale an
be used as a natural continuation of the M, scale Tor great
earthquakes. The saturation of the M, scaie for great cank.
quakes {Kanamori and Anderson, 1915b; Geller, 1976; Chinnery
and North, 1975] has been an inconvenient and sometimes 3
confusing element in the conventional magnitude seale. The
use of M, climinates this saturation. -

TEMPORAL VARIATION OF ENERGY RELEASE
IN EARTHQUAK S

As shown in the previous section, W, = (do/2u)M, repre
sents the minimum strain energy drop in an earthquake, and
under the condition o, = ¢ (i.c., Orowan's [1960] condition. or
the condition that effective stress equal stress drop) it is equal
to the seismic wave energy. The condition o, ~ o, has ben
verified experimentally for several earthquakes.

Figure 2 shows W, for great carthquakes as a funciion of
year plotted from Table 1. The solid curve shows the apnual
average of W, obtained by taking a S-year running aversss
(taken at the center of the interval) of the data in Table 1. la
the computation of the annual release curve, carthquakes fer
which the seismic moment M, is not known are incvitabiy

.‘ -:
L
Yeor
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ae a3l | ay la2
i g [ -
r T . T T R LS -':‘6:

1900

Fig. 2. The minimum strain energy drop W, (equal 1o the “:":
wave energy il Orowan's [1960] condition is met) in great cunlh:-_‘.‘
as a function of year. The solid curve shows unlugged 5-year r i
average (in ergs per year) taken at the center of the ml.cf‘:‘& y
ordinate is given in three scales, the seismic moment J!.- W, ’:_ ':;',
Large zarthquukes for which 3/, has not been determined are 7iv
at the botiom with the surface wave magnitude Af,.
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Fig. 3. Scismic wave energy released in earthquakes computed from
the surface wave magnitude M, through the Gutenberg-Richter energy

versus magnitude relation. The dashed curve shows the unlagged $-
year running sverage.
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ignored. However, since 1921, only four events of M, = 8.2 are
missing, 2nd it is unlikely that the omission of these events
affects the energy release curve drastically. For the period
prior to 1920, Table | is very incomplete except around 1906,
The annual average of W, for the period from 1920 to 1976 is
4.5 X 20™ ergs/yr.

Itis remarkable that during the 15-year period from 1950 10
1965 the annual average of W, is more than an order of
magnitude larger than that during the periods from 1920 to
1950 and from 1965 10 1976. Another peak is suggested around
the turn of the century, but its confirmation must await further
studies. .

As mentioned earlier, W, represents tte minimum strain
energy drop, and the actual strain energy drop can be larger
than this. if the stress drop in great earthquakes is only partial.
Even then, if the fractional stress drop is about the same for all
carthquakes, Figure 2 still gives the correct trend of the rela-
tive strain energy release. .

CORRELATION BETWEEN W,, GUTENBERG-RICHTER
ENERGY, NUMBER OF EVENTS, AND
PoLAR MOTION OF THE EARTH

It is instructive to compare the temporal variation of W,
with the conventional energy release curve computed from the
magnitude. Gurenberg [1956b] calculated the annual energy
release for the period from 1896 1o 1955 by using the earth-
quake magnitude and the energy versus magnitude relation log
E = 1.5M + 11.8. We extended this calculation to 1975 by
using the catalog of carthquakes listed in the Science Almanac
(Tokyo Astronomical Obsercatory, 1975, 1977} and to 1976 by
using the PDE cards of the U.S. Geclogical Survey and Cal-
tech determinations. The energy £ calculated by this method,
here called the Gutenberg-Richter energy, refers to the seismic

Annual Number of Shallow Egrthquokes (Mg 27.0)
T L] 1 1

W20 A0 B0 W0 0970
Yeor
Fig. 4. The annual number of earthquakes of M, 2 7.0. The dashed

curve shows the unlagged S-year running average.

3.L 1980
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wave energy radiated by earthquakes. As was discussed earlier,
however, because of the saturation of the ordinary magnitude
scale this relation tends to underestimate the wave energy of
great éarthquakes. Thus the annual energy curve computed by
this method can be considered to approximate the wave energy
radiated by earthquakes of up to moderate to large size. Figure
3 shows the variation of £ as a function of year.

Another measure of seismic activity is the number of earth.
quakes. Figure 4 shows the annual number N of earthquakes
of M, 2 7.0 taken from the catalog of the Science Almanac
{Tokyo Astronomical Observatory, 1975, 1977}, Since 96.7% of
these earthquakes have M, between 7 and 8, the temporal
variation of N is more representative of the activity of moder-
ate to large carthquakes.

Since the estimate of the Gutenberg-Richter energy £ based
on the magnitude-cnergy relation can be greatly affected by
errors in the magnitude of the few larger earthquakes, the
number of events N is more representative of the global activ-
ity of moderate to large earthquakes than E.

Despite the large uncertainty in £ (Figure 3) the general
trends of the curves of E and N are very similar to each other.
In particular, both £ and N show a very steady decrease since -
the middle 1940's. It is quite remarkable that during this
period there was a very pronounced increase in W,. The corre-
lation is shown in Figure 5. Although the energy release curve
itself may be subject to considerable uncertainty, it is certain
that the number of earthquakes of M, 2 7.0 decreased very
sharply during the period when many great earthquakes with a
very large rupture dimension (500-1000 km) occurred from
1952 1o 1965. This complementary occurrence of great earth-
quakes and moderate to large earthquakes is a very intriguing
feature, suggestive of a causal relationship between these two
groups of carthquakes.

In Figure 5 is also plotted the temporal variation of the
amplitude (envelope) of the Chandler wobble taken from.An-
derson [1974] (for the period from 1900 to 1960) and O'Connell
and Dziewonski [1976) (for the period from 1960 to 1570). The
variation of the wobble shows a trend very similar to that of
W, for the period from 1920 to 1970. A peak in the wobble
curve around 1910 may be correlatable to a peak in W, sug-
gested around the turn of the century. Although the data
presented in this paper are not complete for this pericd, it is
notable that many large earthquakes occurred all over the
world around the turn of the century, e.g., Alaska, Tibet, the
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Fig. 5. Correlation between the amplitude (envelope) of the Chan-

dler wobble, W, (S-year running average), annual number ' of earth. ~ 779

quakes of M, 2 7.0 (5-year running average), and the Gutenberg-
Richier energy £ (5-year running average).
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Fig. 6. The polar motion before and afier the 1960 Chilean carth-
quake (left) inferred by Smylie and Mansinha (1968]. The center of the
polar motion before and after the earthquake is shown by a plus sign.
Comparison of the observed and computed polar shift is shown on the
right. The computation is made by using Dahlen's [1973] expression
for the source parameters determined by Kanamori and Cipar [1974).

Philippines, Mexico, New Zealand, Santa Cruz [sland, Russia,
the Caribbean, Loyalty Island, Guatemala, and Java.

DiscussioN aND CONCLUSION

As shown in the previous section, W, represents the energy
release in great earthquakes, while £ or N represcnts that in
moderate to large carthquakes. Therefore if there is a causal
relation between the wobble and earthquake activity at all, it is
more reasonable to compare the wobble with ¥, than with ¥
or E.

Anderson [1974] discussed several possible mechanisms that

.would explain such a correlation. The first possibility is that
the deformation caused by a great earthquake excites the
Chandler wobble. The second is that a change in the polar
motion caused by other factors. such as atmospheric changes,
affects the plate motion, thereby triggering great earthquakes
and other major earthquakes. Combination of these two
mechanisms is also possible. Regarding the first possibility,
many investigations have been made, those by Smylie and
Mansinha (1968), Dahlen [1973]. Israel et al. {1973], Press and
Briggs [1975], and O’Connell and D:ziewonski [1976] to men-
tion a few. Onz problem is that the deformation caused by
even a great earthquake is not large enough to excite the
Chandler wobble uniess a large aseismic slip is assumed {Dah-
len, 1973; O'Connell and Dziewonski, 1976: Kanamori, 1976a].
Only the 1960 Chilean earthquake, the largest of all in M., can
account for the shift of the pole position when the preseismic
anelastic deformation reported by Kanamori and Cipar [1974]
and Kanamori and Anderson {1975a] is included (Figure 6).
Existence of large aseismic deformation has been suggested for
very large tsunami earthquakes such as the 1896 Sanriku
carthquake and the 1946 Aleutian Islands earthquake {Kana-
mori, [1972b). for the 1906 San Francisco earthquake [Thatch-
er, 1974], for the 1952 Kamchatka earthquake [Kanamori,
19765), and for a Japanese earthquake [Fukao and Furumoto,
1975). Also, disparity between seismic slip and plate motion
provides evidence for such aseismic deformation [Kanamori,
1977). Thus the first possibility still remains valid.

The second possibility is very intriguing. Recent analysis of
Wilson [1975] suggests that atmospheric moticns can maintain
the Chundler wobble. In this context, Andzrson [1975] notes
that the temporal variation of glubal tzmperatures, one cli-
matic indicator, is very similar to thut of the wobble. It is quite
possible that the increase in the amplitude of the Chandler
wobble caused by such effects accelerates global plate motions,
thereby triggering great earthquukes ut plate boundaries. Fig-
ure 5 indicates that the sharp increase in W, around 1960

began very shortly after the amplitude of the wobble became
maximum in 1950. This coincidence may be suggestive of 1he

second possibility. It is remarkable that the annual number o¢

a

sharply since then. One possibility is that when the wobhie

earthquakes N increased toward 1945 and then decreused voo

amplitude increases, the world seismic activity increases, gna
- _plate motion may be accelerated. However, once major plaze

boundaries are decoupled in great earthquakes, moderate 1o
large earthquake activity declines owing to decrease in in.
traplate and interplate stresses as a result of plate decoupling,

It is equally possible that changes in the rotation rate of 1k

earth are responsible for accelerzted plate motions which in

turn_cause the variation in the Chandler wobble ynd great

earthquakes. The change in the rotation rate of the garh

correlates very well with the Chandler wobble [Andersoa,
1974). Since the rotational energy of the earth is so_mych

greater than the energy invoived in plate motions and carh,

quakes, even a small perturbation in the rotation can have 3

signihcant cliect on earthquakes and plaie motion.

The conclusions are as follows: (1) The minimum extimaze

of the strain energv drop in earthquakes, W, which can be
estimated from the seismic moment M, can be considered 1

represent, under Orowan's [1960] condition, the seismic wave

energy releasc. (2) Since W, can be estimated acourately foe

great carthquakes. it provides a_more accurale picture ofthe

seismic energy budget. (3) A new mag

fined in terms of W,. It is as large as 9.5 for the 1960 Chileaa
earthquake and connectc smoothly to M, for moderate 1o
large earthquakes. Therefore M, provides a convenient mag-
nitude scale which does not saturate. (4) The temporal vana.
tion of W,. the energyv release in great earthquakes, is ve
different from that in moderate to large earthquakes. The
activity of moderate to large earthquakes was very low whea
W, was largest during the period from 1950 to 1965. (5) Tke
amplitude of the Chandler wobble seems to correlate very wei
with W,, with a slight indication of the former preceding the
latter. (6) One possible mechanism that accounts for the corrz-

lation between the wobble, W,, and the activity of modezateto
large earthquakes is that an increase in wobble ampliucs

triggers worldwide seismic activity and accelerates plate mo-

tion, which eventually leads to great decoupling carthquara.
This decoupling causes the decline of moderate to large ear®

quake activity.
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THE .3 OCTOBER AND 9 NOVEMBER 1974 PERU EARTHQUAKES:

SEISMOLOGICAL IMPLICATIONS
by B.T. Bradyl)

SYNOPSIS

An earthquake sequence that may have significant seismological and
sociological implications occurred approximately 65 km off the coast of
central Peru between 3 October and 9 November 1974. Both earthquakes
occurred within a well-documented seismic gap. The 3 Octoter (mb = 6,3,
Hs = 7.8) and 9 November (mb = 6,0, MS = 7,1) shocks were shallow-
focus (~ 20 km depth), complex multiple-ruptures which began with a low-
energy episode followed by higher amplitude multiples. The subsequent
aftershock sequence of the 3 October event, however, only partially filled
the seismic gap and, with the exception of one event (14 November 1974),
was terminated by’the 9 November shock. The areal extents of the
seismic gap and of primary aftershock region are approximately.

32,000 kn’ and 9,000 kn’, respectively.

The primary aftershock region of the 3 October mainshock and,
in particular, a substantial part of the total area (~32,000 kmz) of
the known seismic gap have been seismically quiescent since 14 November 1974.
Subsequent seismic activity (teleseismically reported) has shifted to
the north, west, and southeast along the boundaries of this seismic
gap. These data, combined with additional results discussed in this
report, indicate that this region may be now in the preparation stage

1)!‘hyrsi.c:'.z;t, U.S5. Dept. of the Interior, BuMines, Denver Mining Research
. Center, Denver, Colorado.
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for an earthquake whose estimated epicenter, magnitude, and minimum
preparation time measured from 14 November 1974 are approximately
12.508, 77.7°W, Ms = 8,4 (+ 0.2), and 5.9 years (circa, October 1980)
respecfively. A program to test this hypothesis and to determine the
onset of very short-term (~ several days) precursors that may precede

this event is presented.

TECTONIC SETTING

The relative velocity between the Nazca and Americas plates
(figure 1), at the Peru continental margin, is approximately 10 cm/yr
in an east-west direction (ﬁ)z). This direct collision between these
plates is recognized as producing a very high level of seismicity.

This region is known to be capable of sustaining large underthrust
earthquakes in Peru such as, for example, 24 May 1940 (MS ~ 8.0) near
Huacho, 24 August 1942 (MS = 8,1) near Nazca, 17 October 1966 (MS = 7.6),
offshore the Huacho region, 31 May 1970 (MS = 7.8) offshore Chimbote-
Huaras, and the 3 October 1974 event (MS = 7.8) about 65 km southwest of
Lima. These large events are included in Figure 1.

'The 1974 earthquake sequence formed within a2 well-known seismic
gap (6). Such gaps are now believed to result from the episodic and
non-uniform nature of the physical processes by which oceanic lithosphere
is underthrust beneath continental lithosphere. 1In particular, this
gap was recognized as being well-defined and consequently this region

vas believed to be of high earthquake expectancy. A first-order estimate

2)Under:l:Lned numerals refer to refences listed at the end of this report.
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of the 3 October 1974 mainshock rupture area is shown in figure 1.
This area is approximated by the teleseismically determined preliminary
aftershock locations, generally for aftershocks ;f m 24.2 (7).

Tﬁe Nazca ridge is a dominant oceanic structural feature off
central Peru. The Peru-Chile trench loses definition as this east-
northeast trending topographic high underthrusts confinental Peru.

The 1974 earthquake sequence occurred immediately to the north of this

tectonic junction.

PRECURSORY SEISMICITY ASSOCIATED WITH THE 3 OCTOBER 1974 MAINSHOCK

Table 1 summarizes date, focal depth, and body-wave magnitude data
for all teleseismically reported seismic events which occurred within
the coordinates 11.905-14.008, 76.5%4-79.0% (that is, the approximate

geographical boundaries of the seismic gap recognized by Kelleher (6))

prior to the 3 October 1974 mainshock, hereafter referred to as the Kelleher
gap. All events listed in Table 1 have source depths less than 100 km.

This depth is taken to be the boundary between shallow and intermediate
depth activity. Figure 2 illustrates the yearly seismic event count

within these geographical boundaries. Figure 3 lists the symbol for
magnitude range of the earthquakes shown in‘figures 4-8. Figures 4-8

show longitude vs latitude (a), longitude vs depth (b), and latitude vs
depth (c) of all teleseismic reported events prior to 3 October 1974 which
occurred within and immediately surrounding the seismic gap. There are
several features of these data that warrant close attention. First, there
is an indication of a relative peak of seismic activity within the gap zone

during 1967 (figure 2). This peak was followed by an apparent "quieting"
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period in the gap zone which was terminated on 28 May 1971. Second,

these data show that no seismic events occurred within the immediate
epicentral zone of the 3 October 1974 mainshock.between 1962 and 1970.
This ténative observation is also substantiated by seismic data obtained
from the local Peruvian seismic network between 1965 and 1969 (Silgado,
written communication, 1976). Third, the precursory seismicity data
suggest a distinct peak of activity on 3 October 1971. This peak was

then followed by a period of relative quiescence in the epicentral

region. Eggggﬁ, seismic events 18, 21, 22, 23, and 24 (table 1),
beginning on 28 May 1971 and terminating on 3 October 1971, a time span

of approximately four (4) months, delineated an area, Ai’ of approximately
2,200 km2 (figure 4a). 1In particular, these events migrated in time
toward the epicentral ;egions of the 3 October 1974 and 9 November 1974
shocks and, as such, appear to be causally related to their occurrence.
Fifth, there was no further activity within this zone until 24 December 1973
(event 1, figure 5). This was followed by three additional events

(2, 3, and 4; figure 5a) and culminated with the 3 October 1974 main-
shock. These foreshocks clearly appear to be related to the geometry

of the zone mapped out by events 18, 21, 22, 23, and 24 during 1971.

Of particular importence, event 29(1) may have been instrumental in

triggering events 2-4 (figure 5).
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ANALYSIS OF THE PRECURSORY SEISMICITY

A familiarity by the realer of the essential features of the
inclusion theory of failure is assumed in this section. Specific concepts
and essential equations used in analyzing the central Peru seismicity
data can be found in earlier work (2, 3, 4). A brief qualitative
discussion of the theory is given in the appendix to this report.

The increased level of seismic activity, beginning on 28 May 1971
and terminating on 3 October 1971, similar to peaks of seismic activity
associated with other earthquakes and rock bursts (2, 3, 4), was
associated with the formation of an irregularly-shaped zone (open
circles in dashed region, figure 4). The interpretation of these data
in terms of the inclusion theory of failure is suggestive that the
primary inclusion zcnme (PIZ) associated with the 3 October 1974
mainshock may have formed off the coast of central Peru during a four
(4) month period in 1971. Two other additional results support this
hypothesis. First, local aftershock data shown in figure 7(a,b,c) (7)
clearly exhibit a concentration and symmetry that is rrmarkably similar
to the geomerry of the PIZ. The aftershock concentrations near Chilca
and parallel to the coastline, that is, tl.e aftershocks "parallel"
to the two orthogonal branches of the PIZ, map out an area of approximately
9,500 km2 extent. Several aftershocks in the northeastern and southeastern
portions of tne seismic gap are not included in this area estimate.
Second, foreshocks which preceded the 3 October 1974 mainshock
(events 29-32, table 1; figure 5(a,b,c)) appear to Se intimately
assocjated with the geometry of the PIZ. It has be... shown elsewhere .

- 786 -



6

(3,4) that an irregularly-shaped PIZ.will have a much greater probability
of exhibiting secondary foreshock activity which may serve to prematurely
trigger a large earthquake. These secondary foreshocks are to be
distinguished from primary foreshocks which occur as a result of crack
coalescence within the PIZ shortly érior to the mainshock. These
‘secondarz foreshocks occur in response to the high stress concentrations
induced on the material as a result an irregularly-shaped PIZ. In this
respect, we note that following event 29(1), which occurred at the location
where one woui& expect the greatest stress concentration (the joining of
the two limbs), events 30(2) (uear Chilca), 31(3) and 32(4) migrated
sequentially toward the epicentral regions of the 3 October and 9 November 1974
mainshocks.
Table 2 lists the propoposed PIZ forming eventé, their L and MS

values, and the calculated anomalous areas, Ao(n)’ associated with each
event. The functional relationship begween MS and L for MS values less

than 5.73 is taken to be

MS = 1.05 o - 0.02 , (Ms < 5.73) (1)

as observed by Nagamune (10) and discussed at some length by Geller (5).
The anomalous area, Ao(n)’ refers to the total area that is "shut~down"
seismically and is associated with an impending large seismic event.
The anomalous area, Ao(n)’ of each event is related to the aftershock
area, A(n)’ of the event by the equation A(n) = nAo(n)’ where n is the
seismic efficiency factor ( = 0.24% (3,4)) of the failure. It can be
shown (4) that knowledge of Ao(n) and N (=total number of seismic events

associated with PIZ formation) allows a prediction of the aftershock
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area, A, of the impending event,

A (2)

1 &
" — A ’
(pred) ¢, ge1 o
where ¢p is the total fracture porosity of the PIZ. This quantity is

related to the seismic efficiency factor and N by

2/3
¢, = ao(n\ﬁ> (3)

where a_ [= !'/-_- = 20 (g,ﬁ)] is the ratio of the aftershock area (A) of the
impending evenz to the area of its PIZ (Ai)° Thus for the five (5) events
listed in table 2, ¢p = 0,63, equation 2 gives a predicted aftershock

area of approximately 36,000 km2 for the impending mainshock. This compares
with the "observed" Kelleher seismic gap area of 32,500 kmz. The predicted

area, Ai’ of the PIZ associated with an event of area A = 36,000 km2 is

A = 1,800 km2 and compares favorably with the observed area in figure 4

QIH

o
of approximately 2,200 km2. The predicted magnitude of this event is

MS = 8.6 (=log10A-4.0), considerably greater than the observed value

of MS = 7.8. The predicted time to this event, measured from the time of
initiation of PIZ growth (28 May 1971) is Tgpred) = nyvo = 6.7 yrs, where
Yo = 2,43 x 10-4 sec/cm2 (2) and Ao is the total area of the seismic gap.

The calculated time is nearly a factor of two (2) greater than the observed

time of 3.3 yrs.
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DISCUSSION OF SEISMICITY
==wo U O SEISMICITY

The 3 October 1974 mainshock occurred within a seismic gap of
sufficient size to suggest that the gap could have supported a much ldrger
magnitude earthquake sequence than what actually occurred. The measured
area of the gap is approximately 32,000 km2 ;hile the approximate aftershock
area, determined by the USGS local network, is only 9,000 kmz. However,
the actual aftershock area would be much greater if the outlying aftershocks
are included (figure 7a). 1In fact, these outliers conform somewhat to the
boundaries of the known seismic gap. This is also true for the teleseismically
reported aftershocks (figure 6).

The geometry of the hypothesized PIZ and the remarkable geometrical
similarity of its associated focal region (aftershock zone) coupled with
the spacial distribution of the secondary foreshocks prior to 3 October 1974
must be considered as strong support for the hypothesis that the PIZ which
produced the 3 October 1974 mainshock formed during a four (4) month time
interval approximately 60 km off the coast of central Peru during 1971.

In addition, these foreshock data indicate that the irregular PIZ geometry
may have led to conditions which produced a premature triggering of the
selsmic gap; that is, the foreshocks formed in response to the "higher

than normal" stress concentrations induced in the focal region of the
irregularly-shaped PIZ. Thus, these foreshocks may have acted as possible
"destressing" events in a region which could have supported a much higher-
nagnitude earthquake. Destressing is recognized as the occurrence of early,
low-magnitude failures, where only a larger failure could have occurred in
:he absence of "destressing" (2,3). Similar behavior is known to occur
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in mines experiencing rock bursts (2, ;).' Therefore, these observational
data can be viewed as sugges;ing that both the.3 October and 9 November 1974
events were prematurely triggered by the four (4) foreshocks which were,

in turn, produced by an irregular~shaped PIZ.

The observed partial filling of the seismic gap by the 3 October 1974
aftershock is also suggestive that the gap region may not have had the time,
theoretically estimated o be 7 yrs, required for the preparation phase
of the hypothesized larger magnitude shock. 1In this regard, it is of interest
to note that seismicity (events 25, 26, 27, 28 in figure 5a) was present in
the seismic gap. However, no seismicity was occurring within the inner gap area,
A:, of approximately 20,000 km2 delineated by these events. I+ is interesting
that these events conform closely to the boundaries of the observed aftershock
region shown in figures 6 (teleseismic) and 7 (local). Tuese data, coupled
with the observed precursory peak of seismicity in 1971, suggest that the
seismic gap was not only in the preparatory stage for a major seismic event
but that the gap was to be prematurely triggered. For example, if we chose

*
the "new gap' area, Ao’ of 21,000 kmz, then the new time to the shock is

. (pred)

*
o = nYo Ao = 3.5 yrs, in good agreement with the observed time of

3.5 yrs. Lack of precision of the locations of northwest, west, and
southwestern boundries of A: will produce a corresponding lack of precision
in Tipred)’ although clearly this time will be less than the value of

6.9 yrs based on the original gap area. We could, however, have anticipated
that the gap would be prematurely activated and that the mainshock would

have been preceded by secondary foreshocks.:r
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Lastly, a point of interest concerning the 1967 spacially-diffuse-
"peak" of activity. This actiwity occurred within the Kelleher gap was
followed by a period of relative quiescence. Tﬂis behavior is predicted
by the inclusion theory and is discussed in the appendix. Briefly, this
behavier arises in cresponse to the buildup of tensional stress within

the zone which will shortly, in this case four (4) yéars, become the

PIZ. As this tensile stress buildup occurs, force equilibrium requires
that there be a corresponding increase in the average compression stress
level existing Qithin the large focal region that contains the incipient
PIZ. The stress referred to here is the local least principal stress
which is oriented normal to the eventual rupture propagation direction.

In our case, the focal region corresponds to the seismic gap. As a result,

conditions now become less favorable for failure within the gap region.

IMPLICATIONS OF THE 9 NOVEMBER AND 14 NOVEMBER 1974 EARTHQUAKES

In order of increasing importance, there a