
T
y
p
ica

l S
ce

na
rio of Pre

p
a
ra

tion, I
m
p
le
m
e
nta

tion, a
nd

 A
fte

rsh
ock

 S
e
que

nce
 of a

 L
a
rge

 E
a
rth

qua
k
e

M
.V

. R
o
d

k
in

In
stitu

te o
f E

arth
q
u
ak

e P
red

ictio
n

T
h
eo

ry
 an

d
 M

ath
em

atical G
eo

p
h
y
sics, R

A
S

; M
o
sco

w
, R

u
ssia,

ro
d
k
in

@
m

itp
.ru

3
.C

o
n

clu
sio

n

T
h
e

H
arv

ard
G

C
M

T
catalo

g
fo

r
1
9
7
7
-2

0
1
5

w
as

u
sed

to
co

n
stru

ct
th

e
g
en

eralized
v
icin

ity
o
f

a
larg

e
earth

q
u
ak

e
(L

E
G

V
)

b
ased

o
n

th
e

co
m

b
in

ed
d
ata

fo
r

th
e

v
icin

ities
o
f
th

e
1
0
0
,3

0
0
,o

r
1
,0

0
0

in
d
iv

id
u
allarg

estearth
q
u
ak

es
fro

m
th

e
G

C
M

T
catalo

g
.

T
h
e

b
eh

av
io

r
o
f

seism
icity

in
L

E
G

V
w

as
stu

d
ied

an
d

tw
o

m
o
d
es

o
f

in
crease

in
seism

ic
activ

ity
in

p
re-

an
d

aftersh
o
ck

p
erio

d
s

w
ere

fo
u
n
d

(F
ig

s.
1
,

2
).

T
h
e

first
m

o
d
e

is
co

n
n
ected

w
ith

a
w

eak
b
ack

g
ro

u
n
d

in
crease

in
earth

q
u
ak

e
rate

th
at,

o
n

av
erag

e,
lasts

a
few

y
ears

b
efo

re
an

d
after

th
e

m
ain

sh
o
ck

.

B
esid

es
th

ese
cascad

es
in

earth
q
u
ak

e
rate,

a
few

earth
q
u
ak

e
p
aram

eters
w

ere
fo

u
n
d

to
h
av

e
an

o
m

alies
th

at
lin

early
in

crease
in

am
p
litu

d
e

w
ith

d
ecreasin

g
lo

g
arith

m
o
f

tim
e

in
terv

al
rem

ain
in

g
fro

m
th

e
g
en

eralized
larg

e
earth

q
u
ak

e
o
ccu

rren
ce

(F
ig

s.3
,4

)..

T
h
e

m
ajo

rity
o
f

an
o
m

alies
id

en
tified

in
L

E
G

V
are

th
o
se

ex
p
ected

in
a

co
m

m
o
n

scen
ario

fo
r

th
e

ev
o
lu

tio
n

o
f

in
stab

ility.
B

esid
es

th
ese

u
n
sp

ecific
p
recu

rso
rs,

o
n
e

earth
q
u
ak

e-sp
ecific

p
recu

rso
r

w
as

p
resu

m
ab

ly
fo

u
n
d
.T

h
is

p
recu

rso
r

is
a

ten
d
en

cy
o
f

d
ecreasin

g
m

ean
earth

q
u
ak

e
d
ep

th
in

L
E

G
V

(F
ig

.4
);

th
is

fin
d
in

g
p
ro

v
id

es
p
ro

b
ab

ly
a

n
ew

ev
id

en
ce

fo
r
th

e
d
eep

flu
id

in
v
o
lv

em
en

tin
th

e
p
recu

rso
ry

p
ro

cess
o
f

larg
e

earth
q
u
ak

es.

A
su

b
stan

tial
p
art

o
f

th
e

an
o
m

alies
as

h
ere

id
en

tified
co

u
ld

co
m

e
fro

m
an

u
n
ex

p
ected

fin
d
in

g
o
f

a
p
ro

m
in

en
t

d
ecrease

in
th

e
sh

are
o
f

m
o
d
erate

size
earth

q
u
ak

es
in

th
e

latest
fo

resh
o
ck

an
d

th
e

earliest
aftersh

o
ck

L
E

G
V

seq
u
en

ces
(F

ig
s.5

,6
).It

seem
s

h
ard

ly
p
o
ssib

le
to

ex
p
lain

th
is

d
eficit

b
y

in
co

m
p
lete

rep
o
rtin

g
o
f
m

o
d
erate

size
ev

en
ts

o
n
ly.

T
h
e

set
o
f

p
recu

rso
rs

fo
u
n
d

in
th

e
L

E
G

V
can

b
e

u
sed

to
d
ev

elo
p

earth
q
u
ak

e
p
red

ictio
n

alg
o
rith

m
s.

T
h
e

ev
id

en
t

p
o
ssib

ility
o
f

“p
red

ictio
n
”

o
f

a
g
en

eralized
larg

e
earth

q
u
ak

e
in

th
e

L
E

G
V

p
ro

v
id

es
a

reaso
n

to
h
o
p
e

th
atth

e
sh

o
rt-term

(d
ay

s
to

h
o
u
rs)

p
red

ictio
n

o
f

larg
e

earth
q
u
ak

es
is

also
p
o
ssib

le
in

p
rin

cip
le.

It
co

u
ld

b
e

su
p
p
o
sed

th
at

su
ch

p
red

ictio
n

w
ill

h
av

e
b
eco

m
e

p
o
ssib

le
w

h
en

th
e

v
o
lu

m
e

o
f

seism
ic

in
fo

rm
atio

n
av

ailab
le

fo
r

p
red

ictiv
e

p
u
rp

o
ses

w
ill

in
crease

b
y

a
facto

r
o
f

o
n
e

h
u
n
d
red

,
ap

p
ro

ach
in

g
th

e
v
o
lu

m
e

o
f

d
ata

av
ailab

le
in

th
e

L
E

G
V

ex
am

in
atio

n
.

In
su

p
p
o
rt

o
f

th
is

id
ea

w
e

p
resen

t
th

e
resu

lts
o
f

ex
am

in
atio

n
o
f

v
icin

ities
o
f

stro
n
g
est

M
w

9
+

earth
q
u
ak

es.
In

th
is

sp
ecific

case
o
f

h
ig

h
ly

en
larg

ed
statistics

th
e

b
eh

av
io

r
o
f

in
d
iv

id
u
al

fo
re-

an
d

aftersh
o
ck

seq
u
en

ces
ap

p
ro

ach
es

th
e

b
eh

av
io

r
o
f

L
E

G
V

(F
ig

.7
)..

T
h
e

d
etectio

n
o
f

th
e

first
m

o
d
e

o
f

g
ro

w
th

in
seism

ic
activ

ity
can

b
e

p
u
t

to
g
eth

er
w

ith
a

lo
n
g
-term

earth
q
u
ak

e
fo

recastin
g
,

w
h
ile

th
e

d
etectio

n
o
f

th
e

seco
n
d

m
o
d
e

co
rresp

o
n
d
s

to
a

sh
o
rt-term

fo
recastin

g
.

T
h
e

seco
n
d

m
o
d
e

o
f

g
ro

w
th

in
seism

ic
activ

ity
o
ccu

rs
in

a
sm

aller
v
icin

ity
o
f

a
larg

e
earth

q
u
ak

e.P
o
w

er-
law

fo
resh

o
ck

an
d

aftersh
o
ck

cascad
es

are
th

e
m

ain
featu

res
o
f
th

is
seco

n
d

m
o
d
e.

R
o
d
k
in

M
.V

.,
S

eism
icity

in
th

e
G

en
eralized

V
icin

ity
o
f

L
arg

e
E

arth
q
u
ak

es.
Jo

u
rn

al
o
f

V
o
lcan

o
lo

g
y

an
d

S
eism

o
lo

g
y,

2
0
0
8
,V

o
l.2

,N
o
.6

,p
p
.4

3
5
–
4
4
5
.

R
o
d
k
in

,
M

.V
.

(2
0
1
2
),

P
attern

s
o
f

seism
icity

fo
u
n
d

in
th

e
g
en

eralized
v
icin

ity
o
f

a
stro

n
g

earth
q
u
ak

e:
A

g
reem

en
t

w
ith

co
m

m
o
n

scen
ario

s
o
f

in
stab

ility
d
ev

elo
p
m

en
t,

in
E

x
trem

e
E

v
en

ts
an

d
N

atu
ral

H
azard

s:
T

h
e

C
o
m

p
lex

ity
P

ersp
ectiv

e,
G

e
o

p
h

y
s.

M
o

n
o

g
r.

S
e
r.,

v
o

l.
1

9
6

,
e
d

ite
d

b
y

A
.

S
.

S
h

a
rm

a
e
t

a
l.

2
7

–
3

9
,

A
G

U
,

W
a
sh

in
g

to
n

,
D

.
C

.,
d
o
i:1

0
.1

0
2
9
/2

0
1
1
G

M
0
0
1
0
6
0
.

F
ig

.2
.T

h
e

d
istan

ce-tim
e

d
iag

ram
o
f

earth
q
u
ak

e
rate

in
a

v
icin

ity
o
f

G
L

E
(g

en
eral

larg
e

earth
q
u
ak

e).T
h
e

d
istan

ces
fro

m
th

e
G

L
E

are
g
iv

en
in

m
ain

sh
o
ck

size
u
n
its

relatio
n

(1
)

(F
ig

.2
a)

an
d

in
k
m

(b
),

x
-ax

is
sh

o
w

s
th

e
n
u
m

b
ers

o
f

d
ay

s
b
efo

re
an

d
after

th
e

G
L

E
o
ccu

rren
ce.

S
,

P
aram

eters
o
f

th
e

L
E

G
V

:
o
n
e

th
o
u
san

d
larg

est
ev

en
ts,

sp
atial

R
7

S
(a)

an
d

R
2
0
0

k
m

(b
),

m
ag

n
itu

d
e

(
)
lim

itatio
n
s

are
ap

p
lied

.

≤
≤

≥
m

w
5
.0

F
ig

.3
.

C
h
an

g
e

in
m

ean
v
alu

es
(a),

fo
resh

o
ck

(b
)

an
d

aftersh
o
ck

(c)
p
o
w

er-law
seq

u
en

ces
are

g
iv

en
in

lo
g
arith

m
ic

tim
e

scale.
S

o
lid

an
d

d
o
tted

lin
es

(a)
sh

o
w

th
e

ten
d
en

cy
o
f

v
ary

in
g

m
ean

v
alu

es
an

d
th

e
scatter

o
f

m
ean

v
alu

es
o
b
tain

ed
b
y

th
e

n
u
m

ericalb
o
o
t-strap

m
eth

o
d
.

m
w

m
w

m
w

P
aram

eters
o
f

th
e

L
E

G
V

:o
n
e

th
o
u
san

d
larg

estev
en

ts,sp
atial(R

1
)

an
d

m
ag

n
itu

d
e

(

≤

≥

R
L

m
w

5
.4

)
lim

itatio
n
s

are
ap

p
lied

.

F
ig

.1
.
C

h
an

g
e

in
th

e
rate

o
f

earth
q
u
ak

es
(a),

fo
resh

o
ck

(b
)

an
d

aftersh
o
ck

(c)
seq

u
en

ces
in

th
e

g
en

eralized
v
icin

ity
o
f

a
larg

e
earth

q
u
ak

e
(L

E
G

V
).

Z
ero

tim
e

co
rresp

o
n
d
s

to
th

e
m

o
m

en
t

o
f

o
ccu

rren
ce

o
f

th
e

g
en

eralized
m

ain
sh

o
ck

,
th

e
ty

p
ical

=
1

O
m

o
ri

law
an

d
th

e
′=

0
.8

ty
p
ical

o
f

th
e

L
E

G
V

fo
resh

o
ck

seq
u
en

ce
relatio

n
s

are
sh

o
w

n
b
y

lin
es.

T
h
e

p
aram

eters
o
f

th
e

seism
ic

reg
im

e
(rate,

m
ean

d
ep

th
,

o
th

ers)
are

calcu
lated

fo
r

g
ro

u
p
s

o
f

su
b
seq

u
en

t
earth

q
u
ak

es;
g
ro

u
p
s

are
co

m
p
o
sed

in
m

ajo
rity

o
f

cases
o
f

3
0

ev
en

ts.

p
p

P
aram

eters
o
f

th
e

L
E

G
V

:
o
n
e

th
o
u
san

d
larg

est
ev

en
ts,

sp
atial

(R
<

)
an

d
m

ag
n
itu

d
e

(
>

5
.4

)
lim

itatio
n
s

are
ap

p
lied

.
1

R
L

m
w

F
ig

.4
.

C
h
an

g
e

in
m

ean
earth

q
u
ak

e
d
ep

th
(a);

fo
resh

o
ck

(b
)

an
d

aftersh
o
ck

(c)
seq

u
en

ces
are

g
iv

en
in

lo
g
arith

m
ic

tim
e

scale.
P

aram
eters

o
f

th
e

L
E

G
V

:
o
n
e

th
o
u
san

d
larg

est
ev

en
ts,

sp
atial

(R
<

1
)

an
d

m
ag

n
itu

d
e

(
T

h
e

ten
d
en

cy
o
f

a
ch

an
g
e

in
m

ean
d
ep

th
an

d
o
f

d
ep

th
scatter

o
b
tain

ed
b
y

n
u
m

ericalb
o
o
t-strap

m
eth

o
d

is
sh

o
w

n
(a).

R
L

m
w

>
5
.4

)
lim

itatio
n
s

are
ap

p
lied

.

F
ig

.5
.C

h
an

g
e

o
f

sh
are

(p
)

o
f

m
o
d
erate

size
earth

q
u
ak

es
in

th
e

clo
ser

G
L

E
v
icin

ity.
S

o
lid

an
d

d
o
tted

lin
es

sh
o
w

a
ten

d
en

cy
o
f

ch
an

g
e

in
sh

are
o
f

5
.0

-5
.5

earth
q
u
ak

es
in

su
b
seq

u
en

t
g
ro

u
p
s

o
f

>
5
.0

ev
en

ts
(p

o
in

ts);
scatter

o
f

m
ean

v
alu

es
is

o
b
tain

ed
b
y

n
u
m

ericalb
o
o
t-strap

m
eth

o
d
.

m
w

m
w

F
ig

.6
.C

h
an

g
e

in
ch

aracter
o
f

G
u
ten

b
erg

-R
ich

ter
p
lo

ts
fo

r
1
0
0

ev
en

ts
clu

sters
w

ith
step

5
0

ev
en

ts
in

fo
resh

o
ck

(a)
an

d
in

aftersh
o
ck

(b
)

d
o
m

ain
.

T
h
ree

n
earest

to
G

L
E

o
ccu

rren
ce

p
lo

ts
are

g
iv

en
b
y

th
ick

lin
es,

th
e

fo
llo

w
in

g
3
-8

p
lo

ts
are

g
iv

en
as

d
o
tted

lin
es,th

e
m

o
re

tim
e

d
istan

tfro
m

th
e

G
L

E
o
ccu

rren
ce

9
-2

0
clu

sters
are

g
iv

en
as

th
in

lin
es.

F
ig

.8
.

V
alid

ity
o
f
th

e
u
sed

m
ag

n
itu

d
e

restrictio
n
.

C
u
m

u
lativ

e
p
lo

t
o
f

u
sed

sh
allo

w
(H

7
0
)

G
C

M
T

ev
en

ts

(a)
an

d
an

en
larg

ed
p
o
rtio

n
o
f

th
is

g
rap

h
(b

);
th

e
straig

h
t

lin
e

co
rresp

o
n
d
in

g
G

u
ten

b
erg

-R
ich

ter
relatio

n
is

sh
o
w

n
(b

).

≤

A
b

stra
ct

T
h
e

g
lo

b
al

C
M

T
catalo

g
w

as
u
sed

to
co

n
stru

ct
th

e
g
en

eralized
sp

ace-tim
e

v
icin

ity
o
f
a

larg
e

earth
q
u
ak

e
(L

E
G

V
)
an

d
to

in
v
estig

ate
th

e
seism

icity
b
eh

av
io

r
in

L
E

G
V

.
L

E
G

V
w

as
fo

rm
ed

o
f

earth
q
u
ak

es
fallin

g
in

to
th

e
zo

n
e

o
f

in
flu

en
ce

o
f

a
larg

e
n
u
m

b
er

(1
0
0
,
3
0
0
,

o
r

1
,0

0
0
)

o
f

larg
est

earth
q
u
ak

es.T
h
e

L
E

G
V

co
n
stru

ctio
n

aim
s

at
en

larg
in

g
th

e
av

ailab
le

statistics,
d
im

in
ish

in
g

a
stro

n
g

ran
d
o
m

co
m

p
o
n
en

t,
an

d
rev

ealin
g

ty
p
ical

featu
res

o
f

p
re-

an
d

p
o
st-sh

o
ck

seism
ic

activ
ity

in
m

o
re

d
etail.

A
s

a
resu

lt
o
f

th
e

L
E

G
V

co
n
stru

ctio
n

th
e

ch
aracter

o
f

fo
re-

an
d

aftersh
o
ck

cascad
es

w
as

ex
am

in
ed

in
m

o
re

d
etail

th
an

w
as

p
o
ssib

le
w

ith
o
u
t
o
f

th
e

u
se

o
f

th
e

L
E

G
V

ap
p
ro

ach
.

A
few

an
o
m

alies
in

th
e

b
eh

av
io

r
o
f

d
ifferen

t
earth

q
u
ak

e
p
aram

eters
w

ere
fo

u
n
d

also
.

T
h
e

am
p
litu

d
es

o
f

all
th

ese
an

o
m

alies
in

crease
w

ith
th

e
ap

p
ro

ach
in

g
tim

e
o
f

th
e

g
en

eralized
larg

e
earth

q
u
ak

e
(G

L
E

)
as

a
lo

g
arith

m
o
f

tim
e

in
terv

al
fro

m
th

e
G

L
E

o
ccu

rren
ce.

an
o
m

alies
ag

ree
w

ith
co

m
m

o
n

featu
re

in
th

e
ev

o
lu

tio
n

o
f

in
stab

ility
w

ith
resu

lts
o
b
tain

ed
in

lab
o
rato

ry
aco

u
stic

em
issio

n
(A

E
)
stu

d
ies.

.

In
ad

d
itio

n
to

th
ese

co
m

m
o
n
-ty

p
e

p
recu

rso
rs,

o
n
e

earth
q
u
ak

e-sp
ecific

p
recu

rso
r

w
as

fo
u
n
d
.
T

h
e

d
ecrease

in
m

ean
earth

q
u
ak

e
d
ep

th
p
resu

m
ab

ly
fo

u
n
d

in
a

clo
ser

L
E

G
V

p
ro

b
ab

ly
p
ro

v
id

es
an

ev
id

en
ce

o
f

a
d
eep

flu
id

in
v
o
lv

e
n

th
e

p
ro

cess.

h
e

m
ajo

rity
o
f

th
e

an
o
m

alies
in

earth
q
u
ak

e
p
aram

eters
ap

p
ear

to
h
av

e
a

seco
n
d
ary

ch
aracter,

larg
ely

co
n
n
ected

w
ith

an
in

crease
in

m
ean

m
ag

n
itu

d
e

an
d

d
ecreasin

g
sh

are
o
f
m

o
d
erate

size
ev

en
ts

(
5
.0

6
.0

)
in

th
e

n
earest

G
L

E
v
icin

ity.
T

h
is

d
eficit

o
f

m
o
d
erate

size
ev

en
ts

can
h
ard

ly
b
e

cau
sed

en
tirely

b
y

th
eir

in
co

m
p
lete

rep
o
rtin

g
an

d
can

p
resu

m
ab

ly
reflect

so
m

e
featu

res
in

th
e

ev
o
lu

tio
n

o
f
seism

ic
in

stab
ility.

larg
e

earth
q
u
ak

e
g
en

eralv
icin

ity

rem
ain

in
g

T
h
e

m
en

tio
n
ed

w
ell

s
ex

p
ected

an
d

(o
f

lo
w

d
en

sity
)

m
en

t
i

N
o
te,th

at
t

-
m

w

2
.  R

E
S

U
L

T
S

F
ig

. 7
.T

h
e  sim

ilar  ten
d
en

cies
can

 b
e seen

 fo
r th

e cases o
f

stro
n
g
est M

w
9
+

 earth
q
u
ak

es
w

ith
 en

larg
ed

 fo
re- an

d
aftersh

o
ck

 statistics.

C
h
an

g
es o

f m
ean

 earth
q
u
ak

es' d
ep

th
 fo

r
su

b
seq

u
en

t g
ro

u
p
s o

f earth
q
u
ak

es: w
ith

in
±

3
,0

0
0
 d

ay
s fro

m
 th

e G
S

E
 m

o
m

en
t (  ), an

d
d
u
rin

g
 fo

resh
o
ck

 (  ) an
d
 aftersh

o
ck

 (
)

seq
u
en

ces in
 co

m
p
ariso

n
 w

ith
 d

ata fro
m

A
n
d
am

an
, 2

0
0
4
 (red

 circles) an
d

T
o
h
o
k
u
,

2
0
1
1
 (red

 p
lu

ses) m
ajo

r M
9
+

 earth
q
u
ak

es.

a
b

c

1
.  M

eth
o
d

  o
f  L

E
G

V
C

o
n

stru
ctio

n

In
  L

E
G

V
co

n
stru

ctio
n
  th

e rad
iu

s o
f th

e zo
n
e o

f in
flu

en
ce o

f a g
iv

en
larg

e earth
q
u
ak

e m
ag

n
itu

d
e  M

 is m
easu

red
 in

 k
ilo

m
eters  o

r in
 u

n
its o

f a
ty

p
ical size o

f earth
q
u
ak

e o
f a g

iv
en

 m
ag

n
itu

d
e M

.
T

h
e relatio

n
sh

ip
b
etw

een
 m

ag
n
itu

d
e an

d
 m

ean
 earth

q
u
ak

e so
u
rce size S

 in
 k

m
 fro

m
(K

asah
ara, 1

9
8
1
) h

as th
e fo

rm
S

, k
m

 =
 1

0
0
.5

M
–
1
.9

.                                       (1
)

M
o
re accu

rate relatio
n
s ch

aracterizin
g
 th

e in
terco

n
n
ectio

n
 b

etw
een

m
o
m

en
t m

ag
n
itu

d
e an

d
 earth

q
u
ak

e ru
p
tu

re len
g
th

 an
d
 ru

p
tu

re area w
ere

su
g
g
ested

 in
 (W

ells &
 C

o
p
p
ersm

ith
, 1

9
9
4
), w

h
ere it w

as tak
en

 in
to

acco
u
n
t th

at th
e ru

p
tu

re zo
n
e o

f a larg
e earth

q
u
ak

e is ty
p
ically

 m
u
ch

lo
n
g
er th

an
 th

e w
id

th
.

T
h
is co

n
sid

eratio
n
 su

g
g
ests tw

o
 relatio

n
s b

etw
een

m
ag

n
itu

d
e m

w
 an

d
 ru

p
tu

re len
g
th

 R
L

, an
d
 m

w
 an

d
 m

ean
 ru

p
tu

re area
d
iam

eter R
A

D
:

R
L

, k
m

 =
 1

0
0
.5

9
m

w
–
2
.4

4
,                               (2

)
o
r

R
A

D
, k

m
 =

 1
0

0
.4

5
 m

w
–
1
.7

.                             (3
)

T
h
e   d

ifferen
ce in

 (1
) - (3

) relatio
n
s  h

as a seco
n
d
ary

 im
p
o
rtan

ce in
 th

e
L

E
G

V
ap

p
ro

ach
.

In
 th

e tim
e d

o
m

ain
 th

e sim
p
le m

eth
o
d
 o

f ep
o
ch

 su
p
erp

o
sitio

n
 is u

sed
.

^
(

)

^
(                      )

^
(                     )

T
h
e  p

aram
eters o

f th
e seism

ic reg
im

e  (rate, m
ean

 d
ep

th
, o

th
ers)  are

calcu
lated

 fo
r g

ro
u
p
s  o

f su
b
seq

u
en

t  earth
q
u
ak

es;  g
ro

u
p
s are co

m
p
o
sed

in
 m

ajo
rity

 o
f cases o

f 3
0
 ev

en
ts.

—


