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G eneral A bstr a ct 

Along the coast of Mexico and Central America several seismic gaps were defined 

by the timing, location and extent of large earthquakes. Among these regions with 

high seismic potential, the Ometepec and Michoacan gaps have broken since 1980. 

The 1982 Ometepec doublet and the 1981-1986 Michoacan sequence are studied in 

detail in Part I. 

The seismic moment of each of the Ometepec doublet events is 2.8X 1026 dyne 

em. The first event involved a deeper asperity (at 20 km) t hat caused an incremental 

stress change large enough to trigger the second event at shallower depth. The second 

event is best modeled by two sources at 15 and 10 km depth. T he largest event of the 

Michoacan sequence occurred on September 19, 1985 (Mw=8.0) and caused extensive 

structural damage and death to over ten thousand people in Mexico City. The first 

event of the sequence was the 1981 Playa Azul event, which broke the central part of 

the gap. It is 27 km deep and has a seismic moment of 7.2X 1027 dyne em. The 

seismic moment of the September 19, 1985 earthquake was released in two distinct 

events with the rupture starting in the northern portion of the seismic gap and pro

pagating 95 km to the southeast with low moment release through the area already 

broken by the 1981 Playa Azul earthquake. The rupture propagated 125 km further 

southeast with an Mw=7.5 event on September 21, 1985. Another aftershock 

occurred on April 30, 1986, 50 km to the northwest of the September 19 mainshock. 

The most recent Michoacan events are shallower, 17-22 km , than the Playa Azul 

earthquake, which has a higher stress drop suggesting a higher stress level at greater 

depths in the Michoacan gap. The slip vectors of these events are consistent with 
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the convergence direction of the Cocos and North American plates. 

Part II investigates the relation of intermediate-depth earthquakes to the shal

lower seismicity, especially since these events may reflect the state of inter-plate cou

pling at subduction zones. A catalog of earthquake focal mechanisms was gathered , 

which includes all events listed by NOAA and ISC catalogs with M > 6 and depth 

between 40 to 200 km, that occurred between 1960 and 1984. The final catalog 

includes a total of 335 events; 47 were determined by this study. Focal mechanism 

solutions for intermediate-depth earthquakes with M > 6.8 can be grouped into four : 

1) Normal-fault events {44%), and 2) reverse-fault events {33%), both with a strike 

nearly parallel to the trench axis. 3) Normal or reverse fault events with a strike 

significantly oblique to the trench axis {10%) and 4) tear faulting events {13%). 

Simple models of plate coupling and geometry suggest that Type 1 events occur 

at strongly coupled plate boundaries where a down-dip extensional stress prevails in a 

gently dipping plate. Continental loading may be another important factor. In con

trast, large normal fault earthquakes occur at shallow depths in subduction zones 

that are decoupled. Type 2 events with strike subparallel to the subduction zone, 

most of them with near vertical tension axis, occur mainly in regions that have par

tially coupled or uncoupled subduction zones and the observed continuous seismicity 

is deeper than 300 km. In terms of ou r simple model, the increased dip of the down

going slab associated with weakly coupled subduction zones and the weight of the 

slab may induce near vertical tensional stress at intermediate depth and, conse

quently, the change m focal mechanism from Type 1 to Type 2 events. Events of 

Type 3 occur where the trench axis bends sharply, causing horizontal extensional or 

compressional intraplate stress. Type 4 are hinge faulting events. 
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We also investigate the temporal variation of the mechanism of large intraplate 

earthquakes at intermediate depths in relation to the occurrence of large underthrust

ing earthquakes in Chile. Focal mechanisms were determined for three large events 

(March 1, 1934: M=7.1, d=120 km, April 20, 1949: M=7.3, d=70 km and May 8, 

1971: Mw=7.2, d=150 km), which occurred down-dip of the great 1960 Chilean 

earthquake (Mw=9.5) rupture zone. The 1971 event is down-dip compressional , 

whereas the 1949 and the 1934 earthquake focal mechanisms are consistent with a 

down-dip te nsional mechanism. Published fault plane solutions of large 

intermediate-depth earthquakes (March 28, 1965 and November 7, 1981), which 

occurred down-dip of the Valparaiso earthquakes of 1971 (Mw=7.8) and 1985 

(Mw=8.0) are also down-dip tensional. These results suggest that before a major 

th rust earthquake, the in terplate boundary is strongly coupled and the subducted 

slab is under tension at intermediate depths; after the occurrence of an in terplate 

thrust event, the displacement on the thrust boundary induces transient compres

sional stress at intermediate depth in the downgoing slab. This interpretation is con

sistent with the hypothesis that temporal variations of focal mechanisms of outer- rise 

events are due to changes of interplate coupling. 

The variation of intermediate-depth earthquake focal mechanisms with YI> 6 IS 

examined region by region in relation to local variations of the strength of interplate 

coupling. In summary, regions that are mostly uncoupled present down-dip tensional 

stresses in a steeply-dipping slab probably induced by the negative buoyancy of the 

subducted lithosphere (e.g., North Scotia arc). Double seismic zones may be present in 

partially coupled regions in response to un bending of the downgoing slab (e.g. , 

Northeast Japan). Lateral bending or tearing of the slab influences the stress 
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distribution within the subducted plate (e.g., New Ireland). Subduction of topo

graphic highs may also change the interplate coupling locally (e.g. , Louiville ridge in 

T onga). Regions that are mostly coupled are generally shallow dipping and the 

observed continuous seismicity is at most 300 km deep. In these regions normal fault

ing events occur at the base of the coupled region (e. g. South America). In contrast, 

normal faulting events occur at the trench axis at uncoupled regions where the strains 

due to bending of the plate are largest. Temporal variations in the interplate cou

pling due to the occurrence of large thrust events at the plate boundary are suggested 

in several regions such as Middle America and Chile. 
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A bstract t o Part I 

The Middle-America trench delineates the boundary between the subducting 

Rivera and Cocos plates beneath the North-American and Caribbean plates. It paral

lels the southwest coast of Mexico and Central America for about 3000 km. Large 

subduction earthquakes have occurred at this interplate boundary at short and regu

lar intervals compared to other subduction zones. The seismotectonics of Mexico and 

Central America are discussed in Chapter 1. The timing, location, and extent of large 

earthquakes prior to 1980 indicated the presence of several regions with high seismic 

potential or seismic gaps. Among t hem the Ometepec and Michoacan gaps have bro

ken in large earthquake sequences since 1980. Regions offshore the states of Jalisco 

and Guerrero in Mexico and those off coastal Guatemala, El Salvador and Nicaragua 

still have a high seismic risk. Most of these regions have not experienced a great 

earthquake since the turn of the century. The source characteristics of the large 

events that occurred in the Ometepec and Michoacan regions from 1981 to 1986 are 

studied in Chapters 2, 3 and 4. Comparison of seismograms recorded at Pasadena 

from many large Mexican earthquakes shows that the 1985 Michoacan earthquake is 

basically the same size as the great 1932 Jalisco, Mexico earthquake, and is clearly 

larger and more complex than the other significant events in Mexico since 1932. 

On June 7, 1982, an earthquake doublet occurred in the Ometepec gap in Guer

rero, Mexico; the events occurred within five hours of each other. Chapter 2 is a 

detailed study of the te leseismic characteristics of the Ometepec doublet. The same 

seismic moment (Mo=2.8X1026 dyne em), is obtained for each event in the doublet 

from the inversion of 256 s period su rface wave data. Each event has similar fault 
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parameters of azimuth (8~278°) , dip (8~13°), and rake (>-~68°), which are con

sistent with subduction of the Cocos plate. Modeling of long-period P waves suggests 

that the first event has an average depth of 20 km and may be well modeled with a 

single trapezoidal source time function with an effective duration of 6 seconds. The 

second event is best modeled by two sources at depths of 15 and 10 km. The com

bined effective source duration time for the two sources is about 10 seconds. These 

results suggest that the first event that involved a deeper asperity caused an incre

mental stress change large enough to trigger the second event. A regional distribu

tion of comparable-size asperities may be responsible for the relatively frequent 

occurrence of doublets in the Middle-America trench during the last 70 years. 

Chapter 3 presents the analysis of long-period su rface and body waves of the 

earthquakes that occurred in t he Michoacan, Mexico, seismic gap during the period 

from 1981 to 1986. The rupture pattern of the Michoacan gap during th is period can 

be characterized by the sequential failure of five distinct asperities. Before 1981 , the 

Michoacan region had not experienced a large earthquake since t he 1911 Yfs=7.8 

earthquake. The recent sequence started in October 1981 with the Playa Azul event 

which broke the central part of the gap. Body-wave modeling indicates that the Playa 

Azul event, is 27 km deep with a seismic moment of 7.2X 1027 dyne em. It is slightly 

deeper than the recent Michoacan earthquakes and its stress drop is higher, suggest

ing a higher stress level at greater depths in the Michoacan gap. 

Analysis of long-period P-waves of the September 19, 1985 earthquake indicates 

that this is a multiple event with a second source of identical moment , fault 

geometry, and depth occurring approximate ly 26 s after the first . The total source 

duration of at least 42 s may be an important contributing factor for the extensive 



- 3 -

structural damage that occurred in Mexico City. The seismic moment of the Sep

tember 19, 1985 (Mw=8.0) earthquake was released in two distinct events with the 

rupture starting in the northern portion of the seismic gap and propagating to the 

southeast with low moment release through the area already broken by the 1981 

Playa Azul ear thquake. Directivity in the body wave time function indicates that the 

second subevent occurred 95 km to the southeast of the first. The rupture pro

pagated 125 km farther southeast with an Mw=7.5 event on September 21 , 1985. 

The September 1985 earthquakes were interplate subduction events on a shallowly 

dipping fault plane that strikes parallel to the Middle-America t rench consistent wi th 

the convergence direction of the Cocos and North America plates (6=9° , ¢>=288°, 

>-.=72°), with a point source depth of 17 km for the main shock and 22 km for the 

aftershock. Another aftershock occurred on April 30, 1986, 50 km to the northwest 

of the September 19 mainshock. Body-wave modeling indicates that this event has a 

simple sou rce 10 s long at 21 km depth , and fault parameters consistent with subduc

tion of the Cocos plate (8=280°, 6=12°, >-.=70°) and Mo=2.0-3.1 X 1026 dyne em 

(Mw=6.9). 

Al though this distribution of asperities is considered characteristic of t he 

)Jichoacan gap, whether the temporal sequence exhibited by the 1981-1986 sequence 

is also characteristic of this gap or not is unclear. It is probable that, depending on 

the state of stress for each asperity, t he entire gap may fail in either a single large 

even t with a complex time history or a sequence of moderate- to-large events spread 

over a few years. 

The relation among seismic source parameters of large subduction earthquakes is 

investigated in Chapter 4. Stress d rop values for Mexican subduction earthquakes are 



- 4 -

estimated from M0 and fault area estimates, which indicate that most events have 

average stress drop values of the order of 10 bars . However, the 1981 Playa Azul 

earthquake, which occurred in the middle of the Michoacan ~eismic gap, has a rela-

tively higher value of about 50 bars, which may be associated with the presence of 

the Orozco fracture zone. The relation between the average recurrence time, T , and 

the average selSmlc moment, M0 , along the Mexican subduction zone 15 

log T ~~ logM0 . The convergence rate and the properties along the subducted plate 
3 

are more uniform than other subduction zones. A simple asperity model predicts this 

relation. Using 1907 as the last date for an event in Guerrero, this relation predicts 

that the next episode would involve a release of seismic moment of 1.6X 1028 dyne 

em. This is equivalent to one earthquake with Mw=8.1, or alternatively, three with 

Mw=7.8. Either scenario would have se rious implications for damage in Mexico City. 
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Chapter 1 

Seismotectonics of the Middle-America Trench 

1.1 Regional Tectonic Setting 

The Middle-America trench is a continuous topographic feature that extends 

parallel to the southwest coast of Mexico and Central America for about 3000 km 

(Fisher, 1961). Along the trench, the Cocos plate is subducted beneath the 'orth 

America and Caribbean plates (Molnar and Sykes, 1969; Dean and Drake, 1978). The 

Cocos plate dips gently (10°- 20°) beneath the North America plate (Chael and 

Stewart, 1982) and more steeply below the Caribbean plate (Molnar and Sykes, 1969). 

The triple junction of these plates is not well established, but it is probably located in 

the Tehuantepec Gulf region. In this region, the projection of the Cayman Trough

Motagua transform fault system, which is the boundary of the Caribbean and North 

American plates, intersects the Middle-America trench (Plafker, 1 976). Seaward from 

the trench, relative structural homogeneity of the seafloor is observed, interrupted 

only by the Rivera and Orozco fracture zones and the Tehuantepec and Cocos ridges 

(Figure 1.1). However, the continental margin shows a duali ty. Northwestward of the 

Tehuantepec ridge the continental margin is narrow, with numerous submarine 

canyons. Trench turbidites are currently being accreted. Southeast of the ridge, the 

continental margin is wide with a well-developed fore-arc basin and no obse rved 

accretion (Shipley et al. , 1980; Aubouin et al., 1982). Gravity anomalies offshore of 
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southern Mexico and northwestern Guatemala support the above observations (Couch 

and Woodcock , 1981). The shaded area in Figure 1.1 shows the line of active vol

canoes that, in the Central America region, form a prominent chain parallel to the 

trench, but 150 km to the east (Stoiber and Carr, 1973). In contrast, in the Mexico 

segment, the Mexican volcanic belt is oblique to the trench and is located 200-300 km 

away from it (Mooser, 1972; Demaint, 1978). 

1.2 Large Subduction Earthquakes prior to 1980 

The Middle-America trench has been the site of numerous large thrust earth

quakes that rupture discrete segments 100-200 km long. An average recurrence inter

val for the plate boundary of 33±8 years was found by McNally and Minster (1981), 

although different subsegments have somewhat different recurrence intervals ( Kel

leher et al. , 1973; YfcNally and Minster, 1981; Singh et al. , 1981; Astiz and K anamori, 

1984). However, in the Tehuantepec region no large shallow earthquake has occurred 

for the last 180 years. This gap is considered to be either aseismic, or seismic with 

anomalously large recurrence times (McCann et al., 1979; Singh et al., 1981). 

Figure 1.2 is a time-distance plot of large earthquakes along the Middle-America 

trench from 1800 to 1981. Stars and squares are this and last century events, respec

tively , and symbol size is proportional to magnitude. Location accuracy varies with 

time; however , it is evident that large earthquakes have occurred along most of this 

plate boundary in the last hundred years. Hatched segments indicate seismic gaps. 

The Yfiddle-America region has been subdivided into 21 regions more or less 

arbitrarily, since it has been made on ly on the basis of the distribution of aftershock 



2
0

° 

I0
°N

 

II
0

°W
 

P
A

C
IF

IC
 

~
 

1!1
 

* 
M

1 
<

 7
.3

 
1!1

 
1f

 7
,3

 S
 M

1 
<

 7
.6

 

I!J
 

'It
 7

.6
 s

 M
1 

<
 6

.0
 

'/:!
( 

e.
o

s 
M

, 

LL
 

u <
I 

Q
. 

10
0 

18
,)1

 )
93

2·
 

,. 
19

00
 . 

19
1j

2 
.;' 

' .
 

' 
'1

9,
 

' 

... (I
) 

<
I w
 

181
1:

 '
 

19
41

 
l 

•:·,
. 

co
co

s 

9
0

 

N
O

R
T

H
 

A
M

E
R

IC
A

 

G
ul

f 
of

 

0 

8
0

 

N
A

Z
C

A
 

F
ig

u
re

 
1.

1:
 M

ai
n

 
te

ct
o

ni
c 

fe
at

u
re

s 
o

f 
M

id
d

le
 A

m
er

ic
a,

 
si

m
p

li
fie

d 
af

te
r 

M
am

m
er

ic
kx

 e
t 

al
. 

(L
97

5)
. 

T
he

 
a

rr
o

w
 i

nd
ic

at
es

 t
h

e 
m

ea
n 

d
ir

ec
ti

o
n 

o
f 

co
nv

er
ge

n
ce

 
be

tw
ee

n 
th

e 
C

oc
os

 a
nd

 N
o

rt
h 

A
m

er
ic

a 
a

n
d 

C
a

ri
bb

ea
n 

pl
at

es
. 

S
ha

d
ed

 a
re

as
 d

e
lin

ea
te

 t
he

 Q
u

at
e

rn
a

ry
 

vo
lc

an
o 

al
ig

n
m

en
ts

 i
n 

M
ex

ic
o 

a
n

d 
C

en
tr

al
 A

m
e

ri
ca

. 
S

h
al


lo

w
 

la
rg

e 
ea

rt
h

q
u

a
ke

s 
th

a
t 

(M
5

>
7)

 
oc

c
u

rr
ed

 
al

o
n

g 
th

e 
M

id
d

le
-A

m
er

ic
a 

tr
en

ch
 

a
re

 
s

ho
w

n
. 

S
q

u
ar

es
 

co
rr

es
po

n
d

 
to

 
la

st
 

ce
n

tu
ry

 
ev

en
ts

 
a

nd
 

st
a

rs
 

to
 

th
os

e 
th

a
t 

oc
cu

rr
ed

 
d

u
ri

n
g 

th
is

 
ce

n
tu

ry
. 

T
h

e 
y

ea
r 

of
 

oc
cu

rr
en

ce
 i

s 
in

di
ca

te
d 

fo
r 

ev
en

ts
 w

it
h 

M
8
>

7
.5

. 

-..
J 



18
75

 

18
50

 

D
is

ta
n

ce
, 

km
 

0 
2

5
0

 
5

0
0

 
7

5
0

 
10

00
 

12
50

 
1

5
0

0
 

17
50

 
2

0
0

0
 

2
2

5
0

 
2

5
0

0
 

2
7

5
0

 

.....
 

8 

El
 

8 

8 

E
l 

B
 

B
 

>
-t

il 

~
 
I
•
 

... • 
•• E
l 

2
0

0
0

 

1
9

7
5

 

1
9

5
0

 

1
9

2
5

 

1
9

0
0

 

1
8

7
5

 

1
8

5
0

 

18
25

 

1e
oo

 1
 

r 
, 

I 
1 

1 
11

 
1 

1 
I 

1 
1 

1 
i 

I 
1 

1 I
 

1 
I 

1 
16

 1 
· ·

 1
 
·;

 
1 

-
1 ~-

1 
-

r 
t8

o
o

 
17

 
18

 
21

 

I-
"7

Qj
-c

~M
ic

ho
T 

T
 

"j
"c

h
ia

lG
u

o
te

-j
" 

E
l 

·JI 
N

ic
a
!r

 
c
o

st
a
 
"I

~ 
~~

~~
~~

~~
'a

eo
n 

G
ue

rr
er

o 
O

aK
oc

a 
pa

s 
m

al
a 

So
lv

ad
o 

ro
gu

a 
R

ic
a 

an
am

a 

F
ig

u
re

 1
.2

: 
T

im
e-

d
is

ta
n

ce
 

pl
o

t 
a

lo
ng

 
th

e 
M

id
d

le
-A

m
er

ic
an

 
tr

e
nc

h 
fr

o
m

 
18

00
 t

o 
J 9

81
. 

S
y

m
b

o
ls

 
ar

e 
th

e 
sa

m
e 

as
 i

n 
F

ig
u

re
 1

.1
. 

E
v

en
ts

 
lis

te
d 

by
 M

iy
am

u
ra

 (
19

76
) 

as
 M

 =
7 

a
re

 i
n 

p
ar

en
th

es
es

. 
N

a
m

es
 a

t 
th

e 
bo

t
to

m
 

re
fe

r 
to

 
M

ex
ic

an
 

co
as

ta
l 

s
ta

te
s 

a
nd

 
C

e
n

tr
a

l 
A

m
er

ic
an

 
co

u
n

tr
ie

s.
 

N
u

m
b

er
s 

a
t 

th
e 

bo
tt

o
m

 
in

d
ic

at
e 

re
gi

o
ns

 
d

et
er

m
in

ed
 

fr
o

m
 

re
ce

n
t 

af
te

rs
ho

ck
 

a
re

a 
di

s
tr

ib
u

ti
o

ns
. 

D
o

tt
ed

 
re

gi
o

ns
 

co
rr

es
po

nd
 

to
 

to
p

o
g

ra
ph

ic
 

f e
at

u
re

s.
 T

h
e 

O
ro

zc
o

 f
ra

c
tu

re
 z

o
ne

 (
3)

 w
h

e
re

 t
h

e 
M

ic
ho

ac
an

 s
ei

sm
ic

 g
ap

 h
ad

 b
ee

n 
id

en
ti

fi
ed

. 
T

h
e 

T
eh

u
a

n
te

pe
c 

(1
1)

 
an

d 
C

o
co

s 
(1

9)
 

ri
d

ge
s 

a
re

 
re

g
io

ns
 

w
h

er
e 

se
is

m
ic

it
y 

h
as

 b
ee

n 
lo

w
er

 
in

 
n

u
m

be
r 

a
nd

 
m

ag
ni

tu
d

e 
th

a
n 

o
th

er
 

re
g

io
ns

, 
a
t 

le
as

t 
d

u
ri

n
g 

th
is

 c
e

n
tu

ry
. 

!l
a
tc

h
ed

 s
ec

ti
o

ns
 

in
di

ca
te

 s
ei

sm
ic

 g
ap

s:
 J

a
li

sc
o 

(1
),

 G
ue

r
re

ro
 (

5
), 

O
m

ct
e

pe
c 

(7
),

 G
ua

te
m

a
la

 (
14

), 
E

l 
S

a
lv

ad
o

r 
(1

5)
, 

N
ic

ar
ag

ua
 (

H
i) 

a
nd

 W
es

t 
P

a
n

a
m

a(
20

).
 

0
0

 



- g-

areas of recent events. These subdiv isions will be discussed furth er in Chapter 4. 

Note t hat most of the Central America coast has not experienced a major th rust 

earthquake during t he last 30 years (regions 14,15,16,20). South o f the T ehuantepec 

ridge (region 11), la rge earthquakes have occurred offshore C hiapas, Mexico, in 1970 

(M5=7.0), and offshore Costa Rica in 1978 (M5=7.0) and 1983 (Ms=7.0). This last 

event occurred where the Cocos R idge (region 19) is being subducted. In the Mexican 

subduction zone, north of T ehuan te pec, major gaps are observed in Jalisco (region 

1), Michoacan (region 3), Guerre ro (region 5), and Ometepec (region 7). These seismic 

gaps were identified by Singh et al. (1981), based on aftershock areas and recu rrence 

intervals of large earthquakes. 

R ecently, two of these gaps have been broken: on June 1982 an earthquake 

doublet occurred in the Ometepec region and the Michoacan gap broke in a series of 

events that occ urred o n October 1981 and later on September 1985. All of these 

events are discussed in detail in Chapters 2 and 3, respectively. A large event is 

expected to occur in the near future in t he Guerrero gap , since no large earthquake 

has occurred in almost 80 years (Anderson et al. , 1986; Eissler et a l. , 1986). On the 

other hand, the Jalisco gap is not expected to break soon since it is the boundary of 

the Rivera and the North American plates, which has a smaller convergence rate than 

the Cocos- North America interplate boundary (Eissler and Yfc 1a lly, 19 2; Singh et 

al. , 1985). 
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1.3 Comparison of Seismograms from Recent Large Events 

Since the establishment of the World Wide Standardized Seismograph _ etwork 

(vVWSSN), numerous large earthquakes have occurred in the Middle-America trench. 

Figure 1.3 shows long-period body waves recorded at Eskdalemuir, Scotland (ESK), 

station for all large Cv15 >7) events that occurred in th is region from 1965 to 1985. 

We can compare the waveforms since all ear thquakes are at approximately the same 

distance and azimuth from ESK, 80° and 35°, respectively. Most events are relatively 

simple but the September 19 Michoacan earthquake is more complex and has the 

largest peak- to-peak amplitude (the P-wave was nearly offscale). Note that the ring

ing character of the September 19, 1985 trace between 3 and 5 min is due to the PP 

and PPP phases merging, due to the lo ng source duration of this event. 

Because of the high seismic activ ity and the relatively short (30 to 50 years) 

recurrence times of large events along the Middle-America trench, many detailed stu

dies have been recently conducted on individual earthquakes (e.g., Singh et al. , 19 4; 

Havskov et al. , 1983; Valdes et al., 1982; Tajima and Y!ci ally, 1983; Chael and 

Stewart, 19 2; Wang et al. , 1982; Stewart et al. , 1981; Espindola et al. , 1981; Reyes et 

at., 1979; Yamamoto, 1978; Ohtake et al., 1977) as we ll as on the regional seismicity 

(e.g., LeFevre and McNally, 1985; Singh et al. , 1982b; McNally and Minster, 1981; 

Singh et al. , 1981; Kelleher et al. , 1973). The focal mechanisms of these events indi

cate thrusting consistent with the subduction of the Cocos plate to the northeast and 

with the gently dipping Benioff zone (F igure 1.4). 

Detailed studies of t he source parameters of the most recent large earthquakes 

along Middle America indicate that these events show remarkably simple fault 
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E S K L PZ Mog=750 ~-80°,¢-35° 

P-P(cm) 2 

1973 .. J~r~ 7.3 Ml 9~~ 0~~ 1.6 
Ms=7.5 ~ v · ~ s . 

1986 JJ~~·...;}v.,..~.v-. 3.0 u 19862,91~~ 1.4 
Ms"7.0 I , ~'~s" . 

1968 _j~ .......... Y. ... ._.;w 10.3 
Ms= 7.1 r 1985 _ft~~ - 1 ~ 1 1~ 27.1 

Ms = 8. 1 ~~~ ~ ~~VI 

1981 _jt,__~L-• . 7. 5 
Ms = 7. 3 r· ... r· •\"' 

1985 
M5 "7. 5 

1---..-.--v~ 17. 9 

1979 --'\!~ 11.3 
M5 "7.6 l 

+ 
p 

• + 
pp ppp 

0 5m in 

1978 _)~~ 22.8 
M5 .. 7. 8 1 

1 9 6 s _jL ... ~.w..~~~- 1 9. 6 
M

5
" 7.6 r· .. T· ··· · 

1970 ---\~ 4.2 
M5 " 7.3 J' . 

1.2 

Figure 1.3: Vertical long-period WWSSN seismograms of P , PP and PPP waves 
recorded at Eskdalemuir, Scotland (ESK), are shown for large shallow (M5 > 7) sub
duction events that occurred along t he Middle-America t rench between 1965 and 
1985. The events are shown from northwest (top left) to southeast (bottom right ). 
P eak- to-peak amplitudes (P-P) in em are indicated at the end of each t race. 1'\ote t he 
relatively simple waveforms for most events; however, a more complex source is 
clearly seen for the 1985 Michoacan earthquake t hat also displays the largest peak
to-peak amplitude. 
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proceses for long (> l Os) periods (e.g. Reyes et al. , 1979; Stewart et al. , 1981; Chael 

and Stewart, 1982; Astiz and Kanamori, 1984), with stress drops from 1 to 10 bars 

and seismic moments from 1 to 3.2X 1027 dyne em. At short periods their sources are 

more complex (Tajima, 1984); however, when compared to similar size events that 

occur on other subduction zones the Mexican events have smoother source time fun c

tions even at short periods (Houston and Kanamori, 1986). These studies suggest 

that large earthquakes occur repeatedly at places with increased mechanical strength , 

which are often called asperities. European recordings of large Mexican earthqua kes 

t hat occurred from 1907 to 1962 suggest that these events share the characteristics of 

t he more recent well studied events: t hey are shallow thrust events (generally at 

about 16 km depth with a relatively simple source with the possible exception of mul

tiple sou rce earthquakes on Ju ne 7, 1911 , in Michoacan, June 3 and 18, 1932, in J al

isco, and on February 22, 1943 near P etatlan (S ingh et al. , 1984; see also Figure 4 of 

UNAM Seismology Group, 1986). 

Pasadena Seismograms from Large Mexico Earthquakes 

Since about 1930 many seismic instruments at the Seismological Laboratory 111 

Pasadena, CA, have been operating contin uously. In this section we compare seismo

grams for the largest subduction events in Mexico since 1930 recorded on three instru

ments at Pasadena: the horizontal torsion Wood-Anderson instrument (T 0 = 10 s); 

the long-period vertical Benioff (Tp = 1 s, Tg =90s, where TP and Tg are t he pen

d ulum period and galvanometer period, respectively); and the short-period vertical 

Benioff (T p = 1 s, Tg = 0.2 s) . As mentioned above, these events have been found to 

have nearly identical focal mechanisms and source depths, so that the amplit udes and 
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waveforms can be compared directly for differences in magnitude and waveform. 

However, Pasadena lies within the upper-mantle t riplication distance of these even ts 

(18-24°), and body-wave amplitudes may be affected by the complex variation with 

distance observed near this range. 

Figure 1.5 shows about 12 minutes of the north-south component of the Wood

Anderson instrument for ten large subduction events in Mexico. We note that the 

surface-wave amplitudes show three characteristic sizes of events. The 1932 Jalisco 

earthquake is the largest and has offscale surface waves, and the Michoacan earth

quake is nearly as large. The Colima 1973, Petatlan 1979, and Oaxaca 1978 earth

quakes are comparably sized events smaller than the Jalisco and Michoacan earth

quakes. The Colima 1941, Playa Azul 1981 , Michoacan September 1985 aftershock, 

Petatlan 1943, and Acapulco 1957 earthquakes had surface waves with similar ampli

tudes which are smaller than the other two groups of events. The Acapulco earth

quake is anomalous in that it has a large body-wave pulse compared to its surface 

waves. M5 values for the events determined from the P asadena Wood-Anderson 

records are shown in the figure. The distance and azimuth from each of these events 

to Pasadena are also indicated. 

Figure 1.6 shows records from the long-period vertical Benioff instrument. This 

instrument was not installed at the time of the 1932 earthquake, and the 1978 Oax

aca record was not available. The records show the P and S arrivals, approximately 4 

minutes apart, and the beginning of the surface wave . The most remarkable feature is 

the similarity of the P and S waveforms between events, indicating similar focal 

mechanisms and source time functions. The notable exception is the September 19 

Michoacan record , which is initially similar to the others, but then shows a later 
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PASADENA 1-90 (Z) RECORDS 
Colima 1973 

19 Sept 1985 
21.4° 321.2° 

Petatldn 1979 
22.4° 321.2° 

Acapulco 1957 
24.1° 318.5° 

Playa Azul 1981 
2 1.r 321.9° 

Petatl6n 1943 
22.4° 320.5° 

~WI•Iiillllfll'~ 

0 2 3 4 5 

min 

Figure 1.6: Pasadena seismograms of the same events on a vertical broad-band 
(T0 = 1s, T 8=90s) Benioff instrument. The P and S waveforms are remarkably simi
lar between events, except for the September 19, 1985 Michoacan record , which shows 
a second arrival within a minute of the P wave , indicative of source complexity . 
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large-amplitude arriYal less than 1 mtn behind the characteristic P-waveform, indica

tive of a complex time function. The 1957 Acapulco record is anomalous in that the P 

wave has an un usual amount of high frequen cy, but the filtered waveform would have 

the same overall shape as those of other events. 

Seismograms of the earthquakes from the short-period vertical Benioff instru

ment are shown in Figure 1.7, where the dark lines indicate the amplitude envelopes 

of the records. Most of the events have similar envelope shapes (e.g., 1973, 1979, 1957, 

21 September 1985), but the September 19 Michoacan event clearly maintains larger 

amplitudes for a longer period of time and has a different envelope shape, indicating a 

longer source duration or multiple time function . The numbers in Figure 1.7 give a 

measure of coda duration; they are the time in min utes required for the amplitude to 

fall off to one-fourth its maxim um, where the time is measured from the beginn ing of 

t he signal. The September 19 Michoacan earthquake has the longest fall-off t ime at 

4.5 min; the Colima 1941, Playa Azul 1981, and Oaxaca 1978 also have large fall-off 

times. 
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PASADEN A 1~2(Z)RECORDS 

Ooxoco 1978 4.0 
~---- =-~-;z;:_~-=-~~-~~o?--~~-~ :_~_:;__-j_~~--

~~%~i:~§f=-~-~;;~?~-;~f-r:-~;:_'-~~~~~ 
--=-- -- _ .,... ~ 

1min. 

Figure 1.7: Vertical short-period Benioff (T 0 = 1s, Tg=0.2s) records at Pasadena for 
the same events in Figures 3 and 4. Continuous lines show the amplitude envelopes 
for each trace. Note that large amplitudes have a longer duration for the eptember 
19, 1985 earthquake. Indicated values are coda length of P-waves in minutes. 
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Chapter 2 

The 1982 Earthquake Doublet in Ometepec, Guerrero 

2 .1 Introduction 

The Ometepec doublet events occurred on June 7, 1982, in a gap that had been 

given a high seismic potential (S ingh et al. , 1981). The U.S.G.S. location of the first 

event (Ms = 6.9,mb = 6.0) is 16.607° N, 98.149° W , at 40.5 km depth , and the ori

gin t ime is 06h52m37.375 
; that of the second event (M5=7.0,mb=6.3) is 

16.558° N, 98.358° W , at 33.8 km dept h, and the origin time is 10h59m40.165
• The epi

centers given by a local network are 16.348° N, 98.36SO W , at 25 km depth (origin 

time 06h52m33.75 
) for the first event, 16.399° N , 98.538° W , at 8 km depth (origin 

time 10h59m40.15 
) for the second event. The locally determined epicenters are shal

lower than, and to the southwest of, the U.S.G.S. locations (Figure 2.1), as is typically 

found for events along the Mexican subduction zone (e.g. , Havskov et al. , 1983). 

Hereafter, these two events are referred to as 19821 and 19822 , respectively . 

To try to understand the failure mechanism of se ismic gaps, we determine the 

rupture process of the Ometepec doublet by detailed analysis of surface and body 

waves, and find that the Ometepec doublet has many features in common with simi

lar doublets observed in other regions such as the Solomon subduction zone. The 

Ometepec doublet events are somewhat smaller than the large earthquakes charac

teristic of the Middle America subduction zone, and the average repeat time in the 



- 20-

97.5°W 
~------------------r--------------------------, 17•N 

X 

4.5~M<6.5 

6.5~ M < 7.5 

\ 
\ 
\ 
\ 
\ 
\ 

' ' I 4:, _,1 

Figure 2.1: The heavy solid curve indicates the Ometepec doublet aftersock area 
shown in Figure 2.2. The dashed curve indicates the first week aftershock area and 
the solid stars the Ometepec doublet epicenters determined by ava (1983) using a 
local network . Only events located within 20 km of each other are included in the 
aftershock areas. 
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Ometepec reg10n is slightly shorter than in the adj acent segments of the Guerrero

Oaxaca regions. It is shown that these features can be explained by a heterogeneous 

strength distribution in the fault zone along the Middle America trench. These 

results, together with those of previous investigators, suggest that the fault zone 

heterogeneity as characterized by its asperity distribution (Lay and Kanamori, 1981) 

plays a key role in determining the recurrence time and the triggering mechanism of 

large earthquakes. 

The 1982 Ometepec Doublet 

Singh et al. (1981) identified a seismic gap on the Ometepec regton based on 

aftershock areas and recurrence intervals of large earthquakes. Figure 2.2 shows the 

aftershock area of previous earthquakes in the Guerrero-Oaxaca region with dashed 

lines (after Kelleher et a!, 1973, Singh et a!., 1980b, and Valdes et a!. , 1982). Shaded 

areas correspond to more recent events. The location of the 1982 Ometepec doublet 

and the aftershock distribution of events mb>3.6 during the first week of activity as 

reported by the Preliminary Determination of Epicenters of the U.S. Geological Sur

vey (P.D.E.) are shown by the heavy solid cu rve (F igure 2.2). Th e aftershock area is 

about 3200km2 (78X 41 km2
). The dashed cu rve in Figure 2.1 indicates the first week 

aftershock area and the solid stars are the Ometepec doublet epicenters given by 

Nava (1983). The locally determined aftershock area is about 3300km2 (82X40 km 2
). 

Only events that were located within 20 km of another event were considered in 

determining the aftershock areas. La rge interplate earthquakes in the Ometepec 

region occurred on December 2, 1890 (M5=7.3), December 23, 1937 (M5=7.5), and 

December 14, 1950 (M5=7.3) , suggesting average recu rrence interval of 30 years. 
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1ooow 95°W 

[!] * M5 < 7.3 
(!] 

* 7.3 5 Ms < 7.6 20°N 
(9 * 7.6 5 M5 < 8.0 

* 8.0 5 Ms 
. . 

. ···· · ·.· · . ... 
. . 

.· . ... 

Figure 2.2: Aftershock areas of large shallow interplate earthquakes along the Mex
ican subduction zone, between the Orozco fracture zone and the Tehuantepec Ridge 
(after Kelleher et al. , l973; Singh et a!. , 1980b and Valdes et al. , l982). Shaded areas 
correspond to more recent events. The Ometepec doublet aftershock area defined by 
the events with mb>3.6 (from P.D.E.), which occurred during the first week of 
activity , is shown by the heavy solid curve. 
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"Y1iyamura (1976) reports a Ms=7.0 event in this region on December 28, 1951 ; how

ever, Figueroa (1970) assigns this event Ms=6.5. In either case, t he 1950 earthquake 

and the 1951 event can be considered part of the same seis!Jlic sequence. Notice that 

the 1957 Acapulco (Ms=7.5) and the 1968 Oaxaca (Ms=7.4) earthquakes did not 

break the Ometepec segment. 

Seismic reflection and geologic surveys of the regiOn during 1977 and 1978 by 

Shipley et al. {1980) reveal significant variations in structure over short distances, 

suggesting that the extent of aftershock activity may be controlled by structural 

features . The Ometepec Canyon is right-laterally displaced seaward of the trench, 

suggesting oblique subduction along the Middle-America trench. During this survey, 

sed iments on the Ometepec Canyon appeared undisturbed along the trench , indicat

ing that this segment had not been broken recently. 

Long-period recordings of the 1982 Ometepec, Mexico doublet by the World 

Wide Standardized Seismograph Network (WWSSN), the Global Digital Seismograph 

Network (GDSN) and the International Deployment of Accelerograph {IDA) are used 

in the present study . Station distribution around the doublet epicen tral area 

(16.5° N,98.2° W) is shown in Figure 2.3 and the stations used for body and surface 

wave analysis for both events are listed in Table 2.1. Surface-wave analysis for these 

large events gives estimates of source orientation and seismic moment at 180 to 350 s 

periods (e.g. , Kanamori and Given, 1981, 1982; Lay et al. , 1982) . Body-wave model

ing that can determine the depth, the detailed source time history of the event, and 

the seismic moment at shorter periods (e.g. Kanamori and Stewart, 1 976) are 

presented in Section 2.3. 



- 24-

Figure 2 .3 : Azimuthal equidistant world map centered at the Ometepec, Mexico, 
doublet epicentral area (16.5°N,98.2°W ). The triangles indicate the location of 
WWSS , GDSN and IDA stations used in this study. 
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Table 2.1: Stations used in the Body and Surface Wave Analysis 

Station Location type 6. Az Phases Used 
(deg) 19821 19822 

KEVO Kevo, F inland DWWSS 86.0 16 5 p p 
KEV Kevo, Fmland WWSS 86.0 16 5 p p 
KJF Kajaam, F inland 89.6 20 7 p p 
NUR Nurmijarvi , Finland WWSS 90.9 24 4 p p 
AKU Akureyn, Iceland WWSS 71 .2 25 5 p 
GACO Glen Almond, Canada SRO 34.9 28.4 p R2,R3 G3 p G3 
SSB Saint-Sauveur, France IDA 87.4 43.4 Rl,R2 R2 
KONO Kongsberg, Norway ASRO 84.8 28.9 p R1 ,R2 G1,G2 p R2,R3 G1,G2 
KON Kongsber, Norway WWSS 84.8 28 9 p p 
SCP State College PA, USA DWWSS 30.2 31.9 p p 
ESK Eskdalemuir, Scotland WWSS 79.6 35 .3 p p 
GRFO Grafenberg, Germany SRO 89.8 37 6 p R2,R3 G3 p R2,R3 G2,G3 
HAL Halifax, N.S , Canada IDA 40.3 38.7 R2,R3 R2 
TOL Toledo, Spain wwss 82.9 50.5 p p 
BCAO Bangut, Central Afr. Rep. SRO 114.3 77.1 G1 G1 
BOCO Bogota, Colombia SRO 26.5 113.5 R2,R3 G2 R2,R3 G2,G3 
ZOBO Zongo Valley, Bolivia ASRO 44.1 135.8 p G2 p G2 
ARE Arequipa, Peru WWSS 42.1 139.5 p p 
NNA Nana, Peru WWSS,IDA 35.4 143 4 p p 
LPA La Plata, Argentina wwss 63.9 143 4 p p 
TLL Tololo, Chile 53.3 150.0 p 
SNZO South Karori, New Zealand SRO 98.3 229.6 p R2 G1,G2 p R1,R2 G1,G2 
CTAO Charters Towers, Australia ASRO 118.8 255 9 p R 1,R2 G2,G3 R 1,R2 G1 ,G2 
GUA Guam, Mariana Island IDA 110.7 291.8 R2 R2 
GUMO Guam, Mariana Island SRO 110.7 291.8 R1,R2 G2,G3 p R1 ,R2 G2,G3 
TATO Taipet, Tatwan SRO 123.3 315.8 p R1,R2 p R1 ,R2 G3 
MAJO Matsushiro, Japan ASRO 105.0 315 9 p R2 G1 ,G2 p R2,R3 G2,G3 
MAT Matsushiro, Japan WWSS 105.0 315.9 p p 
ERM Erimo, Japan IDA 98.8 318.5 R2 R2 
LON Longmire WA, USA DWWSS 36.0 332.4 p p 
KMY Kunmmg, PRC IDA 133.8 333.1 R1,R2 R1 ,R2 
CMO College, Alaska, USA IDA 58.6 337 6 R2,R3 R2,R3 

2.2 Surface-wave Inversion 

We use the inversion method described by Kanamori and Given (1981) for long-

period surface waves to determine the source parameters from Rayleigh and Love 

waves recorded on the GDSN and IDA network. We filter all phases R1-R3 and G1-
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G3 between 60 and 1500 seconds, and discard the Rl and Gl waves contaminated by 

nonl inear transients. We first compute the amplitude and phase spectra of both Ray

leigh and Love waves at a period of 256 s. Redundant pairs (e.g., R1 and R3) give 

consistent results in most cases, ensuring the good quality of the data. 

We then invert the spectral data to obtain the five moment tensor elements Mxx 

, Myy , Mxy , M2x and M_y, assuming that the isotropic component is zero. However, as 

discussed by K anamori and Given (1981), two of the five elements, Mzx and M
1
y 

become indeterminate for shallow (d < 30 km) events. In order to overcome this 

difficulty we invert the data, using three different sets of constraints. 

First, following Kanamori and Given (1981), we set Mxz=My2=0, which is 

equivalent to restricting the solution either to a 45° dip-slip or to a vertical strike-slip 

fault. Despite this restriction, the solutions obtained with these constraints provide 

useful gross estimates of fault geometry and seismic moments. In the following, these 

solutions are called "constrained moment tensor solutions." 

An alternative method is to use the P-wave first-motion data to determine the 

source parameters that are not resolvable by surface-wave data. Implicit in t his 

method is the assumption that the same fault geometry is responsible for both P and 

surface-wave radiations. It is often possible to determine one of the nodal planes by 

P-wave first-motion data. In such a case, we constrain the parameters (dip angle and 

strike) of this nodal plane and invert the surface-wave data to determine t he other 

nodal plane and the seismic moment . We call this type of solution " fault constrained 

solution. " 

When the P-wave data do not completely constrain one of the nodal planes, we 

use a third method described in detail by Kanamori (1983). In this method , we 
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Figure 2 .4 : Phase and amplitude spectra of Rayleigh and Love waves at 256 sec 
period of the 19821 Ometepec earthquake (June 7, 1982, 06h52m ). The phase spectra 
have been corrected for source finiteness using r=12sec. The solutions are listed in 
Table 2.3. The solid cu rves are for the solution obtained by inversion of the ampli
tude and phase data and the dotted curves are for the solution obtained from the 
amplitude data aloRe. 
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Figure 2 .5 : Phase and amplitude spectra of Rayleigh and Love waves at 256 sec 
period of the 19822 Ometepec earthquake (June 7, 1982, 10h59m ). The phase spectra 
have been corrected for source finiteness using r=16sec. The solutions are listed in 
Table 2.3. The solid curves are for the solution obtained by inversion of the ampli
tude and phase data and the dotted curves are for the solution obtained from the 
amplitude data alone . 
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constrain Mzx and Mzy with respect to the moment tensor element with the largest 

absolute value, Mr , (i.e., Yir = Ylxy Mxx + Myy or Mxx- Myy) such that the ratios 

a= Ylzy/ Mr and {3 = ~Mr are consistent with P-wave first-motion data. 

Hereafter, we call this solution " P-wave constrained solution." 

The fault finiteness and the finite rise time of the source dislocation function 

introduce a source phase delay. For events with fault lengths less than 100 km, this 

effect can be included by use of a source process time r, which can be empirically 

estimated from the earthquake magnitude (Kanamori and Given, 1981 , Nakanishi and 

Kanamori, 1982). The source process times r obtained from Table III of Kanamori 

and Given (1981) for the first and second events of the Ometepec doublet are 12 and 

16 seconds, respectively. For the inversion, we use a point source at a depth of 33 km 

for the first event and 16 km for the second event. Although the source depth cannot 

be resolved in detail by long-period surface waves, they do indicate that both events 

are shallow. Results of the inversion using the three methods described above are 

listed in Tables 2.2 and 2.3. Table 2.2 presents a comparison of the constrained solu

tion and the P-wave constrained solution for which the two fault planes are listed. 

The source parameters determined by inversion of surface-wave data with the steeply 

dipping nodal plane (dip and strike) constrained by the P-wave first-motion data are 

given in Table 2.3 and shown in Figures 2.8 and 2.10. In this inversion, the depth and 

source process time rare the same as those used in the moment tensor inversions. 

The solutions obtained by all three methods have about the same strike and slip 

angle that are consistent with subduction of the Cocos plate beneath Middle America. 

The similarity of these solutions indicates that the surface waves and the body waves 

are radiated from sources with similar geometry for these two earthquakes. Since the 
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Table 2.2: Constrained Solutions of Moment Tensor Inversion 

DATA 1982
1 

T = 256 s ,d = 33 km,r = 12 s T = 256 s,d = 16 km,r = 16 s 

InversiOn o=-0.42 o=+O 16 
Constramts Mxz=M~=O .8=+0.96 Mn=M~=O .B=- 1.96 

~-Mu+Myy ~-Mu+Myy 

Mxy * 0 041 ± 0.007 0.041 ± 0 007 0 035 ± 0.008 0.036 ± 0 008 
M~Myy 0 046 ± 0.012 0.046 ± 0.012 0 044 ±0.013 0.049 ±0 013 
Mxx+Myy -0.126 ± 0 .010 -0.119 ± 0.011 -0.113 ± 0.011 -0.114 ± 0 014 

M~ 0.0 0051 ± 0.0 0.0 0.008 ± 0 .0 

Mn 0.0 -0.115 ± 0.0 0.0 -0.096 ± 0 0 

Mo( 102edyne-cm) 1.26 1.76 1.13 1.53 

Dip (6) 45.0° 2 1. 2° , 68.9° 45.0° 25.8° , 66.1° 
Strike ( ¢>) 300.3° 303.6° , 115.5° 298.9° 307 .2° , 103 5° 
Slip ()..) 90.0° 97.5° , 87 .1° 90.0° 111.5° , 79.9° 

%minor D-C 786% 12.79% 7.62% 7.83 % 

# unit of the moment tensor elements is in l<f7dyne-cm 

Table 2.3: Fault Constrained Solutions 

1982
1 

1982
2 

DATA T=256 s, d=33 km, r = 12 s T=256 s, d= 16 km, r = 16 s 

Amp!. - Phase Amplitude Amp!.- Phase Amplitude 

Mo ( 10211 dyne-em) 2.35 2.82 2.42 2.75 

Dip ( 6) 77 .00, 13.0° 77.0°,13 00 78.0°,12.0° 78.00, 12.0° 

Strike ( ¢> ) 116.00,296.7° 116.0°,277 .2° 116.0°,302.4° 116.0°,274° 

Slip ()..) 88.3",97.0° 94.3°,69.5° 88.7°,96.0° 94.go,68.0° 

R.M.S. 0.47 0.05 0 .53 0 12 

Mw 6.85 6.90 6.86 6.89 
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steeply dipping nodal plane is very tightly constrained by the body-wave data, we 

prefer the fault constrained solutions given in Table 2.3, which include the results of 

inversion of the amplitude data alone, which show slightly higher moments than 

those obtained by inversion of both amplitude and phase data. This trend is caused 

by a slight mismatch of the phase data due to the lateral heterogeneity of the earth , 

and is commonly seen in this type of inversion (see Lay et al. , 1982, Nakanishi and 

Kanamori, 1982). The comparison of the data with the calculated amplitude and 

phase spectra is shown in Figures 2.4 and 2.5. The continuous line is the result of the 

amplitude and phase data inversion and the dashed line is the result of the amplitude 

inversion. In view of the good fit to the amplitude data, we use the results obtained 

by inversion of amplitude data in the following discussion. 

As a check on the source models obtained from the inversion of amplitude and 

phase data from surface waves (Table 2.3), synthetic seismograms of Rayleigh and 

Love waves were computed following the method described in Kanamori and Cipar 

(1974). The first 100 fundamental spheroidal and toroidal modes were used in the cal

culation, assuming a step dislocation and a point source at 33 and 16 km for each 

event of the doublet, respectively. Figures 2.6 and 2.7 show the agreement between 

the observed and synthetic waveforms, filtered from 120 to 1500 sec, for the stations 

used in the inversion (Table 2.1). The fit between the Rayleigh waves is better than 

that of the Love waves, since at 120 sec period the latter are more affected by the 

shallow lateral he terogeneities in the upper mantle than Rayleigh waves. The average 

seismic moment for the first event from Rayleigh waves is 2.4±1.1 X 1026 dyne em and 

from Love waves it is 4.5±2.3 X 1026 dyne em . For the second event it is 

2.1±0.7 X 1026 dyne em from Rayleigh waves and from Love waves is 5.3±3.0X 1026 
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dyne em . Overall the agreement observed between the waveforms is good and gives 

us confidence in the results of t he inversion. 

In 1982, as part of the U.S.G.S. monthly listing of epicenters, a preliminary 

moment tensor solution is given for all events M > 5.5 (Dziewonski et al. , 1981). The 

fault parameters listed for the Ometepec doublet are: M0 =2.9 X 1026 dyne em, 

¢1=268° , 61=10° , >. 1=48° , ¢2=130° , 62=83° and >. 2=9° for the first event and 

M0 =2.7X 1026 dyne em, ¢ 1=286°, 61= 12° , >. 1=76°, ¢2= 121° , 62=79°, and >.2=93° 

for the second event. Our solutions agree reasonably well with these results. 

2 .3 Modeling of Body Waves 

P-waves recorded by long-period seismographs of 22 WWSSN and GDSN sta

tions (Table 2. 1) are modeled for each event of the 1982 Ometepec doublet. Some of 

the P-waves modeled were recorded by stations of both seismic networks at the same 

location. 

We compute synthetic setsmograms usmg the method described in detail by 

Langston and Heimberger (1975) and Kanamori and Stewart (1976). First, the 

response of a homogeneous half-space to a point double-couple source with a tra

pezoidal time function defined by three time constants (t11 t2,t3) (see Figure 9, 

Kanamori and Stewart, 1976) is computed. The direct P and surface-reflected phases 

pP and sP are included. Then the attenuation operator and the instrument response 

are convolved to obtain the synthetic seismogram. Using the synthetic seismograms 

thus computed, we determine the source orientation, depth and the dimensions of the 

trapezoidal time fun ction. Near-nodal stations are important to determine the source 
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orientation. Although there is some trade-off between the source depth and time func

tion in fitting the observed seismogram at a particular station, use of many stations 

distributed over a large azimu thai range reduces this trade-o~ significantly. 

In order to compare the fault parameters of the Ometepec doublet directly with 

those of other large earthquakes along the Middle America trench , we use the same 

velocity model as that used by Chael and Stewart (1982): vP = 6.1 km/ s, v5 = 3.5 

km/ s and p = 2.6 g/ cm3 
. The Ometepec doublet has simple waveforms, like other 

large shallow earthquakes (Ms > 7) along the Middle-America trench (Figure 1.3) and 

also the smallest peak-to-peak amplitudes of the events displayed on the figure. 

Figure 2.8 shows the observed and synthetic P-waves recorded at 22 WWSSN 

and GDS stations for the 19821 Ometepec event (June 7, 1982, 06h52m ). The 

source orientation can be resolved within a few degrees since near-nodal records are 

available. The source time function obtained is (2,6 ,8) for a point source depth of 20 

km. The depth and rupture time can be resolved within ± 3 km and ± 1 sec for a 

given velocity model. The seismic moment at each station is given in Figure 2.8 and 

the average moment at non-nodal stations within teleseismic distances (30° to 90°) is 

110 =1.5±0.4 X 1026 dyne em. 

The second event of the Ometepec doublet is slightly more complicated than the 

first one. This relative complexity is seen in the first pulse of WWSSN records , sug

gesting a double source for this event. Initially the P-wave data were modeled with a 

single source at a depth of 15 km and a source time function (7,10,17). The synthetic 

seismograms fit the overall waveform of the observed records at most stations, but 

not the near-nodal stations. A double-source model fits all the stations better. A 

comparison of the single and the double-source model for a station near the radiat ion 
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MAJO 

L....L......J 
60 sec 

Figure 2.8: Observed (upper) and synthetic (lower) P-waves seismograms of the 
19821 Ometepec event (June 7, 1982, 06hs2m). The synthetics correspond to the focal 
mechanism, depth and source time function shown. The seismic moment at each star 
tion is given in 1026dyne-cm. The average , Mo=l.49 X 1026dyne-cm, is computed with 
the values of non-nodal stations within a distance range from 30° to 90°. Values in 
parentheses are excluded. 
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pattern maximum , I<EV, and a near-nodal station , ARE, clearly shows (Figure 2.9) 

t hat the double source is better. The observed and synthetic P-waves recorded at 22 

\V\VSS!'; and GDSN stations for t he 19822 Ometepec event (June 7, 1982, 10h59m) are 

shown in Figure 2.10. The first source is at a depth of 15 km with a source time fun c-

tion (3,6,8) and contributes 25 % of the total seismic moment. The second source is 

located at 10 km depth with source time function and contributes 75 % of the total 

seismic moment of the event. The orientation of the sources is similar. The separation 

between the two sources can be resolved to within 1 second, the time constan ts of the 

sou rce time function are determined to ± 1 second, and the contribution of each 

source to the seismic moment is accurate to 10 %. The depth of the first source is 

resolvable to within ± 3 km and the second source within ± 5 km. The orientation of 

the second source is controlled by t he near-nodal stations (ZOBO, ARE, NNA, LPA) 

and its contribution to the total seismic moment by the waveforms at all stations. 

The seismic moment estimated at each station is given in Figure 2.10 and the average 

moment from non-nodal stations within 30° and 90° is Mo=2.8±0.6 X 1026 dyne em. 

Table 2.4: Results or Body Wave Modeling ror the Ometepec Doublet 

Event Source t ime %Mo Fault parameters ~10 
delay function Depth Strike D1p Slip 

(s) (s) (km) (¢>) (6) (A) ( 10211dyne-cm) 

19821 0 (2,5,8) 100% 20 293° 13° 78° 1.49 

19822 0 (3,6,8) 25% 15 296° 12° goo 

6 (2,6,10) 75% 10 285° 110 66° 2 75 
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Az = 16.5° 

- 38-

DATA 

1- SOURCE 

~c 
----- .4,=296° 8=12° >..=90° 'f" > I 

d=l5km 

2-SOURCES 
~ 03 68 sec 

¢=296°, 8= 1 2~ >..=90 
d = 15km 

[\ 
---w's i'2'16 sec 

¢=285°, 8 = II ~>.. =66° 
d = 10 km 

ARE !::::. = 42.1° 
Az= 139 .5° 

60sec 

Figure 2 .9 : Comparison of !-Source and 2-Source models for KEY and ARE. Notice 
that the !-Source model can explain the overall waveform observed at KEY, but it 
fails to match that of ARE (near-nodal). The 2-Source model can fit the waveforms 
at both stations. 
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KONO )~V . ~~~JO 

LJ-J 
60 sec 

Figure 2 .10: Observed (upper) and synthetic (lower) P-waves from of the 19 22 

Ometepec event (June 7, 1982, 10h59m). The focal mechanism in the middle indicates 
the geometry of the first source (continuous line) and the second source (dashed line) 
used for the P-wave modeling. The source time function, depth and the seismic 
moment ratio for each source are shown. The seismic moment at each station is given 
in 1026dyne-cm. The values at non-nodal stations within a distance range from 30° to 
90° are used to calculate the average seismic moment, M0 =2.75 X 1026dyne-cm . 
Values of stations in parentheses are not included. 
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Table 2.4 summarizes the results from the body-wave modeling. Although the 

absolute dep ths determined by the modeling of body waves are shallower than those 

reported by the U.S.G.S. {40.5 and 33.8 km, respectively), the trend that the first 

event is deeper than the second is consistent with the U.S.G.S. results. Our depths 

are in good agreement with those determined by a local network 25 and 8 km, respec

tively. 

2.4 Tectonic Implications of the 1982 Ometepec Doublet 

The results obtained by inversion of surface waves are in general consistent 

with those obtained by P-wave modeling. The seismic moments determined by the 

two methods are about the same for the second event of the doublet . However, for 

the first event the seismic moment determined by P-wave modeling is about half that 

obtained by surface-wave inversion (Tables 2.3 and 2.4). 

The focal mechanisms indicate thrusting of the Cocos plate under the North 

America plate in a northeasterly direction , with a small right lateral component (Fig

ures 2.8 and 2.10). These results are consistent with the relative plate motion (Min

ster and Jordan , 1978) and with local structures in the area, namely , the right lateral 

displacement of the Ometepec Canyon (Shipley et al. , 1 980) . The source time func

tion of the events is simple, as are those of othe r large events along the Middle Amer

ica trench (Chael and Stewart, 1982). 

An important aspect of the doublet occurrence lS the triggering mechanism. 

Both of the Ometepec events have about the same seismic moment , 2.8 X 1026 dyne 
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Figure 2.11: Profile of the Middle America trench near the Ometepec region after 
Couch and Woodcock (1981). Stars show the locations of the Ometepec doublets. 
Arrows indicate the relative motion between the plates. Note that the first event of 
the doublet is deeper than the second. 
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em. The hypocenter of the first event is deeper and its source time function is 

shorter by a factor of two, suggesting that the first event represents failure of a 

smaller and deeper asperity , and the failure of the deeper asperity triggered the shal

lower one (F igure 2.11). The slip direction of the first event is perpend icu lar to the 

trench , forming a 13° angle wi th the convergence direction of the Cocos plate at the 

Ometepec region, whereas the slip direction of the main source of the second event is 

parallel to it. A similar difference between the slip vectors of the doublet events is 

also observed for the Solomon Is lands doublets. The difference, however, is small, 

since the subduction along this boundary is not as oblique as in t he Middle America 

t rench. This difference may indicate that the first event of doublets reflects more local 

stress heterogeneities on the fault plane t han t he second one. 

2 .5 Doublets along the Middle-America Trench 

Along the Middle-America trench , seismic doublets similar to t he 1982 Ometepec 

doublet are relatively frequent . Here we define a doublet by a pair of large events 

with magnitude difference of no more than 0.2 units, spatial separation of less than 

100 km, and temporal separation of less than 3 months. T able 2.5 lists doublets 

according to this definition along the Middle-America trench . Note t hat under this 

definition the first event of a doublet has smaller magnitude than the subsequent 

event , since in the other case the second event will be considered an aftershock of the 

first one and thus it becomes a matter of semantics. There are several regions in the 

world where doublets or multiplets occur frequently ; the Solomon Islands region (Lay 
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and Kanamori, 1980; Wesnousky et a!. , 1986) and the South-West Japan (Ando, 

1975) are among typical examples. 

Table 2.5: Seismic 'Doublets' along the Middle America Trench 

Region D ate Time Location Ms Time In ter val 
Hr.Mm. la.t{ 0 N) long( 0 W) Depth (hours) 

6 Ma.y 11, 1962 1411 17.25 99.58 40 70 
Ma.y 19, 1962 1458 17 12 99 .57 33 72 192 

7 June 7, 1982 0652 16.348 98.368 25 6 .9 
June 7, 1982 1059 16.399 98.538 8 7 .0 4 

8 Aug. 4, 1928 1828 16.83 97 .61 s 7 .4 
Oct. 9, 1928 0301 16.34 97 .29 s 7 .6 1584 

18 Apr.24, 1916 0802 11 85 s 73 
Apr.26, 1916 0221 10 85 s 73 42 

Lay and Kanamori (1980) argue that the existence of relatively large isolated 

asperities (areas with increased strength) on the fault contact plane is responsible for 

the frequent occurrence of doub lets in the Solomon Islands region. Other important 

features observed for the Solomon Islands region include a relatively high plate con-

vergence rate (11 cm/y r), and short (30 yr) recurrence times for large earthquakes. 

The subduction zone along the Middle-America trench exhibits many of t hese features 

as discussed in the previous section. Also, Singh eta!. (1982b) found that the number 

of large ear thquakes (Ms2:7) that have occurred since 1904 along the Mexican subdue-

tion zone is significantly larger than expected from the conventional magnitude-

frequency relation. They suggest that the asperities responsible for these events have 

about t he same s ize. This relatively uniform asperity size may be a favorable factor 

for the occurrence of doublets. 
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Chapter 3 

The Rupture of the Michoacan Seismic Gap: 1981-1986 

3.1 Introduction 

The Michoacan seismic gap was originally identified by Kelleher et al. (1973). 

Later, however Singh et al. (1980a) reassessed the seismic potential of the Michoacan 

gap to suggest that, due to the presence of the Orozco fracture zone, this segment of 

the Cocos-North American plate boundary may be aseismic or may have longer 

recurrence periods than adjacent segments along the Mexican subduction zone. In 

recent years several large earthquakes have occurred in the Michoacan gap: The Playa 

Azul (Ms=7.3) earthquake on October 25, 1981 (18.048° N, 102.084° W Havskov et 

al. , 1983), which occurred in the center of the Michoacan Gap; then on September 19, 

1985, the Michoacan (Ms=8.1) ear thquake occurred to the northwest of this seismic 

gap, and on September 21, another large (M5=7.5) event occurred to the southeast of 

the gap; the latest large event (Ms= 7.0) of this sequence occurred on April 30, 1986, 

close to the northwest boundary of the former Michoacan gap. 

The September 19, 1985 Michoacan, Mexico earthquake with M5= 8.1, was the 

most serious natural disaster to date in Mexico's history; the earthquake caused over 

10,000 deaths in Mexico City and left an estimated 250,000 homeless . The epicenter 

from t.he National Earthquake Information Center (NEIC) in Golden , CO, is 18.27°N, 

102.31°W, with an origin time of 13h 17m 48.ls U.T. The major aftershock , itself a 
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large earthquake wi th Ms=7.5, occurred 115 km southeast of the main shock on Sep

tember 21 at Olh 17m 13.6s U .T ., at 17.81°N, 101.65°W. Another large aftershock 

occurred on April 30, 1986 (M5=7.0) , about 50 km northwest of the main event at 7h 

7m 18.8s, at 18.405°N, 102.979°W. These locations are for a fixed depth of 33 km 

(Figure 3.1). The epicenters given by the local network are for the main shock 

18.141°N, 102.707°W, and for the September 21 aftershock 17.618°N, 101.815°W, both 

hypocenters are fixed at 16 km depth (UNAM Seismology Group, 1986). The 1981 

Playa Azul earthquake local epicenter is 17.75°N, 102.25°W with the depth fixed at 

20 km (Havskov et al. , 1983). 

The most severe damage from the earthquake occurred in Mexico City, 350 km 

away from the epicenter, where over 800 buildings suffered severe structural damage, 

including several collapses. The structural damage was concentrated in a well-defined 

area of the city , where ground accelerations of 0.2 g were recorded with a strong spec

tral peak centered at a frequency of 0 .5 Hz (Prince et al. , 1986). Apart from Mexico 

City , severe damage also occurred in the town of Ciudad Guzman in Jalisco, 250 km 

from the epicenter. Damage in the epicentral area consisted of landslides in road cuts 

and river canyons, bent railroad tracks, and structural damage to bridges and to the 

Morelos Dam curtain. Other coastal cities were relatively undamaged. The unpre

cedented amount of damage in Mexico City raised the question of whether the earth

quake source was inherently different from typical Middle-America subduction zone 

events. Amplifications of intensities and ground accelerations had been observed in 

Mexico City from other earthquakes, and had been attributed predominantly to a site 

effect caused by an old lake basin that underlies the city (Bufaliza, 1984; Duke and 

Leeds, 1959) . 
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Chapter 3 presents a detailed analysis of the teleseismic source characteristics of 

the recent events that occurred in the Michoacan gap. We infer the slip and stress 

distribution in this region and determine the differences between the September 19, 

1985 earthquake and previous events occurring along the Mexican trench. In addition , 

we summarize the faulting mechanism and seismic moment results by other investiga

tors and the historic seismicity in this region. 

3.2 Summary of Historic Seismicity near the Michoacan Gap 

Figure 3.1 shows the aftershock areas of all large (M>7) shallow thrust events 

that have occurred offshore coastal Mexico since 1950. Segments of the plate interface 

immediately adjacent to the Michoacan gap have experienced recent events at short 

and regular intervals. T o the northwest, the Colima area recently had events in 1941 

and 1973 (a 32 year interval). In 1957, the Acapulco earthquake (M5=7.5) occurred in 

southern Guerrero. This event was also damaging in Mexico City, but the number of 

structures experiencing complete collapse was far less than for the Septem her 19 5 

earthquake. South of the Acapulco event, the plate interface is fairly well filled in 

with recent large earthquakes: the 1982 Ometepec doublet, and the Oaxaca earth

quakes of 1968 (M5=7.5), 1978(M5=7.8) and 1965(M5= 7.6). The dashed regton 

shown in Figure 3.1 is the aftershock zone of the 1932 Jalisco earthquake (M5=8.1), 

the largest earthquake in Mexico prior to 1985 (Singh, et al., 1985a). This event rup

tured the interplate boundary between the Rivera and North American plates and 

has a longer recurrence interval. 
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The area between the 1973 Colima earthquake and the 1957 Acapulco earth

quake had been designated a seismic gap in several studies of global earthquake 

activity (Figure 1; Kelleher et a!. , 1973; McCann et a!. , 1979). Depending on con

sideration of a large earthquake in 1943 in the center of this segment, the area was 

discussed as either a single gap of large dimensions (~400 km) , or two separate gaps 

to the north and south of the 1943 event. In 1979 the Petatlan earthquake occurred 

in the center of the segment at the same location as the 1943 event, clearly separating 

the region into two quiescent zones designated the Michoacan and the Guerrero gaps, 

each approximately 150 km long (Singh et al., 1981). 

The last large earthquake (M5=7.9) in the Michoacan gap was in 1911; its loca

tion had been determined by Gutenberg and Richter (1954). On the basis of damage 

reports of the 1911 earthquake and the relocation of an aftershock , Singh et a!. 

(1980a) suggested that the event was not located offshore Michoacan but about 200 

km further northwest in Jalisco (19.7° N, 103.7° W). This suggestion and the lack of 

other large Michoacan earthquakes in the historic record (see Figure 1.2) led several 

researchers to consider that the Michoacan area might be a " permanent" seismic gap 

due to the influence of the Orozco fracture zone (Singh et al. , 1980a; McNally and 

Minster, 1981). Locally, the fracture zone is a broad area of disturbed seafloor that 

intersects the Middle-America trench for about 150 km in the Michoacan area. One 

possible explanation of the lack of large earthquakes in Michoacan was that the 

Orozco fracture zone was affecting the subduction process locally such that the area 

was subducting aseismically, or at least more slowly than adjacent regions of the 

plate boundary. In southern Oaxaca where the Tehuantepec Ridge is subducting, 

there are likewise no known large (M> 7) earthquakes in the historic record since at 
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least 1800 (Figure 1.2, regton 11) . Alterations of subduction characteristics such as 

local decrease in seismicity, a local change in the dip and depth extent of the Benioff 

zone, and a local change in the stress axes of earthquakes have been observed in 

many other circum-Pacific regions where ridges, fracture zones, and other areas of 

topographically anomalous seafloor are subducting (Kelleher and McCann, 1976; Vogt 

et al., 1976). The occurrence of the great earthquake in Michoacan in 1985 suggests 

that the seismic potential of areas similar to the previous Michoacan gap, such as 

southermost Oaxaca near the T ehuantepec Ridge, should be carefully examined. 

3 .3 Earthquakes in the Michoacan Region 

In 1981 , the P laya Azu l earthquake (Mw=7.3) occurred in the center of the 

Michoacan gap (Figure 3.1). Its aftershock area, seismic moment and inferred slip 

indicated that the event was not large enough to fi ll the gap (Havskov et al., 1983; 

LeFevre and McNally , 1985). This event was widely felt in southern Mexico, causing 

damage in the state of Michoacan and in :\1exico City, where 11 people were injured 

and one person died. 

The epicenter of the September 19, 1985 earthquake was located in the northern 

segment of the Michoacan gap between the 1973 and the 1981 aftershock zones, as 

shown by the large star in Figu re 3.1. Preliminary locations from NEIC of after

shocks that occurred within one month of the earthquake are indicated by filled trian

gles. Events are shown only if 10 or more arrival times were reported and magnitude 

was >3.5. The aftershocks generally lie between the limits of the 1973 and 1979 

zones, and there is some indication that there was less aftershock activity within the 
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small zone that slipped in the Playa Azul earthquake. The largest aftershock 

(Ms=7 .5) occurred approximately 36 hours after the main shock , on September 21 

(small filled star), in the southern portion of the gap between the 1981 and 1979 

aftershock zones. A portable seismic network was installed near the epicentral area a 

few hou rs after t he main shock occurred by the Seismology Group of the National 

University of Mexico (UNAM). They determined that the one-week aftershock areas 

for the September 19 and 21 events were 170X50 km2 and 66X33 km2, respectively. 

They noticed that all the aftershocks associated with the main shock were shallower 

than 30 km and defined a plane dipping at a shallow angle (10 to 15°) northeastward 

from the trenc h. Some of these events fell within the rupture area of the 1973 Col

ima earthquake, but on ly a few aftershocks were located within the 1981 Playa Azul 

aftershock zone. The aftershocks of the September 21 event partially overlap with the 

1979 Petatlan rupture zone; however, t hey were located predominan tly updip of the 

Petatlan aftershocks (UNAM Seismology Group, 1986). After several months of 

decreasing seismic activity in the Michoacan region , a large aftershock (M5= 7.0) 

occurred on April 30, 1986. This event was located about 50 km northwest of the 

September 19 earthquake (open star in Figure 3.1). 

Coseismic coastal uplift from the great Michoacan earthquake was evidenced by 

large scale mortality of intertidal organisms. The uplift was of the order of 100 em in 

the northern part of the main shock rupture zone was measured by Bodin and 

Klinger (1986), and decreased to only 15 to 30 em toward the southeast along the 

coast of Guerrero, probably because the trench axis is farther from the coast in th is 

region ; however, they saw no evidence of subsidence. Ortega et al. (1 985), afte r 

reconnaissance of the epicentral area, reported fractures on a NW-SE direction. local 



- 51 -

collapses of about 100 em and liquefaction and mud volcanoes associated with the 

intensely fractured regions. The local tsunami was about 2.5 m at Zihuatanejo, Guer

rero, causing only minor damage to coastal structures. 

In light of the September 1985 Michoacan ear thquake, we reconsidered the loca

tion of the 1911 event, placed offshore Michoacan by Gutenberg and Richter (1954) 

and in Jalisco by Singh et a!. (1980a) . The li terature indicates that the intensity pat

tern of the 1911 event is similar to the 1985 earthquake, suggesting a similar epicenter 

near coastal Michoacan. For example, the " center of disturbance" in te rms of deaths , 

damage to homes , and strong shaking from the 1911 event was placed near Ciudad 

Guzman in Jalisco (Branner, 1912; Figueroa, 1959). This town was also severely 

impacted by the 1985 Michoacan earthquake in terms of damaged homes and deaths. 

Further, t he 1911 event caused fatalities in Mexico City and had the highest intensity 

in the city (VIII) of any earthquake during the reporting period of 1900-1959 

(Figueroa, 1959). Thus, the 1911 event may have been felt as strongly in Mexico City 

as the 1985 earthquake, but was less damaging there because of the smaller popula

tion and smaller degree of urban development in 1911. We reexamined the supporting 

material for Gutenberg's epicenter determination (Goodstein et al. , 1980) and found 

that time difference between S and P waves from 3 stations in Mexico (Mazatlan, 

Oaxaca and Merida) and one direct P-time from Tacubaya (Mexico City) were 

included among the 20 arrival times used to determine their epicenter. The conclu

sion of Singh et a!. (1980a) that the event had actually occurred in Jalisco was 

strongly based on the eart hquake's destructive effects in Ciudad Guzman. Considering 

the similari ty of the intensity patterns of the 1911 and 1985 events, and the fact that 

arrival t imes from nearby stations had been used in the original location , we take t he 
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Michoacan location of Gutenberg and Richter {1954) as the more likely epicenter for 

the 1911 earthquake. This epicenter is at 17.5°N, 102.5°W , 87 km south of the Sep

tember 1985 Michoacan earthquake. With the 1911 eve~t, the estimate of the 

recurrence period of large subduction earthquakes in the Michoacan area is 74 years. 

Astiz and Kanamori (1 984) determined observed recurrence periods for the Colima 

and Petatlan segments adjacent to the Michoacan segment at 21.3±10.5 yr and 

35.5±0. 7 yr, respectively . 

Last century the large earthquake of November 23, 1837 (M~7 3/ 4) may have 

occurred near or in the Michoacan gap region . The epicenter listed by Singh et al. 

{1981) is 20.0°N, 105.0°W, in the Jalisco region; however, damage reports gathered by 

Singh (written communication) and Orozco y Berra {1887) indicate that this event 

was widely felt in southern Mexico, especially in the states of Michoacan and Guer

rero. This earthquake caused considerable damage to the cities of Guadalajara and 

Mexico (Figure 3.1), where it was described as "extraordinary for its strength and 

duration." In Acapulco the motion was described as " ondulatory type" and it was 

suggested that it may have occurred elsewhere. This event was also felt strongly in 

the city of Oaxaca. Note that the population density in the early 1800's in the 

Michoacan coast was scarce; thus, if this earthquake actually occurred in this region 

it may have gone unnoticed. To the north , in the coastal cities of Manzanillo and 

Puerto Vallarta, it was reported only as " felt " but there were no reports of extraordi

nary damage or tsunami. The September 19, 1985 earthquake was also widely felt 

throughout southern Mexico, especially in the states of Guerrero and Michoacan , sug

gesting that the 1837 earthquake may have occurred in or near the Michoacan gap 

reg10n. If we assume that the 1837, 1911 and 1985 events broke a similar segment of 
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the Middle-America trench, then the recurrence period for this regton is 74 years; 

however, location errors for the 1837 and 1911 events are at least of the order of 1°. 

3 .4 Teleseismic Source Characteristics from Body-wave Modeling 

Forward modeling of teleseismic P waves over a wide azimuthal range was done 

to determine the focal mechanism , point source depth, and source time function of 

the recent earthquakes that occurred in the Michoacan gap, using the geometric ray 

approach described in Langston and Heimberger (1975) and Kanamori and Stewart 

(1976). Initial control on the focal mechanism was provided by nume rous P-wave 

fi rst motion data read from long-period WWSSN seismograms. T he fi rst motion data 

constrain one steeply dipping nodal plane in most cases and the orientation of the 

second plane was resolved with waveform modeling. Th ree rays (P , pP and sP) were 

used and half-space velocities of vp=6.2km/ s and v5=3.5km/ s with a density of 

p=2.6g/ cm3 were assumed. 

The Playa Azul Earthquake 

Modeling of 17 long-period WWSSN P-waves of the October 25, 1981 Playa Azul 

earthquake indicates t hat this event has two point sources at 27 km depth with a 

total duration of 15 s as shown in Figure 3.2. The fi rst source contributes to 15% of 

t he tot al seismic momen t. T he fault parameters determined from the P-waves are 

theta=285°, 6=11 °, "A=75° and are consistent with previous studies (Havskov et al. , 

1983; LeFevre and McNally, 1985). The average seismic moment recovered from 

non-diffracted P-wave is 7.2X 1026 dyne em. The epicenter given by Havskov et al 

(1983) for the Playa Azul event (17.75°N, 102.25°W) had a fixed depth at 20 km; 
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however, the aftershocks with good depth determinations were as deep as 26 km. 

They also point out that the aftershocks are clustered in two groups on either side of 

the mainshock location, suggesting the presence of two asperities. This is also con

sistent with the source time function determined above. 

The September 19, 1985 Michoacan Earthquake 

The focal mechanism of the great Michoacan earthquake that occurred on Sep

tember 19, 1985, was constrained by numerous P-wave first motion data read from 

long and short-period WWSSN seismograms that were offscale for most stations with 

large magnification, but mostly the first motion direction was clear. First motion data 

are plotted in Figure 3.3 and listed in Table 3.1. T he first motion data constrain one 

steeply dipping nodal plane with dip 81° and strike 127°. 

Figure 3.3 shows observed P wave seismograms from 12 \V\VSS N stations and 

one GEOSCOPE station (SSB) and synthetic seismograms calculated for the focal 

mechanism, point source depth , and time fu nction that provided optimal waveform 

fit for the mainshock. The time function is a multiple source consisting of two tra

pezoids of equal duration (16 s) and seismic moment, with the second source begin

ning 26 s after the first on average. The point source depth is 17 km, and the focal 

mechanism shows an overall thrust geometry on a low-angle plane (8=9°, 8=:288°, 

>-=72°). The horizontal projection of the slip vector orientation is N39°E, which 

agrees with the local convergence direction of the Cocos plate calculated at the ep i

center from the RM2 pole of rotation (Minster and Jordan , 1978). The seismic 

moment estimated from the P wave amplitudes is 7.2 ± 1.6 x 1027 dyne em. Yfany of 
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the P waves were diffracted arrivals (6. > 100°) and these were not used m the esti-

mate of seismic moment. 

Table 3.1: P-wave Data from WWSSN Stations for the September 19 Event 

Station Distance Azimuth p Ap, AP2 to 
(de g) (deg) (em) (em) (sec) 

AKU Akureyri, Iceland 71.2 25 .8 c 30.2 23.5 26 
ESK Eskda.lemuir, Scotland 80.3 34.9 c 27.1 23 5 26 
LPA La. Plata., Argentina 67.6 141.5 D 6.7 9.8 21 
PEL Peldehue, Chile 59.5 149.1 D 4.1 7.1 21 
SBA Scott Base, Anta.rtica. 107.9 192.9 D 1.2 2.1 (24) 
WEL Wellington, New Zealand 96.6 228.8 D 37 48 28 
RAR Rarotonga, Cook Islands 68.5 2376 D 72 92 28 
ADE Adelaide, Australia 123.5 239.8 D 0 .5 0.6 (29) 
AFI Afiamalu, Western Samoa 75.4 249.8 D 4.8 6.4 28 
CTA Charters Towers, Australia 115.5 256.0 D 0.9 07 (29) 
GUA Guam, Mariana Islands 106.4 290.6 c 22 1 6 31 
DAY Dava.o, Philippines 126.3 293.6 c 1.0 08 
BAG Ba.guio, P hilippines 125.4 306.5 c 1.1 1.0 
ANP Anpu, Taiwan 119.2 313.9 c 1 8 1 3 (31) 
MAT Matsushiro, Japan 101.0 314.3 c 4.8 4.0 31 
SHK Shiraki, Japan 106.1 315.2 c 3.9 2.7 31 
HKC Hong Kong, China 126.0 316.9 c 0.7 06 (31) 

Ap1 - Peak-to-peak ampl itude at Ma.g=750 of the first P-wave pulse 
AP2- Peak-to-peak amplitude at Mag=750 of the second P-wave pulse 
P - Polarity of the P-wave 
t0 - Time delay between the first and second source 

It was necessary to adjust the time separation t0 between the two sources as a 

function of azimuth to obtain the best waveform fit . The time separations range 

from a minimum of 21 s for South American stations in southeast azimuths to a max-

imum of 31 s for Japanese and mid-Pacific stations in northwest azimuths (Figure 

3.4). European stations (northeast azimuths), South P acific and Australian stations 

(southwest azimuths) , and Antarctica (to the south) have intermediate time 
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MAT 

IP; = ~. - tPsi T:::::::: 26s 

. 5 6 5 5 6 5 s 

----to _____.. 

AKU 

0 
I 

1min 
I 

Figure 3.4: Obse~ved and synthetic P-wave traces from three selected long- period 
WWSSN stations. The time separation t0 between the trapezoidal source time func
tions decreases from northwest to southeast, indicating directivity. From the azimu
thal variation of t0 , the spatial and temporal separation between the two sources 
(stars) and the rupture direction (arrow) can be estimated. 
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separations of 26 s, 28 s, and 24 s, respectively. This systematic variation indicates 

that the second source was located to the southeast of the first. The actual time 

separation rat the source and spatial separation L of the subevents can be estimated 

from the azimuthal variation of t0 , which is given by 

L 
t =r-- cos4>· 01 I. 

Cj 
(l ) 

Here ci is the P-wave phase velocity for the i-th station and 4>i=4>r-4>si , where 4>si is 

the azimuth to the station and 4>r is the rup tu re direction. Using {1), the data listed 

in Table 1, and assu ming 4>r=120±5°, which is the local strike of the trench, we 

obtained r=26s and L=95km. 

The multiple source and southeast rupture direction have been noted by many 

studies of the source of the Michoacan earthquake. Two subevents or distinct dura-

tions of energy release were observed in strong motion accelerograms near t he epi-

center {Anderson et al., 1986). These records suggest that the second source occurred 

approximately 95 km southeast of the first (UNAM Seismology Group, 1986). Hous-

ton and Kanamori {1986) obtained a source time function similar to ou r results with 

two sources of equal seismic moment followed by a smaller th ird source, using telese-

ismic broad-band records from the Global Digital Seism ic etwork (GDSN). From the 

directivity they estimated that the second source began 26 s after and 82±7 km east-

southeast of the first at azimuth 114°. Ekstrom and Dziewonski (1986) determi ned 

that the second source began 28 s after and approximately 70 km east-southeast of 

the first at azimuth 97°, using a broad-band GDSN data set similar to that used by 

Houston and Kanamori (1986). Priestley and Masters {1986) estimated a time separa-

tion of 25 s with the second source located 70 km southeast of the first. These results 
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are all consistent with the picture that the rupture began in the northern portion of 

the Michoacan gap (first source), propagated with low moment release through the 

rupture area of the 1981 Playa Azul earthquake, and then broke the remaining asper

ity in the southern segment of the gap (second source). The source depth and focal 

mechanism of the Michoacan earthquake are essentially the same as those of all other 

large Mexico interplate subduction events studied to date, but the double source time 

function is unusual. Most of the large Mexico subduction events have very simple 

time functions [Chael and Stewart, 1982], and for the few events that show a complex 

time function, the dominant moment release still occurs in one simple pulse (Astiz 

and Kanamori, 1984; Singh et a!., 1984). The exception is the 1932 Jalisco earthquake, 

which had a second event of equal size approximately 30 s after the first and a total 

seismic moment of about l.OX 1028dyne-cm, similar to the source of the Michoacan 

earthquake (Singh et al., 1984; Wang et a!., 1982). Earthquakes with larger seismic 

moments such as those in 1932 and 1985 in general have larger rupture zones, so that 

if the asperity distribution of the Mexico subduction zone is fairly homogeneous with 

moderate-sized asperities, a large (M > 8) earthquake will likely break through 

several asperities to create a multiple-source time function. 

The September fl, 1985 Aftershock 

Only a few P waveforms of the large Ms 7.5 aftershock on September 21 are 

available. The waveforms are consistent with a mechanism identical to the main 

shock, with a slightly greater source depth of 22 km (Figure 3.5). The aftershock time 

function is a single source with a duration of 13 s. The seismic moment recovered 

from the body waves is 1.2X 1027 dyne em. 
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Sept. 21, 1985 AKU M0 = 1. 1 

I 60s I 

SSB 1.2 GUA (0.5) 

M0 = 1.2 x 1027 dyne em 
@ =288° 8=9° >..=72° 

d=22 km 
___t\_ 

0 ~ 13s 

Figure 3.5: Observed (above) and calculated P waves for the aftershock of Sep
tember 21. The recordings are from a broad-band GEOSCOPE and long-period 
WWSSN stations at teleseismic distances. The observed waveforms are matched with 
the focal mechanism shown and a simple 13 s long trapezoidal source time function at 
22 km depth. 
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The April 80, 1986 Aftershock 

Long-period P-waves of the aftershock of April 30, 1986 from 15 WWSSN sta

tions are shown in Figure 3.6. The synthetic seismograms are calculated for a point 

source 21 km deep and source time duration of 10 s . First motion data constrain only 

one of the nodal planes as is common for most large Mexican subduction events. The 

second fault plane was resolved from waveform modeling. The fault parameters deter

mined are 8=280°, 6=12°, 'A=70°. The seismic moment is given next to the station 

code; values within parentheses are obtained from diffracted P-arrivals that are not 

included to determine the average seismic moment that is 2.0X 1026 dyne em. This 

value is consistent with that obtained from long-period centroid moment tensor inver

sion 3.1 X 1026 dyne em (Dziewonski and Woodhouse, 1983). 

3.5 Seismic Moment from Long-period Surface Waves 

Long-period surface waves recorded by t he GDSN, RSTN and IDA networks are 

used to determine the seismic moment of the Michoacan earthquakes. We use the 

amplitude and phase spectra at a period of 256 s from multiple passages of Rayle igh 

and Love waves with an inversion method described by Kanamori and Given (1981). 

Table 3.2 shows the stations and phases used for the September Ylichoacan earth

quakes. The moment tensor source representation was not used , since the Mzx and 

M~y moment tensor components are poorly constrained for shallow source earth 

quakes. Instead, we use the fault model inversion , where the orientation of one nodal 

plane is constrained and the surface-wave data are inverted for the best fit ting values 

of seismic moment and slip angle A.. In this case, we hold t he steeply dipping 
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auxiliary plane fixed at the orientation determined from the P-wave first motion solu-

tion (c5a=81°, 8a=127°). A data set of 42 Rayleigh-wave phases with a good azimuthal 

coverage gave a solu tion with Aa=91.9° and Mo=l.70X 1028dyne-cm with an 

assumed source depth of 16 km. The fault plane parameters are then 8=9.2°, 8=295°, 

and >-.=78°. This is very close to the body-wave focal mechanism, with a difference of 

only 7° in fault strike and 6° in slip angle. Figure 3.7 shows the fit between the 

Table 3 .2 : Stations used in the Surface-wave Inversion 

Station Distance Azimuth Sept. 19, 1985 Sept. 21, 1985 
(deg) (deg) 

ALE Alert, Canada 66.1 5.3 R3,R4 R2,R3 
RSON+ Red Lake, Canada 333 10.2 R2,R3,G2,G3 
ESK Eskdalemuir, Scotland 80.3 34.9 R2,R3 R2,R3 
RSNY+ Adirondack, New York 35.1 35.6 R2,R3 
scp· State College, Pennsylvania 30.8 38.1 R2,R3 
HAL Halifax, Canada 41.7 42.3 R2,R3 R2,R3 
SJG San Juan, Pto. Rico 34 .5 84.4 R2,R3 R2,R3 
SUR Sutherland, RSA 127.4 117.1 R3,R4 R2,R3 
BDF Brasilia, Brasil 63.4 118.5 R2,R3 R2,R3 
NNA Nana, Peru 393 138.0 R2,R3 R2,R3 
RAR Rarotonga, Cook Is. 68 5 237.6 R3,R4 R2,R3 
TWO Adelaide, Australia 123.7 239.7 R3,R4 R2,R3 

HON" Honolulu, Hawaii 49 8 280.3 R2,R3,G2,G3 
KIP Kipapa, Hawaii 52.1 283.2 R2,R3 R2,R3 
GUA Guam, Mariana Is. 106.4 290.5 R2,R3 R2,R3 

ERM Erimo, Japan 94.8 317.0 R2,R3 R2,R3 
BJT Bejin, China 111.7 328.9 R3,R4 R2,R3 
coL· College, Alaska 55 .5 3384 R2,R3,G2,G3 
ANMo· Alburquerque, New Mextco 17.0 348 8 R2,R3 
RSNT+ Yellowknife, Canada 45.0 352.1 R2,R3,G2,G3 
RSSD+ Black Hills, S.Dakota 25 .8 357.4 R2,R3,G2,G3 

• GDSN (Global Digital Seismic Network) 
IDA (International Deployment of Accelerographs) 

+ RSTN (Regional Seismic Test Network) 
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Fig ure 3.7: Observed phase (triangles) and amplitude (circles) spectral values as a 
function of azimuth of Rayleigh wave data used in the surface wave inversion from 
GDSN, IDA and RSTN stations, compared with the theoretical pattern for the be t 
fitt ing solution for the September 19, 1985 Michoacan earthquake. Spectral \'alues are 
for a period T = 256 s. 
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observed Rayleigh-wave radiation pattern and that calculated for this solut ion . When 

10 Love-wave phases were included, the solution was virtually identical. Due to t he 

large size of the earthquake, the fault finiteness and finite rise time of the source 

dislocation function may introduce a source phase delay . Following Kanamori and 

Given (1981), this effect can be included, assuming the rate of moment release to be 

constant with time, by introducing a source process time r. We find that the errors in 

the inversion are minimized with a source process time r=100s for a period of 256 s. 

A simultaneous inversion of long-period surface waves at different periods (150 - 300 

s) gives r=80s for the Michoacan earthquake (Zhang and Kanamori, 1987). 

For the aftershock, we used 26 Rayleigh-wave phases from the IDA network , 

again holding the auxiliary plane fixed as determined from the main shock first

motion data. The inversion gives a fault orientation of 8=9.5°, 8=289°, A=73°, 

essentially the same as the mainshock , with a seismic moment of 4.7 x 1027 dyne em, 

28 % that of the mainshock , and a source process time r=60s. Figure 3.8 shows the 

observed and calculated Rayleigh-wave radiation pattern for the aftershock. 

Because the auxiliary plane is tightly constrained to have a steep dip from the 

firs t-motion data, the fault plane given by the inversion will have a shallow dip for 

any mechanism that is predominantly thrust. By relaxing this constraint, t he inver

sion for the long-period source might return a fault plane orientation with a slightly 

different dip angle that will sensibly modify the moment estimate. For shallow thrust 

events, the seismic moment determined from the surface-wave inversion , Me,, depends 

on the dip angle 8 as Me,= Monm/ sin 28, where M0 ntn is the minimum seismic 

moment (Kanamori and Given , 1982). Thus, for a dip of 15° instead of 9° t he moment 

is smaller by about a factor of 1.6. For a mechanism with a maximum fault plane dip 
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of 15° and a mm1mum of 9°, for the mainshock the moment ranges from 1.05 to 

1.70X 1028dyne-cm or Mw=7.9- 8.1, respectively. Locations of aftershocks from local 

networks define a dip of approximately 12° to 14° (Stolte et al. , 1986; UNAM Seismol

ogy Group, 1986), indicating that the lower end of the range is more appropriate. For 

the aftershock, the moment range is 2.9 to 4.7X 1027dyne-cm, or Mw=7.6-7.7. 

Results of other studies of the long-period source of the 1985 Michoacan earth

quake are summarized in Table 3.3 and compare favorably with those presented here. 

Details of the solutions vary due to differences in the data sets, techniques, con

straints on the solutions or Earth models used. In particular, different approaches can 

be taken to provide cont rol on the poorly determined components of the moment te n

sor. All the studies found an overall thrust geometry (rake angles deviating from 2° to 

17° from pure thrust) on a fault plane striking parallel to the Middle-America t rench 

(N289°E - N302°E). Shallow dip angles ( <20°) were determined or inferred in all the 

studies; for example, Priestley and Masters {1986) fixed the dip at 15°, while Riedesel 

et al. {1986) left the dip unconstrained and resolved it to be 19±15°. In view of the 

dependence of the seismic moment value on fault-plane dip angle, we correct the 

values in Table 3.3 to correspond to a dip angle of 15° for comparison. Values of 

seismic moment are then very consistent, varying from 1.03-1.32x1028, with an aver

age value of 1.17x1028 dyne em or Mw=8.0. 

Riedesel et al. (1986) determine the characteristic time Tc for the September 

earthquakes from the scalar-moment algorithm of Silver and Jordan (1983) and 

obtain rc=49±7s for the main event and 30±11s for the aftershock. This compares 

favorably with the source process t imes r resolved above because r=1.73rc (S ilver and 

Jordan , 1983). 



Table 3.3: Results or Long-per iod Studies 

6 <P )., Mo Moat 6=15° 
x 1028dyne-cm X 1028dyne-cm 

This Study go 295° 7f!!' 1.70 1 05 
Ekstrom and Dziewonsk1 ( 1986) 18° 302° 107° 1.10 1 29 
Priestley and Masters ( 1986) 15° (fixed) 298° Sf!!' 1.03 1.03 
Riedesel et al. (1986) 19±15° 289° 76° 1.07 1.32 

3.6 Rupture of the Michoacan Gap 

The rupture pattern of the Michoacan gap during the period 1981 to 1986 can 

be characterized by a sequential failure of five distinct asperities, as schematically 

shown in Figure 3.9. Before 1981 the Michoacan region had not experienced a large 

earthquake since 1911 , when an Ms= 7.8 earthquake occurred. The recent sequence 

started in October 1981 with the P laya Azul (Mw=7.3) earthquake that broke the 

central part of the Michoacan gap, which had not experienced a large earthquake 

since 1911. Body-wave modeling indicates that the Playa Azul event is slightly deeper 

than the recent Michoacan earthquakes in September 1985 and April 1986. In addi-

tion, the stress drop of this event is relatively higher, suggesting a higher stress level 

at depth in the middle of the Michoacan gap. 

Analysis of records from the September 19, 1985 (Mw= 8. 1) earthquake indicate 

that the seismic moment of this event was released in two main events, with the rup-

ture starting in the northern portion of the seismic gap and propagating to the 

southeast with low moment release th rough the area already broken by t he 1981 

Playa Azul earthquake. Then on September 21, 1985, the ruptu re propagated farther 
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F igure3 .9: The Michoacan earthquake sequence is shown schematically. The circles 
represent the location of the asperities on the fault plane. The radius of the circle is 
pp roportional to Mo1/ 3 . 
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southeast with a Ylw=7.5 event that may have broken the shallower portion of the 

subduction zone up-dip of the 1979 Petatlan (Mw=7.6) earthquake (UNAM Seismol

ogy Group, 1986). The April 30, 1986 (Mw=6.9) location ~o the northwest of the 

great Michoacan earthquake epicenter (Figure 3.1), suggests that this event released 

the remaining stress between the 1973 Colima (Mw=7.6) earthquake and the Sep

tember 1985 events. 

Although this distribution of asperities is considered characteris tic of the 

Michoacan gap, whether the temporal sequence exhibited by the 1981-1986 sequence 

is also characteristic of this gap or not is unclear. In fact, there is no obvious evidence 

that the 1911 event occurred in a similar sequence. It is probable that, depending on 

the state of stress in each asperity, the entire gap may fail in either a single large 

event with a complex time history or a sequence of moderate-to-large events spread 

over a few years. If a similar model is applicable to the adjacent Guerrero gap , we 

should expect a similar variation in the failure mode of the next Guerrero earthquake. 

The spectral peak of the ground acceleration of 0.5 Hz in the damaged zone 

agrees with the resonance frequency predicted from the structure of the lake sedi

ments under Mexico City (Beck and Hall, 1986). Fortunately the source spectrum of 

the earthquake was actually depleted in frequencies between 0.1 Hz and 1.0 Hz rela

tive to globally averaged source spectra of other large interplate thrust earthquakes at 

teleseismic distances (Houston and Kanamori, 1986). Thus, t he extensive damage to 

Mexico City on September 19, 1985 cou ld be due to the long duration of the source 

rupture . 
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Chapter 4 

Implications from Recent Earthquakes for Middle America 

4.1 Introduction 

In recent years, many detailed studies have been conducted on individual earth

quakes that occurred on the Middle-America t rench (e.g., Chael and Stewart, 1 982; 

Guendel and McNally, 1982; Singh et al., 1984), as well as on its regional seismicity 

(e.g., LeFevre and McNally , 1985). These studies, together with the results presented 

in the previous two chapters for the most recent large Mexican subduction earth

quakes, suggest that t hese events occur repeatedly at locations with increased 

mechanical strength, which have been called asperities in the recent literature. A 

relatively homogeneous asperity size distribution along the Mexican subduction zone 

has been inferred from magnitude-frequency relations for large earthquakes (Singh et 

al. , 1982b). It seems likely that the fau lt zone heterogeneity , characterized by the 

asperity distribution, plays a key role in controlling the recurrence time and trigger

ing mechanisms of large subduction earthquakes. 

Relations of seismic parameters for large subd uction events in Midd le America 

are presented in Chapter 4, which may help us assess the future seismic and tectonic 

activity for this plate boundary. First we compare the range of stress drop values for 

recent large subduction earthquakes in the Mexican subduction zone by estimating 

fault area and seismic moment M0 for each event. The relation between Ms and M0 , 
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which is determined from surface wave studies, would allow an estimate of seismic 

moment for events for which seismic records are not available. A reassessment of the 

recurrence interval, T, for individual regions along the Middle America is also 

presented, which permits a test of the relation between T and Mo derived from a sim

ple asperity model. Finally , implications for present seismic gaps along the Middle

America plate boundary are examined. 

4 .2 St ress Drop of Large Mexican Subduction Event s 

Stress drop is a usefu l parameter to characterize earthquakes that may reflect 

the state of stress in the in terplate boundary. Earthquake stress drops are usually 

estimated from the seismic moment M0 and the fault area. However, as discussed 

above, Mo of shallow thrust earthquakes depends on the dip angle assumed. The 

fault area S is often estimated from the aftershock area, but its definition varies for 

different investigators. Due to these uncertainties it is hard to estimate the error asso

ciated with a single stress drop value, to compare the published values of stress 

drops for different events. 

T o circumvent this difficulty , we compare t he seismic moments and the fault 

areas estimated for large earthquakes in the Mexican subduction zone and examine 

the overall t rend. Figure 4.1 shows the data we used. The horizontal bars attached 

to each data point indicate the range of seismic moment estimated from body- and 

su rface-waves for events listed in Table 4.1. The fau lt dimensions correspond, in 

most cases, to the one-week aftershock area. The vertical bars indicate the range of 

the values calculated for a rectangular and elliptic shape for S . Closed symbols 
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F igure 4.1: Plot of seismic moment Mo. versus fault area S, for large Mexican sub
duction earthquakes since 1932. The range of values determined from body and sur
face waves for Mo are indicated by the error bars. Error bars for S are for rectangu
lar and elliptical areas. Open symbols are events before the installation of the 
WWSSN stations. Event numbers correspond to those in Table 4.1. Lines are con
stant static stress drop (~a) calculated for a circular crack. Uncertainties in the data 
are too large to assign a unique stress drop value to each event. 
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Table 4.1:Source Parameters of Large Shallow Interplate Mexico Earthquakes 

N Date Lat. Long. Depth Ms Mw Mob MaS LxW 

(oN) (oW) (km) ( 1o27 dyne-em) (km2) 

April 15, 1907 16.70 99 20v s 8 ob 78 5.9l 

June 17, 1928 16.33 96 7' s 7 8b 7.7 3 9d 

1 June 3, 1932 19.57 104.42" 16c 8 2b 7.9 3.12c 9.1 d 170x80e 

2 June 18, 1932 19.50 103.50( 13c 7 8b 7.8 2.10c 7.3d 60x80e 

3 Dec . 23, 1937 17.10 98.07' 16c 7 5r 7.4 0.44c 1.53c 120x701 

4 Apr. 15, 1941 18.85 102.94' s 7f 4.4b 60x50' 

5 Feb . 22, 1943 17.62 101.15' 16c 7.5r 7.4 0.45c 1.59c 75x60' 

6 Dec. 14, 1950 17.22 98.12' 20c 7.3r 7.1 0.48c 0 .60c 80x70' 

7 July 28, 1957 17.11 99.10' 16c 151 7.6 0.85c 3.3J 100x551 

8 Aug. 23, 1965 16.02 95.93 25k 7.51 7.5 1.91 1.71 105x46k 

9 Apr. 2, 1968 16.39 98.06 211< 7 .1r 7.3 0.81 l.o' 50x82k 

10 Apr. 29, 1970 14.52 92.60 33 7.3r 7.4 0.51 1.21 130x96m 

11 Jan. 30, 1973 18.39 103.21 32° 7.5r 7.6 3 .o' 90x63n' 

12 Nov. 29, 1978 15.77 96 80 18k 7 8r 7.6 1.91 3.21 82x60k 

13 Mar. 14, 1979 17.45 101.45 14° 7.6r 76 1.01 2.71 65x45P 

14 Oct. 25, 1981 17.75 102.25 27' 7 3r 7.3 0.72' 1.4r 40x20q 

15 June 7, 1982' 16.40 98.54 s 1 or 7.1 0.40' o.5o• 78x41 r 

16 Sep . 19, 1985 18.27 102.31 r 17' 8 .1r 8.0 7.2' 10.5' 170x50u 

17 Sep . 21 , 1985 17.81 101.65( 22' 7 .5r 7.6 1.2' 2.9' 66x33u 

18 Apr. 30, 1986 18.41 102.98 21' 7 .or 6.9 0.20' 0.3 1r 

N , Event number in F igure 4.1 
Mob , Seismic moment from body waves 
MaS , Seismic moment from surface waves 
LxW , Fault length and width for 1 week aftershock area 
Mw , determined from MaS . Doublet event 

' 

(References: "Eissler and McNally, 1984; b Geller and Kanamori, 1977, c Singh, et al., 1984, d Wa ng, 

et al. , 1982; e Singh, et al., 1985a; r NOAA, 'Kelleher, et al , 1973; h determined from .\Is , 1 Abe a nd 

Kanamori, 1980; l Singh, et al., 1982a; k Ta)ima and McNally, 1983; 1 Chael and Stewart, 1982, m 

Yamamoto, 1978 (12 hr. aftershock area); n Reyes, et al. , 1979 ( • 2.5 weeks aftershock area); 0 Get trust. 

et al., 1981; P Valdes, et al ., 1982; q Havskov, et al. , 1983; r LeFevre and McNally, 1985, • Asttz a nd 

Kanamori , 1984; 'Astiz et al. , 1987; u Seismology Group, UNA.\1, 1986, v Figueroa, 1970) 
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indicate the events for which the moment determination was made from at least 

several WWSSN seismograms (i.e., events after 1963). Lines in Figure 4.1 are equal 

static stress drop calculated for a circular crack model. If a rectangular dip-slip 

model is used, with an aspect ratio (length / width) of 1.5 (the average for the Mexican 

subduction-zone events), the stress drop values in Figure 4.1 should be multiplied by 

0.4. 

Although the uncertainties in M0 and S are large, Figure 4.1 suggests that some 

events near the Orozco fractu re zone have larger stress drops ( > 50 bars) . Those 

events are the Petatlari earthquakes in 1941 and 1979 (events 4 and 13), the Sep

tember 21, 1985 Michoacan earthquake aftershock (event 17), and the 1981 Playa 

Azul earthquake (event 14). This may be due to an increased interplate interaction as 

the seafloor of the Orozco fracture zone, which is probably more buoyant than the 

adjacent seafloor, subducts in this area. The September 19 main shock (event 16) has 

a lower stress drop than these events. The Ometepec doublet (event 15) has a low 

stress drop value ( < 10 bars), similar to most other large subduction events in Mex-

!CO. 

Anderson et al. (1986) determined from strong ground motion records that the 

apparent stress drop (Aki, 1966) of the main 1985 Michoacan earthquake, which is a 

measure of the average stress drop on the fault , is 6 bars. They also determined that 

effective dynamic stress drop (Brune, 1970) varies from 6 to 12 bars for the main 

event. Although the apparent stress and the effective stress cannot be directly related 

to the static stress drop, these low values are generally consistent with the low static 

stress drop inferred from Figure 4.1. These low stress drop values correlate with the 

low amplitude strong ground motions (~. 15g on the NS and EW components) 
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recorded at hard rock sites in the epicentral area (Anderson et al. , 1986). For the 1981 

Playa Azul (Ms=7.3) earthquake larger accelerations (.24 g on the EW component, 

Havskov et al. , 1983) were recorded at hard rock sites near the epicenter. Figure 4.1 

shows a relatively higher stress drop value for the Playa Azul event {14) than for the 

1985 Michoacan main event (16). This observation suggests that possible variations in 

stress drops need to be considered for estimating strong ground motions from future 

Mexican subduction-zone earthquakes. Note also that the depth determined for the 

1981 Playa Azul event in Chapter 3 was deeper relative to other events along the 

Mexican subduction zone, a fact that may also influence the higher stress drop value 

for this event. 

4 .3 A Test of the Asperity Model 

Now we consider a simple asperity model in which the fault contact plane is held 

by discrete asperities (places with increased strength), each surrounded by weak 

reg1ons. For simplicity, we assume that the slip on the asperities is completly seismic, 

and the slip in the weak zone is aseismic during the inter-seismic period. When an 

asperity breaks, causing a seismic event, some coseismic slip accompanies in the sur

rounding region . Hence, the rupture zone that is responsible for seismic rad iation is 

larger than the asperity. A simple mechanical model corresponding to this situation 

has been considered by Madariaga (1977) and Rudnicki and Kanamori {1981). We let 

u, A and D be the amount of slip on the asperity, the area of the entire rupture zone 

and the slip averaged over the rupture zone, respectively . The seismic moment, M0 , 

measured by surface waves is then given by 

Mo=~-& D A, (1) 
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and since the gross stress drop in large earthquakes is constant (e.g., Kanamori and 

Anderson , 1975), then 

(2) 

where J.L is the rigidity of the medium, D is the average displacement on the fault and 

A is the fault area. In this model, the slip on the asperity is equal to the slip accumu-

lated by plate motion u = V T , where V is the plate convergence rate and T is the 

repeat t ime. The ratio of the seismic slip averaged over the entire rupture zone to 

the total plate motion during the in terseismic period is 

D D Mo rJ = - = -T = -AVT· 
U V J.l. I 

(3) 

then combining the expressions above the repeat time is given by 

(4) 

If the convergence rate, V, and 'f'J , are approximately constant for a given subduction 

zone, it follows that 

1 
log T ~ '3 log Mo. (5) 

Although the location , size, and rupture length of historical events along the 

Middle-America trench are somewhat uncertain , we attempt to test this relation with 

the presently available data. Event locations are taken from a recompilation made by 

Singh et a!. (1981) for the Mexico region and from Stoiber and Carr (1977) a nd 

McNally and Minster (1981) for Central America. Note that misslocations of last cen

tury events (squares in Figure 4.3) can be at least of t he order of ±1° (Singh, 
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personal communication ; Stoiber and Carr, 1977). Events that occurred early this cen

tury could also have considerable location errors as seen in Section 3.3. Focal param

eters for some large , shallow interplate Middle-America events are listed in Table 4.1. 

The moment-magnitude relation for these events is shown in Figure 4.2, where the 

heavy line is 

log~ = 1.5 Ms + 16.0. (6) 

The data approximately follow this line. Seismic moment of events that have not 

been determined from seismic recordings are therefore estimated, using th is relation. 

A time-distance plot of large shallow events (M > 7) along the Middle America 

trench is shown in Figure 4.3. The events in parenthesis are listed by Miyamura 

(1976) as M=7; however, Singh et al. (1981) show that these events are likely to have 

smaller magnitude, and they are neither listed in Table 4.2 or considered in calculat

ing the recurrence time for each region . The entire Middle America region is subdi

vided into 21 regions (Figure 4.3) . This division is made mainly on the basis of the 

distribution of aftershock areas of recent events (Kelleher et al. , 1973; Reyes et al. , 

1979; Singh et al., 1980b; Valdes et al., 1982; Guendel and McNally, 1982; Havskov et 

al., 1983) . Three dotted regions corresponding to the Orozco Fracture zone (3), the 

Tehuantepec (11) and Cocos (19) Ridges are defined on the basis of high or 

anomalous seafloor topography. Note that earthquakes of M~7 have occurred in the 

middle of the Cocos ridge region (19) about every 30 years during this century (Figure 

4.3 , Table 4.2) . However, no large earthquakes have occurred in the Tehuantepec 

region during this century, and it is considered aseismic or seismic with anomalously 

large recurrence intervals (McCann et al. , 1979, Singh et al., 1981). The Orozco Frac

ture zone was the locus of the recent large Michoacan earthquakes studied in Chapter 
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Figure 4 .2 : Relation between Ms (20 s surface wave magnitude) and Mo (seismic 
moment) for events that have occurred along the Middle-America subduction zone 
(Table 4.1). The dashed lines correspond to loghlo=l.4Ms+(l6.0±0.1). Open circles 
are estimates of Mo from one station and solid circles indicate estimates from several 
stations. 
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3. Regions where no large, shallow interplate earthquake has occurred for more than 

30 years are indicated in hatched pattern in Figure 4.3. These regions are considered 

seismic gaps with high potential, since the average recurrence interval for this type of 

earthquake along the entire plate boundary is 33±8 years {McNally and Minster, 

1981). The Jalisco (1), Guerrero (5), Guatemala (14), El Salvador (15), Nicaragua (16) 

and West Panama (20) gaps fall in this category. Special attention should be directed 

to these areas, as well as to the regions where the Tehuantepec and the Cocos ridges 

are subducting. 

Table 4.2 shows the year and magnitude of the events that occurred in each 

region. The average recurrence interval, T, is calculated from _!_ E ti , where n is the 
n i=l 

number of intervals and ti is the time interval in years between consecutive events. 

Events not used to estimate T are in brackets. Only those events that occurred after 

1820 are used to estimate the average recurrence intervals for each region . If the 

interval between two consecutive events is less than 3 years, the events are grouped 

together as a single sequence. In the Jalisco region (1), the events that occurred in 

1900{7.4) and 1934(7.0) are probably aftershocks of the 1900(7.9) and 1932(8.2) earth

quakes, respectively . In the Acapulco region (6), the 1962 doublet is considered to be 

part of the activity associated with the 1957(7.5) Acapulco earthquake. Only the time 

of occurrence of the first event of those listed as doublets in Table 2.5 is used to esti-

mate the average recurrence interval in the Ometepec (7), West Oaxaca {8), Central 

Oaxaca {9) and Costa Rica {18) regions. In the East Panama region {21), the 1962(7.0) 

earthquake is probably a foreshock of the 1962{7.4) event. The Guerrero region (5) 

has not experienced a major earthquake in almost 80 years; since most of the historic 

events are clustered in a 22 year-period , no reliable recurrence period can be 
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Table 4.2: Observed Recurrence Period T, 
Large Subduction Earthquakes along Middle America 

Region Year o r Earthquake (Ms) 

1. Jalisco 1875(7 .4) 1900(7.9) 1932(8.2) 

[1900(7.4 )J J1934(7.0)J 

2. Colima [1806(7 .5)J [1818{7 .7)J 1932(7 .8) 1941(7.7) 1973(7.5) 

3. Michoacan 1837(7.8) 1911(7 .9) 1981(7.3) 

1985(8.1) 

4. Petatlan 1908(7.5) 1943(7 .5) 1979(7.6) 

5. Guerrero 1887(7.2) 1899(7.9) 1908(7.8) 

J1889(7.2)J [1909(7.4)1 

6. Acapulco [1820(7 .6)J 1845(7.9) 1907(8.0) 1957(7.5) 

J1962(7.0)J 

[1962(7.2)1 

7 . Ometepec 1890(7.2) 1937(7.5) 1950(7.3) 1982(6.9) 

J1982(7.0)J 

8. West Oaxaca. 1854(7.7) 1894(7.4) 1928(7.6) 1968(7.4) 

J1928(7.4)J 

9. Central Oa.xa.ca. 1870(7.9) 1928(7.8) 1978(7.8) 

[1872(7.4 )J 

10. East Oaxaca 1897(7.4) 1928(7.5) 1965(7.6) 

11. Teh uantepec 

12. Chia.pas 1902(8.2) 1944(7.0) 1970(7.3) 

13. W. Guatemala 1919(7.0) 1950(7.1) 

14. E . G uatemala 1862(L) 1902(7.9) 1942(7.9) 

15. El Salvador 1859(L) 1901(7.9) 1926(7.1) 

16. W. Nicaragua 18SO(G) 1901(7.6) 1921(7 .3) 

17. E. Nicaragua 1881(L) 1898(7.5) 1956(7.3) 

1885{L) 

18. Costa R ica 1851(G) 1916(7.3) 1939(7.3) 1950(7 .7) 1978(7.0) 

J1916(7.3)J 

19. Cocos 1924(7.0) 1952(7.2) 1983(7.2) 

20. West. Panama 1904(7.6) 1941(7.5) 

21. East Panama 1934(7.7) [1962(7.0)1 

1962(7.4) 

JJ - events not used to estimate the recurrence time T 

(L)-Ia.rge earthquake, (G)-great earthquake from Carr and Stoiber (1977) 

• - T for eventa with Ms ~ 7.4 

T (years) 

31.7 ± 6.5 

21.3 ± 10 .5 

73.0± 1.0 

35.5 ± 0.7 

56.0 ±8.5 ' 

30.6 ± 17.0 

38.0 ± 3.5 

53.0 ± 4.2 

34.5 ± 3.6 

34.0 ± 11.3 

31.5 

40.0 ± 0.0 

33.5 ± 12.0 

35.5 ± 21.9 

25.0 ± ::!8 .9 

20.7 ± 8.7 

29.5 ± 2.1 

37.0 

28.0 
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determined . Note that Astiz and Ka.na.mori {1984) considered the January 30, 1931 

earthquake in t he Central Oaxaca. region (9) a.s a. shallow thrust event; however, it is 

known now that this event is a. normal fault earthquake at i~termediate depth (Singh 

et al. , 1985b). Recently, Gonzarez-Ruiz (1986) ha.s suggested that the event that 

occu rred on March 27, 1872 may be similar to the 1931 event. If this were true, the 

recurrence period for the Central Oaxaca. region (9) would not change significantly. 

The average seismic moment, M0 , for each region is obtained from events that 

occurred during this centu ry from _!_:EM<>! , where n is the number of events and M<>i 
n i=l 

is the seismic moment for each event. If the seismic moment of the event is known a.s 

listed in Table 4.1, it is used for calculating the average. If not, it is estimated from 

the Ms using Equation (6) . If consecutive events occur less t han 3 years apart, they 

are t reated a.s a single event and their moments are added and considered a single 

value. Table 4.3 gives the average seismic moment, Mo, for regions along Mexico. 

However, the data are insufficient for Central America regions, since most of large 

earthquakes in the region occurred near the turn of this century. Then, for each 

region the corrected recurrence time period, T c , is calculated for a uniform velocity 

of 6.4 cm/ yr, since the Mo - T relation given by (5) assumes constant V . This velocity 

is that of the Guerrero gap (Table 4.3) and will be useful in the for thcoming discus-

sion. Thus, the recurrence period , T , for each region is multiplied by V / 6.4, where V 

is the corresponding plate velocity for each region. Note that this correction is of the 

order of 15% for the Guerrero-Oaxaca ( 4-10) regions. The plate velocities given for 

each region are computed for t he Cocos plate pole (Minster and Jordan, 1978). 
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The value of TJ given in Table 4.3 for each region was determined, usmg expres

ston (3) above. The source parameters for the most recent events (Table 4.1) in each 

region are used to estimate 17 , where T is the time between. the last and the previous 

event in each region. Although this estimate is quite crude, since it involves only the 

most recent events in each region the variation of TJ is a factor of only two for the 

Mexican subduction zone. The source of error to estimate 17 comes from the fault 

area dimension: e.g. Valdes et al. (1982) calculated TJ ranging from 0.3 to 0.5 in this 

way for the 1979 Petatlan earthquake. These values of 17 indicate moderate seismic 

coupling in the Cocos-North America plate boundary, and the assumption of a con

stant TJ for the Mexican subduction zone seems reasonable. However, south of the 

Tehuantepec ridge large discrepancies between the convergence and seismic slip have 

been observed, indicating rather weak coupling between the Cocos and Caribbean 

plates (McNally and Minster, 1981). Since 1902 there have been no truly great events 

along the El Salvador and Nicaragua coasts (Figure 4.3). Kanamori (1977) compared 

the seismic slip with the rate of plate motion for various subduction zones and con

cluded that the ratio of the seismic slip to total slip, fJ , varies significantly from place 

to place and is probably a good indicator of strength of interplate seismic coupling. 

For example, .,.,~1 for Chile and possibly Alaska, .,.,~1 /4 for the Kurile Islands and 

Northwestern Japan , and 17~0 for the Marianas subduction zone. Similarly, Sykes 

and Quittmeyer (1981) found that 17 ranges from 0.3 to 0.9 for various subduction 

zones, if it is computed with the time-predictable model of earthquake occurrence 

(Shimazaki and Nakata, 1980). 



F
ig

u
re

 4
.3

: 
T

im
e-

d
is

ta
n

ce
 

pl
o

t 
of

 l
ar

ge
 e

ar
th

q
u

ak
es

 (
M

>
7)

 a
lo

ng
 t

h
e 

M
id

d
le

-A
m

er
ic

a 
tr

en
ch

. 
S

ta
rs

 a
re

 
la

rg
e 

ev
en

ts
 

th
a
t 

oc
c

u
rr

ed
 

d
u

ri
n

g
 

th
is

 c
en

tu
ry

. 
S

qu
ar

es
 i

n
d

ic
at

e 
la

st
 c

en
tu

ry
 

ev
en

ts
. 

B
ar

s 
in

di
ca

te
 

th
e 

ex
te

n
t 

of
 a

ft
er

sh
oc

k 
ar

ea
s 

fo
r 

re
ce

n
t 

ev
en

ts
. 

N
am

es
 

at
 t

h
e 

bo
tt

o
m

 
re

fe
r 

to
 M

ex
ic

an
 c

oa
st

al
 s

ta
te

s 
an

d 
C

en
tr

al
 A

m
er

ic
an

 c
o

u
n

tr
ie

s.
 N

u
m

b
er

s 
a
t 

th
e 

bo
tt

o
m

 r
ef

er
 t

o
 r

eg
io

ns
 d

et
er

m
in

ed
 f

ro
m

 a
ft

er
sh

oc
k 

di
st

ri
bu


ti

on
 o

f 
re

ce
n

t 
ea

rt
h

q
u

ak
es

. 
D

o
tt

ed
 

re
g

io
ns

 
co

rr
es

po
nd

 t
o 

th
e 

O
ro

zc
o 

F
ra

ct
u

re
 z

o
ne

 {
3)

, 
an

d 
th

e 
T

eh
u

an


te
pe

c 
{1

1)
 a

n
d

 C
oc

os
 {

19
) 

R
id

ge
s,

 w
h

er
e 

a
no

m
al

o
us

 s
ea

flo
o

r 
is

 b
ei

ng
 s

ub
du

ct
ed

. 
H

at
ch

ed
 s

ec
ti

o
ns

 i
nd

ic
at

e 
se

is
m

ic
 g

ap
s:

 
Ja

lis
co

 {
1)

, 
G

u
er

re
ro

 {
5)

, 
W

es
t 

an
d 

E
as

t 
G

u
at

cm
al

a{
13

-1
4)

, 
E

l 
S

al
va

do
r{

l5
),

 N
ic

ar
ag

ua
{1

6)
 

an
d

 W
es

t 
P

an
am

a{
20

).
 N

o
ti

ce
 t

h
at

 t
he

 1
98

2 
O

m
et

ep
ec

 d
o

u
b

le
t 

b
ro

ke
 t

h
e 

pr
ee

xi
st

in
g 

se
is

m
ic

 g
ap

 a
n

d
 t

h
at

 
th

e 
fo

rm
er

 M
ic

ho
ac

an
 G

ap
 {

3)
 w

as
 r

u
p

tu
re

d 
d

u
ri

n
g

 t
h

e 
S

ep
te

m
b

er
 1

98
5 

ea
rt

h
q

u
ak

es
. 



- 86 -

Table 4 .3: Average Seismic Moment M0 , 

for regions along t he M exican Subduction Zone 

R egio n Mo v T TJ Tc 
(1027 dyne-em) (cmj yr) (years) (years) 

1. Jalisco 8.75 ± 0 .92 5.14 3 1 7 ± 6.5 25 4 ±52 
2. Colima 4.95 ± 1.80 5.27 20 5 ± ll .5 0.52 16.9 ± 9 5 

3 . M icho a ca n 8.50 ± 1.50 5.74 730 ± 1.0 0.44 65.5 ± 1 0 
4. P eta t lan 2.24 ± 0.54 6.22 35.5 ± 0 .7 0.45 34.5 ± 0 7 

5 G uer rero 8.5 ± 1.5 6.40 

6. Aca pulco 5 08 ± 1.16 6.71 56.0 ± 8 .5 0 26 58.7 :X 8.9 

7. Ometepec 0.88 ± 0.56 7.00 30 6 ± 17.0 0.25 3 .5± 18.6 

8. W .Oaxaca 2.39 ± 1.95 7.07 38.0 ± 3.5 0.23 42 0 ± 4.2 

9. C.Oax aca 5.25 ± 2.89 7.30 53 0 ± 4 .2 0.30 604±48 
10. E. O axa ca 1.74 ± 0 .05 7.50 34.5 ± 3 .6 0 .20 40.4 ± 4.2 

11 . T e h uante pec 

M0 - Average seismic moment for each region 
V - Pla.t.e convergence rate calculated from Minster and Jordan (1978} 
T- Observed average recurrence period from Table 4.2 
TJ- Ratio of seismic slip, D, to total slip, u, between the plates 
T c- T corrected assuming a. constant V =6.4 km/ s 

The relation between Mo and Te is shown in Figure 4.4 for regions along the 

Mexican subduction zone. The heavy line has a slope of 1/ 3. Despite the relatively 

large error bars associated with each region, the data for the Guerrero-Oaxaca regions 

(4-10) follow the relation given (5) and fit the following empiric relation 

1 logT = - logM.a-7.5, 
3 

(7) 

thus suppor ting the simple asperity model (Lay and Kanamori, 1981). T he events in 

the Jalisco and Colima regions do not follow the trend for the Guerrero-Oaxaca 

region. T he plate geometry is more complex northwest of the Michoacan gap than in 

the Guerrero-O axaca region, and factors other t han t he asperity size may have to be 
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Figure 4.4: Plot of log of average moment per region Mo, versus log of recurrence 
period T , along the Mexican subduction zone. Numbers correspond to regions in F ig
ure 4.1. The line has a slope of 1/ 3, suggesting that the relation log T =1/ 3 log :Y10 

holds for events that have occurred along the zone from Michoacan to Oaxaca. The 
1985 Michoacan earthquake (region 3) fits the general t rend . 



- 88-

considered in estimating the repeat time. However, last-century event location of 

events in these regions is very uncertain (Singh et al. , 1985a) and consequently, their 

average recurrence times are also uncertain . Nevertheless, this relation suggests that 

the high convergence rate, which produces rapid strain accumulation and short 

recurrence intervals for large earthquakes, and the smooth seafloor subducted may 

contribute to the homogeneous distribution of comparable size asperities along the 

Middle-America trench. 

4.4 Implications for Presen t Seismic Gaps in Middle America 

Although several large earthquakes have occurred in the last 20 years along the 

Middle America plate boundary, about 40% of its length has not been broken in over 

30 years. These regions have a high seismic potential and are shown hatched in Fig

ure 4.3: Jalisco(1), Guerrero(5), Guatemala (13-14), El Salvador(15), Nicaragua{16), 

and West Panama (20) . 

Recurrence intervals of large subduction earthquakes ID Central America are 

somewhat uncertain, probably due to the fact that no large earthquakes have 

occurred there recently and that historic seismic data are more uncertain than for 

Mexico. Similar size earthquakes have occurred at regular intervals in the Cocos 

Ridge(19) and those regions adjacent to it in the last 100 years (Table 4.2), and the 

West P anama. region (20) is a seismic gap. On the other hand, the region south of 

the Tehuantepec Ridge from Chiapas, Mexico, to Nicaragua (Figure 4.3) may have 

been broken last at the turn of the century in a series of great earthquakes 

(Ms=7 .9-8.2). Since then only earthquakes with M5:=::::::7 .2 have occurred there, with 
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the exception of the 1942 Guatemala earthquake (Ms=7.9). The Middle-America 

trench offshore this area is wider and more pronounced than adjacent regions (Chase 

et a!. , 1970). The subducting seafloor is also older, and presumably more dense, 

increasing the dip of the slab and consequently decreasing the coupling between the 

Cocos and the Caribbean plates (Ruff and Kanamori, 1983). Since the Benioff zone is 

more steeply dipping in this area than in the region north of the Tehuantepec R idge 

(Molnar and Sykes, 1969) and the convergence rate is similar, of the order of 7 cm/ yr 

(Minster and Jordan , 1978), then longer recurrence periods will be expected. In any 

case, most of this region has not experienced a truly great earthquake in more than 

80 years making this region offshore Central America, about 650 km in length , the 

largest seismic gap in the Middle-America trench. A crude estimate of the seismic 

moment accumulated in this region is given by M0 = Jl "' u L W, where u=595 em is 

the total displacement accumulated in 85 years from the convergence rate from Min

ster and Jordan (1978). Assuming J.£=3 X 1011dyne/ cm2, f/=0.4 , L = 650 km, and W 

= 40 km, then M0 = 1.8X 1028 dyne em, which is a conservative estimate. This seismic 

moment could be released in three Mw=7 .8 earthquakes similar to those events that 

occurred during the 1898-1902 period. 

In the T ehuantepec Ridge (11) no large earthquake has occurred during this 

century and perhaps for as long as 200 years. This region is either aseismic or has 

extremely long recurrence intervals (Singh et a!., 1981). The location of earlier events 

in the Jalisco and Colima regions are uncertain ; thus, the recurrence times in Table 

4.2 for these two regions are unreliable . Singh eta!. (1985a) suggested that if the 1932 

Jalisco (Ms=8.2) earthquake is characteristic of this region , then the expected 

recurrence t ime would be about 95 years, if the convergence between the Rivera and 
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North-American plates is completely seismic. 

The Guerrero seismic gap (5) is a region of great concern, since the last events 

occurred there around the turn of the century, from 1899 to 1909, and because the 

1957 Acapulco (M5=7.5) earthquake, in the region to the south, caused conside rable 

damage to Mexico City (see Section 3.2). Equation (7) was derived for the Mexican 

subduction zone and implies that an impending event in the Guerrero gap would have 

a large seismic moment similar to the Michoacan earthquake. In deriving the T - M0 

relation , seismic moments of earthquakes occurring within three years of each other 

were added together and considered as one event, approximately 10% of the average 

recurrence period in the region (McNally and Minster, 1981). Thus, the relation does 

not distinguish between single large earthquakes or sequences of smaller events closely 

spaced in time. Using 1907 as the last date for an event in Guerrero, the relation 

predicts that the moment for a future event would be 1.6 X 1028 dyne em. This is 

equivalent to one earthquake with a moment magnitude of 8.1, or alternatively , three 

of Mw=7.8. Both scenarios have serious implications for damage in Mexico City. 

Another consideration is that the Acapulco region (6) can be considered almost a 

seismic gap, since the last event occurred in 1957. Nishenko and Singh (1987) suggest 

that t he Acapulco-Ometepec regions broke simultaneously during the 1907 San .Yfar

cos (Ms=8.0) earthquake and that this region has a variable rupture mode. It should 

be emphasized that the boundaries between the regions delineated in Figure 4.3 are 

somewhat arbitrary, since they reflect only the rupture areas of recent events. Th is in 

no way precludes the possibility that a great earthquake may break adjacent regions . 

However, most regions in the Mexican subduction zone seem to be associated with a 

characteris t ic earthquake that breaks more or less the same region successively . 
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Conclusion to Part I 

Since 1980 several large earthquakes have occurred along the Mexican subduc

tion zone, in regions that had been previously identified as seismic gaps. The telese

ismic source characteristics of these events have been analyzed to understand the rup

ture processes of these events in the context of the Middle-America trench tectonics. 

On June 7, 1982, an earthquake doublet occurred near Ometepec, Guerrero. The 

second event occurred within five hours of the first. The first event of the doublet is 

slightly smaller (Ms=6.9) than the second event (M5= 7.0). Both events had rela

tively simple fault processes reflecting subduction of the Cocos plate underneath 

North America. Source parameters of the first event are 8=116°, 8=77°, >..=88° and 

M0 =2.8 X 1028 dyne em, and for the second event, 8=116°, 8=78°, >..=78° and 

M0 =2.8X1028 dyne em. The first event had a single source 20 km deep, whereas the 

second one consisted of two point sources located at 15 and 10 km depth, respec

tively . These results suggest that the rupture of the Ometepec region started at 

depth , with the first event breaking a deeper asperity, causing an incremental stress 

change at shallower depth that triggered the second event . 

The 1985 Michpacan, Mexico earthquake occurred in a region of the Mexico sub

duction zone that had been devoid of large (M > 7.5) earthquakes since 1911 . From 

long-period teleseismic ?-waveforms, we resolved that its focal mechanism and focal 

depth were basically identical to those of other recent shallow interplate thrust events 

in neighboring regions of the subduction zone. The seismic moment determined from 

256 s period surface-waves is between 1.05 and 1.70X 1028dyne-cm, depending on the 

assumed dip angle of the fault plane with a source process time r=lOOs. A dip of 15° 
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yields the lower value of moment , more consistent with results of other studies of the 

earthquake. This corresponds to Mw=7.9 and is thus among the largest known earth

quakes in Mexico. A comparison of four long-period source studies yields an average 

seismic moment of 1.17 X 1028dyne-cm (Mw=8.0). The last event of comparatively 

size with a reliable instrumental estimate of seismic moment was the great Jalisco 

earthquake of 1932 (M0 '"'-'1 X 1028dyne-cm ; Singh et al. , 1985). 

The source time function of the Michoacan earthquake consisted of two mam 

episodes of moment release with the second source starting about 26 s after the origin 

time. From observed directivity in the body waves we estimate that the second event 

was located 95 km southeast of the first . This observation and evidence from the aft

ershock distribution implies that the earthquake broke the two remaining asperities in 

the M.ichoacan gap to the northwest and southeast of the rupture zone of the 1981 

Playa Azul earthquake (Mw=7.3). The extended time duration of the source (of at 

least 42 s) was likely an ingredient in the severity of structural damage in Mexico 

City. The fault parameters determined from long-period P-waves are ¢>=288° , 8=9° 

and >..=72°, consistent with the convergence direction of the Cocos plate in the 

region. 

The large aftershock on September 21 was found to have the same focal 

mechanism as the mainshock and a slightly larger source depth (22 km) with a 

seismic moment of 2.9 - 4.7 x 1027 (Mw = 7.6 - 7.7). This event occurred 125 km 

southeast of the main event, and ruptured the updip area of the 1979 Petatlan aft

ershock zone. Another large aftershock occurred on April 30, 1986, 50 km northwest 

of the mainshock ep icenter . The fault parameters determined for this event are 

8=280°, 8=12°, >..=70°, with a point source at 21 km depth and M0 =2.0-3.1 X 1026 



dyne em (Mw=6.9). Analysis of the 1981 Playa earthquake indicates that this event 

was deeper than the other events, d = 26 km, and also had a larger stress drop , 

:=:::::50bars, in contrast with most events along the Mexican subduction , some that are 

between 5 and 10 bars. The rupture of the Yt:ichoacan gap is then complex, since it 

was a sequence of events that started with the 1981 Playa Azul event that broke a 

small deep asperity and then continued on September 19, 1985, breaking the shal

lower asperities in the region. 

A review of seismicity along the Middle-America t rench shows that some regions, 

along Jalisco, Guerrero, Guatemala, El Salvador, Nicaragua and West P anama have 

not had a large earthquake for more than 30 years, and are considered seismic gaps 

with high seismic potential. The Tehuantepec region may not have had an earthquake 

for as long as 200 years, meaning that this area either is aseismic or has unusually 

long recurrence times for Middle America. The region south of the T ehuantepec 

Ridge, from Chiapas, Mexico, to Nicaragua, is the largest seismic gap in t he Yliddle

America trench. A series of great earthquakes occurred there at the turn of the cen

tury; only smaller (M:=:::::7) events have occurred thereafter with the exception of the 

1942 Guatemala (M5=7.9) earthquake. This region is considered to have a high 

seismic potential. 

An empirical relation between Y10 and Twas derived for the Mexican subduction 

zone logT = ~ logM0 -7.5, where T is the average repeat time and M0 is the aver

age moment of the characteristic events of a sequence that occurred at approximately 

the same place. This relation suggests that the scale length of asperities controls the 

repeat time, if other factors, such as the plate convergence rate and the seismic slip, 

TJ, are approximately the same. Applying this relation to the Guerrero seismic gap 
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predicts an event with ~10=1.6 X 1028 dyne em, similar in s1ze to the great 1985 

Michoacan earthquake, which caused very large damage to Mexico City. 
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Abstract to Part II 

Chapter 1 explores the relation of intermediate-depth .earthquakes to t he shal

lower seismicity, especially if these events may reflect the state of inter-plate coupling 

at subduction zones. First, we consider the historic record of the largest earthquakes 

(m8 >7.0) that occur within the subducting lithosphere to provide a general back

ground for a more detailed study of recent large events. The largest number of large 

intraplate events is observed at the New Hebrides and Tonga subduction zones. 

Regions associated with bends in the subducted lithosphere also have many large 

events (e .g., Altiplano and New Ireland). The profiles of earthquake magnitude versus 

depth of these historic large intraplate earthquakes give an estimate of the seismic 

energy released within the subducting lithosphere for different regions (Appendix 1). 

Secondly, a catalog of earthquake focal mechanisms was gathered. The catalog 

includes all events listed by NOAA and ISC catalogs with M > 6 and depth ·between 

40 to 200 km, which occurred between 1960 and 1984. The final catalog includes only 

intermediate-depth earthquakes, a total of 335 events, for which 47 were determined 

by this study (Appendix 2), and it is probably complete for earthquakes with m8 > 6.5 

from 1960 to 1984. Focal mechanism solutions for intermediate-depth earthquakes 

with M > 6.8 can be grouped into four: 1) Normal-fault events (44%), and 2) 

reverse-fault events (33%), both with a strike nearly parallel to the trench axis. 3) 

Normal or reverse fault events with a strike significantly oblique to the trench axis 

(10% ), and 4) tear faulting events (13%). The focal mechanisms of Type 1 events 

occur mainly along strongly or moderately coupled subduction zones. However, these 

events also occur in the Tonga trench , where they may be related to the subduct ion 
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of the Louiville ridge that may cause an increased coupling of the subducting litho

sphere. Thus, these events may be interpreted as evidence for strong or moderate cou

pling between plates. Simple models of plate coupling and geometry suggest that 

Type 1 events occur at strongly coupled plate boundaries, where a down-dip exten

sional stress prevails in a gently dipping plate. Continental loading may be another 

important factor. In contrast, subduction zones that are considered to be decoupled 

great normal fault earthquakes occur at shallow depths, for example , the 1933 San

riku earthquake in northeast Japan and the 1977 Sumbawa earthquake in Indonesia. 

In summary, strongly coupled plates will have normal-fault earthquakes at the base of 

the coupled zone, while uncoupled subduction zones will have them near the trench 

axis. Type 2 events with strike subparallel to the subduction zone, most of them 

with near vertical tension axis, occur mainly in regions that have partially coupled or 

uncoupled subduction zones and the observed continuous seismicity is deeper than 

300 km: In terms of our simple model, the increased dip of the downgoing slab asso

ciated with weakly coupled subduction zones and the weight of the slab may induce 

near vertical tensional stress at intermediate depth and, consequently , the change in 

focal mechanism from Type 1 to Type 2 events. Events of Type 3 occur where the 

trench axis bends sharply causing horizontal (parallel to the trench strike) extensional 

or compressional intraplate stress. Type 4 are hinge-faulting events. We determine 

the number of aftershocks reported by the NOAA and ISC catalogs of the 

intermediate-depth events with M>6.5 that occur within one week of the mainshock. 

About 48% of the events had no aftershocks, 37% of the events had between 1 and 5 

aftershocks and only 15% more than 5 aftershocks. There is a slight correlation 

between mainshock magnitude and number of aftershocks. However, events with 
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more than 10 aftershocks are located m reg1ons associated with bends m the sub

d ucted slab. 

Chapter 2 discusses the temporal variation of the mechanism of large 

intermediate-depth earthquakes in relation to the occurrence of large underthrusting 

earthquakes in Chile. Focal mechanisms were determined for three large events 

(March 1, 1934: M=7.1, d=120 km, April 20, 1949: M=7.3, d=70 km and May 8, 

1971: Mw=7.2, d=150 km), which occurred down-dip of the great 1960 Chilean 

earthquake (Mw=9.5) rupture zone. The 1971 event is down-dip compressional: 

0=12°, 6=80°, >-=100° . The 1949 earthquake focal mechanism is 0=350° , 6=70° 

and A=-130°. The data available for the 1934 event are consistent with a down-dip 

tensional mechanism. Thus, the two events that occurred prior to the great 1960 

Chilean earthquake are down-dip tensional. Published fault plane solutions of large 

intermediate-depth earthquakes (March 28, 1965 and November 7, 1981), which 

occurred down-dip of the Valparaiso earthquakes of 1971 (Mw= 7.8) and 1985 

(Mw=8.0), are also down-dip tensional. These results suggest that before a major 

thrust earthquake, the interplate boundary is strongly coupled and the subducted 

slab is under tension at intermediate depths; after the occurrence of an interplate 

thrust event, the displacement on the thrust boundary induces transient compres

sional stress at intermediate depth in the down-going slab. This interpretation is con

sistent with the hypothesis that temporal variations of focal mechanisms of outer-rise 

events are due to changes of interplate coupling. 

Chapter 3 investigates the variation of focal mechanisms of moderate and large 

intermediate-depth earthquakes in relation to local variations of the strength of inter

plate coupling in a region . Temporal changes due to the occurrence of large 
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underthrusting earthquakes are also explored. The stress axlS orientation of the 

intermediate-depth events shows that most regions have either dominant down-dip 

tensional stresses at intermediate depth or a mixed pattern. The exception is Tonga, 

where down-dip compressional stresses are dominant . Along Middle and South Amer

ica, where the interplate boundary varies from moderate to strongly coupled , 

intermediate-depth earthquakes are generally normal-fault events that occur before 

and down-d ip of future large subduction earthquakes. In most regions along Middle 

and South America, we observe a reduction only in the n urn ber of large 

intermediate-depth events after a large subduction occurs in the region . However, 

down-dip compressional events have been observed down-dip and after t he 1960 Chile 

and the 1974 Peruvian large thrust earthquakes. In the Caribbean and Scotia arcs, 

which have weakly coupled plate boundaries, most intermediate-depth events have 

nearly vertical tension axis induced by the negative buoyancy of the downgoing 

lithosphere. After the 1964 Alaska. earthquake, only one tear fault event has occurred 

at intermediate-depth . Down-dip of the large 1957 Aleutian earthquake, the few 

events located there indicate coupling at the interplate boundary. This region was 

very active at intermediate-depth before 1957, when the interplate boundary broke. 

In addition , one of these events occurred before and down-dip of the large 1986 

Andreanof earthquake. Down-dip of the 1952 Kamchatka earthquake aftershock 

zone, a down-dip compressional event occurred in 1960. After 1969, only events with 

down-dip tensional axis have occurred indicating that this region is again moderately 

coupled. Large intermediate-depth events under Japan and the south Kurile trench 

reflect the complexity of the subducting li thosphere in this region, which has been 

very active throughout this centu ry . Subduction zones in the Philippine Sea region 
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are either weakly coupled as the Philipine and Ryukyu trenches or uncoupled as the 

Mariana and Izu-Bonin subduction zones. All of these regions have nearly vertical 

tensional stresses. Along the southern boundary of Indonesia, the coupling of the 

Indo-Australian and Eurasia plates changes from weakly coupled to uncoupled, and 

in termediate-depth events exhibit nearly vertical tension axis. The Timor trench , 

where bending of the lithosphere is observed , is very active. The subduction zones 

from New Britain to New Hebrides have moderately to partially coupled interplate 

boundaries. Temporal changes of focal mechanisms are observed associated with the 

1971 New Ireland doublet events, whereas intermediate-depth events in New 

Hebrides have nearly vertical tension axis induced by the weight of the slab. Under 

the Tonga trench, mostly down-dip compressioanal events are observed; however, the 

events located down-dip of the Louiville ridge have down-dip tensional mechanisms 

and occurred before the large 1982 Tonga thrust event. Temporal changes in t he focal 

mechanisms are also observed with the occurrence of the 1976 Kermadec doublet 

events. 
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Chapter 1 

Intermediate-depth Earthquakes and Interplate Seismic Coupling 

1.1 Introduction 

In the theory of Plate Tectonics, subduction of the oceanic lithosphere plays a 

primary role, with the contact zone between subducting and overriding plates being 

the locus of large underthrusting earthquakes. Such large in terplate thrust earth

quakes have been extensive ly studied, and are basically well understood within the 

context of the tectonic convergence process. However, while most large earthquakes in 

subduction zones involve interplate thrusting (event A in Figure 1.1), a significant 

number are in t raplate events within the subducting lithosphere. These intrap late rup

tures occur as shallow events near the t rench axis (e.g., 1933 Sanriku, 1977 Sumba) or 

in the outer-rise region (e.g., 1981 C hile, event B in Figure 1.1), or they occur as 

deeper events located down-dip from the plate interface within the subducting slab 

(e.g., 1982 San Salvador, event C in Figure 1.1). In traplate events also occur well 

removed from subduction zones, in the in terior of oceanic plates (e.g., 1965 Nazca, 

event D in Figure 1.1). In general, our understanding of the process producing the 

intraplate activ ity is very limited, principally because the tectonic context of intra

p late events is much more difficult to in terpret than for interplate events. 

It is generally believed that intraplate subduction zone events are infrequent and 

less important than interplate thrust events for evaluating regional seismic hazard . 
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100 km 
1 1 Trench 

e. g. 1933 Sanriku 
1977 Sumbawa 
1981 Chile 

Event D 
Inter plate Events 

Event C 
e. g. 1965 Nazca Plate 

Event 8 
e. g. 1982 El Salvador 

1965 Puget Sound 

Figure 1.1: A schematic figure showing the location of the seismic events near a 
subduction boundary. Event A: thrust events on the interplate boundary. Event B: 
trench and outer-rise events. Event C: intermediate-depth events occurring in the 
subducted plate. Event D: oceanic intraplate events. Also indicated are examples of 
events for some of these categories. 
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Table 1.1: Characteristics of Subduction Zones 

Region Subduction Age Dip TAz TLg Depth Plate Convergence 
SP-OP Zone Name Rate Azimuth VN 

(m.y .) (deg) (deg) (km) (km) (cmLy) (deg) (cmLy) 
South America 
NA-SA !-Colombia <20 351 30 800 250 7.9 8 1 6.2 

2-Ecuador 20 30 1 0 600 200 8 .0 82 7.9 
3-P eru 35 81 335 1000 220 8 .7 82 8 .3 
4-Aitiplano so 281 750 325 300 9 .2 80 8 .3 
5-North Chile 40 301 2 720 300 9 .3 80 9 .1 
~Central Chile 35 101 10 600 200 9 .1 8 1 8 .6 
7-South Chile <20 271 8 1250 160 9 .0 8 1 8 .6 

SA-Sw 8-Scotia 70 702 135 500 200 5.43 260 4.4 
Middle America 
Ri-NA -Rivera 2-10 104 305 300 90 2.3~ 39 2.1 
Co-N A ~Mexico ~40 154 300 900 200 7.0 37 6.9 
Co-Cb 1Q-C . America 35-45 606 314 1500 280 8 .0 34 7 .8 

Caribbean 
Cb-NA 11-Greater Antilles 125? 75& 85 300 180 0.2 NS? 0 .2 
NA-Cb 12-Lesser Antilles 80 657 ISO 800 250 2.0 282 1.5 
North Pacific 
JF-NA 13-Juan de Fuca 10 228 350 500 100 3 .8° 45 3.1 
Pc-NA 14-Aiaska 45 4510 210 2000 160 7.2 329 6.3 

15-Aieutians 60 6310 260 3000 280 8.0 320 6.9 
Western Pacific 
Pc-EU !~Kamchatka 90 solo 216 450 540 8.8 305 8 .8 

17-North Kuriles 95 solo 216 500 600 9.0 298 8 .9 
17-South Kuriles 100 4510 230 500 625 9 .2 298 8 .5 
18-NE Japan 100 4011 236 900 580 9.4 294 80 

Pc-Ph 1~Izu-Bonin 135 4512 165 1000 560 6.513 278 60 
2Q-North Marianas > 150 8014 135 350 640 4.713 295 4 1 
2Q-South Marianas > 150 8014 235 400 640 3.513 305 3 .3 

Philippine Sea 
Ph-EU -Nankai ~20 3516 250 800 60 4.013 310 3 .5 

21-Ryukyu 45 6512 210 1000 220 5.613 310 55 
22-North Taiwan 65 7012 20 120? 300 6.013 130 56 

EU-Ph 23-Luzon ~35 601& 5 500 640 7.313 130 5 2 
Ph-EU 24-Philippines 55 60u' 165 1500 640 8.313 295 64 
EU- ? 25-Sulawesi 60? 6216 268 350 190 NS? ? 

Indonesia 
In-EU 2~Burma 6017 0 900 200 6.0 20 2.1 
In-EU 27-Andaman 55 5018 335 1000 100 6.3 21 4.5 

28-Sunda 80 4710 320 1500 300 7.0 25 63 
2~Java 135 6010 280 1700 650 7.7 22 7 .5 
3D-Timor 90 7f?l 255 1100 690 7.8 20 7 .7 

Southwest Pacific 
Bi-In 3 1-New Guinea 30? 5521 118 550 200 3.322 203 3 .3 
So-Bi 32-New Britain 30? 6()21 254 500 200 9.222 343 92 
So-Pc 33-New Ireland 30? 7521 300 400 550 10.122 34 10 1 
In-Pc 34-Solomon 60 5Q2l 300 1000 200 10.0 79 7.7 

35-New Hebrides 65 7Q23 348 1500 320 10.0 85 9 .9 
P c-In 3~Tonga 100 5524 200 1500 650 9 .2 280 9 .1 

37-Kermadec 100 7Q24 200 600 600 7 .2 278 7 .1 
38-New Zealand 90 6~ 200 500 350 5.0 275 4.8 

SP-OP Subducted and overriding plates names (Bi-Bismark, Cb-Caribbean, Co-Cocos, EU-Eurasian, 
In-Indian, JF-J. Fuca, NA-North America, P c-Pacific, Ph-Phil ippine, Ri-Rivera, SA-South America, Sw-

Sandwich, So-Solomon) 
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However, recent studies by several investigators (Abe, 1972a, b; Malgrange et al. , 

1981) indicate that these events occur frequently in some subduction zones, and 

intermediate-depth events are often very damaging (e.g. , 1965 Puget Sound, Washing-

ton; 1973 Orizaba, Mexico; 1979 Colombia earthquake). It is clearly a difficult task to 

appraise the seismic hazard posed by intraplate activity since we cannot even reliably 

assume that long-term plate motions will drive repeated failure on the same fault. 

However, t he events must be controlled by the regional stress env ironment, and many 

stud ies have attempted to extract information about the state of stress within t he 

subducting plate by analyzing the intraplate focal mechan isms. These investigations 

reveal that the subducting slab acts like a complex stress guide (e.g. , !sacks and Mol-

nar, 1969, 1971). 

This offers the possibility that the characteristics of large intermediate-depth earth-

quakes may reflect the state of in terplate coupling at various subduction zones, in 

addition to the conventional in terpretations of unbending, sagging, detachment, and 

penetr ation resistance. 

Age of the SP from Sclatter and Parsons, 1981; and Moore, 1982 
Dip of the SP at intermediate depth 
TAz Trench Azimuth from Moore, 1982 
TLg Approximate Trench Length from Moore, 1982 
Depth of maximum extent of continous observed seismicity . Note that there are deep events in 

South America but the seismicity is not continous 
Plate Convergence (Rate, Azimuth) calculated from RM2 model of Minster and Jordan, 1978 
VN convergence velocity normal to the trench axis 

References: 1. Barazangi and !sacks, 1979; 2. Frankel and McCann, 1979 ; 3. Barker, 1972; 4. 
Molnar and Sykes, 1969, LeFevre and McNally, 1985; 5. Dewey and Algermissen, 1974, Dean and 
Drake, 1978; 6. Frankel, et al., 1980; 7. McCann and Sykes, 1984; 8. Clowes et al. , 1983; 9. 
Nishimura et al., 1984; 10. Enghdal, et al., 1977; 11 . Ishida, 1970; 12. Shiono, et al. , 1980; 13 . Seno, 
1977; 14. Katsumata and Sykes, 1969; 15. Kanarnori and Tsumura, 1971; 16. Cardwell, et al. , 1980; 
17. Fitch, 1970b; 18. Eguchi, et al., 1979; 19. Fitch, 1970a; 20. McCaffrey et al. , 1985, Cardwell and 
Isacks, 1978; 21. Pascal, 1979; 22. Johnson and Molnar, 1972; 23. Pascal et al. , 1978; 24. Billington, 
1980, Giardini and Woodhouse, 1984; 25. Ansell and Smith, 1975; 26. Reid, 1976. 
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In order to improve our understanding of the nature of intermediate-depth 

seismicity, Chapter 1 presents a review of the spatio-temporal distribution of large 

(M> 7) inte rmediate and deep focus earthquakes that occurred during this century in 

the subduction zones listed in T ab le 1.1. Given ou r re lative ignorance of the causes 

of intermediate-depth events, as well as their hazard potential, we conducted a global 

investigation of the focal mechanisms of these even ts. In particular, we explored the 

interaction between the shallow seismically coupled region where thrust events occur 

and the deeper uncoupled region in subduction zones. This analysis was motivated in 

part by the recent suggestion that outer rise in t raplate events may, under some con

dit ions, respond to variations in interplate coupling (Christensen and Ruff, 1983). A 

comprehensive catalogue of focal mechanisms of large (M > 6) intermediate-depth 

earthquakes that occurred between 1960 and 1984 was gathered as our primary data 

base. This is used in the development of qualitative models relating gross tectonic 

properties to the in trap late earthquake activity. Achieving an understanding of t he 

relationsh ip between interplate and intermediate-depth seismic activity is particu

larly important for seismic gap regions and for zones of uncertain seismic potential 

such as the Juan de Fuca plate, where large intermediate-depth earthquakes have 

occurred recently. 

1.2 Earthquakes wit hin the Subducting L ithosphere: An Overview 

Earthquakes occurring below 40 km depth near convergent plate margins form 

inclined zones of seismicity known as Benioff zones, which presumably delineate t he 
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location of the colder, subducting lithosphere to as deep as 650 km depth (e .g. Isacks 

et al. , 1968; Sleep, 1973; Richter, 1979). 

Many studies of deep and intermediate-depth earthquakes have focused on 

understanding the stress distribution within the subducting lithosphere by relating 

the orientation of the compressional and tensional axis of earthquake focal mechan

isms to the orientation of the seismic zone. Based on a global study of individual focal 

mechanism solutions of deep and intermediate-depth earthquakes !sacks and Molnar 

(1969, 1971) concluded that the descending slab acts like a stress-guide, in which 

compressional stresses are dominant below 300 km, and either down-dip tensional or 

compressional stresses are observed between 70 and 300 km depth. They attributed 

down-dip tensional events to extensional stresses induced by the slab's own negative 

buoyancy, but they also argue that the slab encounters more resistant material as it 

sinks into the mantle so that the stresses at intermediate depth become compres

sional for plates that extend to 650 km depth. Oike (1971) made similar observations 

by contouring pressure and tension axes for events in various subduction zones. 

Moment tensor inversions of recent earthquakes (Vassiliou, 1984) also indicate that 

down-dip compressional stresses are dominant below 300 km depth , but the behavior 

of intermediate-depth events is much more complicated as discussed below. 

Richter (1979) suggests that the occurrence of down-dip compressional events 

below 300 km is an evidence of the inability of the subducted material to penetrate 

below 700 km depth. Vassiliou et al. (1984) conducted numerical modeling to test 

whether the observed stress pattern within the subducted slab (transition from 

down-dip tension to compression with increasing depth) is the result of the slab 

encountering a penetrable viscosity increase or an impenetrable chemical discontinuity 
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m the man tle. Either hypothesis can explain the gross characteristics of the stress 

orientation. Vassiliou et al. (1984) suggest that an observed decrease in seismic 

activity between 250 and 400 km depth may be due to t he olivine to spinel phase 

transition at 400 km depth (Anderson , 1967) and t hat the lack of seismicity below 

670 km depth indicates that eithe r the slab cannot penetrate below this depth or that 

a change of the subducted lithosphere rheology occurs, which prevents brittle earth

quake failu re. 

The non-uniform stress pattern observed at intermediate depths could be related 

to the existence of double seismic zones. Well-located hypocenters in the Kanto dis

trict in J apan (T sumura, 1973) and composite focal mechanisms of small events in the 

region indicate that the upper seismic zone is under in-plate compression whereas the 

lower layer is under in-plate tensional stresses (Hasegawa and Umino, 1978). T he two 

layers of seismicity are separated by about 35 km and extend in depth from 60 to 190 

km. Double seismic zones have been observed beneath most of the J apanese arc (e.g .. 

Yoshii , 1979; Suzuki and Motoya, 1978; Ishikawa, 1985) and also in the Kuriles

Kamchatka subduction zone (Sykes, 1966; Fedotov , 1968; Fedotov et al. , 1971; Veith , 

1974, 1977; Stauder and Maulchin, 1976). However, double seismic zones are not 

found in every subduction zone (Fuj ita and Kanamori, 1981). Some regions exhibit 

stress-segmented seismic zones where regions of compression and tensional events are 

in close proximity and may give the impression of a double-seismic zone in cross sec

tion , as is the case for the central Aleutian arc (Engdahl and Scholz , 1977; Fujita and 

Kanamori, 1981). Some of the mechanisms proposed to explain double seismic zones 

include stresses associated with phase changes (Veith, 1974), unbending of the litho

sphere (Engdahl and Scholz, 1977; Samowitz and Forsyth, 1981; Kawakatsu , 1986a), 
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sagging of the subducted plate (Yoshii, 1977; Sleep, 1979), and thermo-elastic stresses 

(House and Jacob , 1982; :yfolnar et al. , 1979; Goto et al. , 1985). 

Fujita and Kanamori (1981) interpreted published focal mechanism solutions of 

intermediate-depth earthquakes as a function of the slab age and convergence rate as 

follows. Stresses at intermediate depth of old and slow slabs are tensile and induced 

by the slab's own weight, whereas those of old and fast slabs are generally mixed 

resulting in double seismic zones. Intermediate-depth stresses in you ng and slow slabs 

are also mixed , but instead exhibit stress-segmented zones. Young and fast slabs are 

tensile, specifically under South America, probably due to continental loading. Their 

results are interpreted in the context of the global variation of interplate coupling at 

subduction zones, which is predominantly controlled by slab age and convergence rate 

(Ruff and Kanamori, 1980). 

Mogi (1973) studied the relationship between shallow and deep seismicity in the 

western Pacific region and concluded that temporal changes in the seismic activity at 

depth associated with the occurrence of large thrust events are not fortuitous, but 

may indicate an integral part of the earthquake cycle. Mogi 's observations suggest 

that the descending lithosphere may act as a visco-elastic body under gradually 

increasing load , rather than as a rigid elastic plate (Kawakatsu, 1986a). Seno and 

P ongswat (1981) and Kawakatsu and Seno (1981) defined a third seismic zone in 

northern Japan, and suggested that the focal mechanisms of the events in this zone 

change in response to stress changes on the interplate boundary. Recently, McNally 

et al. (1986) and Gonzalez-Ruiz (1986) constructed a composite spatio-temporal cross 

section of shallow and intermediate-depth events that occurred along the Mexican 

subduction zone, which suggests that stress transfer between the shallow interplate 
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boundary and the intraplate setsm1c activity takes place. Furthermore, temporal 

variations in the focal mechanisms of intraplate earthquakes in relat ion to the 

occurrence of large thrust earthquakes have been observed in southern Chile, both in 

the outer-rise region (Christensen and Ruff, 1983, 1987) and at intermediate depths 

(Astiz and Kanamori, 1986). 

Large Intermediate and Deep Focus Earthquakes: 1904-1984 

To provide a general context for a detailed investigation of intermediate depth 

earthquakes, we first consider the historic record of the largest events within the sub

ducting slabs. Figure 1.2 shows the world-wide distribution of large (M>7) inter

mediate and deep focus earthquakes that occurred from 1904 to 1984. Most inter

mediate and deep focus earthquakes occur at major active plate boundaries (Figure 

1.2), with only a few events apparently being unrelated to presently subducting 

plates. Examples of the latter include the 1954 deep Spanish event (Chung and 

Kanamori, 1976) or the 1915 event located offshore western Australia, which may be 

mislocated. These events are listed by region in Table A.l. Appendix 1 shows the 

depth and time distribution for each region in Figure 1.2. 

The most active region at intermediate depths is New Hebrides(35). Tonga(36) 

is the most active below 400 km depth but has also relatively high intermediate-depth 

seismic activity . Regions with large number of intermediate-depth earthquakes with 

m8 >7.0 are the Altiplano(4), Timor(30), Sulawesi(25), Scotia(8), and New lreland(33), 

which are associated with bends in the subducted lithosphere. Other regions with a 

large n urn her of large intermediate-depth events are North Chile(5), Kuriles(17), 

Ryukyu(21) , and Philippines(24). The Nankai and Rivera regions where t he 
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subducting lithosphere is young, and the observed seismicity shallower than 100 km 

do not have large intraplate earthquakes. Some regions such as Luzon(23) and New 

Zealand(38) had very few intrplate events in this century. 

Comparing the time distribution of large earthquakes in this century versus the 

time distribution of these events after 1960, we can get an idea of how well seismicity 

after 1960 represents the intraplate activity of different subduction zones. Regions 

where seismicity within the subducting plate has been relatively constant in the last 

80 years are the Altiplano(4), North Chile(S), Kuriles(17), Northeast Japan(18), 

Timor(30), New Hebrides(35), Tonga(36) and the Hindu-Kush(39). However, seismic 

activity in some other regions has changed during this century. For example the 

Ryukyu(21) and Sulawesi(23) regions were especially active in the early part of the 

century, whereas other regions such as Peru(3), Philippines(24) and New Guinea(31) 

seem to be more active recently. These temporal changes in activity may be related 

either to changes in the regional subduction process (e .g. , the shallow interplate earth

quake cycle) or to global changes like the Chandler wobble (Abe and Kanamori, 

1 979). 

Vassiliou et al. (1984) determined the variation of the number of mb>S events 

between 1964 and 1980 from the NOAA catalog. They observed that for the world 

seismicity, the number of intraplate events decreased with depth to about 300 km. It 

remained constant to about 500 km depth, where an increase in the number of events 

was observed to about 600 km depth. They assumed that this distribution reflected 

the level of stress within the plate with increasing depth. However, Giardini (1987) 

determined the b value for deep seismic regions and found large regional variations, 

from 0.33 in South America to 1.22 in Tonga. The b value for most regions is about 
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Table 1.2: Largest Earthquake Magnitude by Seismic Dept h 

S ubduction Maximum O bserved M agnitude Se~mic 
Zone Name Mw rna rna rna Depth 

d<40km 40~d<260 260 < d < 400 d>400km (km) 
So uth Amer ica 
1-Colombia 8.8 7.0 250 
2-Ecuador (8.8) 7.5 7.5 200 
3-Peru 8.2 7.8 7.3 220 
4-Aitiplano 7.6 300 
5-North Chile (8.5) 7.7 7.4 300 
6-Central Chile 8.5 7.5 200 
7-South Chile 9.5 7.5 160 
8-Scotia 7.0 7.6 200 
M iddle America 
9a-Rivera 8 .2 90 
9-Mexico 8 .1 7.7 200 
10-C. America (8.1) 7.4 280 
C arib bean 
11-Greater Antilles (8.0) 7.0 180 
12-Lesser Antilles 7.5 7.5 250 
N orth Pacific 
13-Juan de Fuca 7.1 100 
14-Aiaska 9.2 7.3 160 
15-Aieutians 9.1 7.4 280 
N ort h Pacific 
16-Kamchatka 9.0 7.8 540 
17-Kuriles 8.5 7.6 7.5 7.4 625 
18-NE Japan 8.2 7.5 7 .4 7.4 580 
W estern Pacific 
19-lzu-Bonin 7 .2 7.9 7 .7 7.2 560 
20-Marianas 7 .2 7.3 7.0 640 
21a-Nankai (8.2) 60 
21-Ryukyu 8.0 8.1 220 
22-North Taiwan 7.6 300 
23-Luzon 7.0 640 
24-Philippines (8.3) 7.3 7.4 7.2 640 
25-Sulawesi (8.0) 7.8 190 
Indonesia 
26-Burma 7.4 200 
27-Andaman (8.0) 7.2 100 
28-Sunda 7.9 7.3 7.2 300 
29-Java 7.1 7.6 7.0 7.2 650 
30-Timor (8.5) 7.8 7.2 7.0 690 
Sout hwest Pacifi c 
31-New Guinea (8.0) 7.3 200 
32-New Britain (8.1) 7.2 200 
33-New Ireland 7.3 7.2 550 
34-Solomon 8.1 7.3 200 
35-New Hebrides 7.9 7.9 7.3 320 
36-Tonga 8.3 7.7 7.5 7.6 650 
37-Kermadec 8.1 7.0 7.0 600 
38-New Zealand 7.8 7.1 350 

Mw ar e mostly taken from Ruff and Kana.mori (1980); values in parenthesis are M. from Abe (1981). 
rna values are body-wave magnitude at T~8s (T able A.1) 
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0.6. These results indicate that a profile of a number of intraplate events with depth 

for the world 's seismicity would be biased by the high seismic activity in Tonga at 

depth. Chung and Kanamori (1980) investigated the variation of earthquake source 

parameters with depth and concluded that the stress drop of intermediate and deep 

events ranges from 20 bars to about 4.6 kbars. This variation is generally associated 

with an increase in the earthquake depth; however, events with comparable depth 

closer to bends in the subducting lithosphere would have higher stress drops than 

events located in relatively simple subducting slabs. The relation of stress within the 

plate and earthquake stress drop is unclear. However, since most of the seismic 

energy is released in large earthquakes, the profiles shown in Appendix 1 should 

reflect the seismic energy released within the plate for each subduction zone during 

this century. 

If we divide the large intraplate earthquakes into three depth ranges 

(40<d <260,260 < d <400,and d > 400 km) that correspond to different stress 

regimes within the downgoing slab and assign a maximum observed earthquake mag

nitude , rna, to each depth range, then we observe that the maximum rna decreases 

with depth for most regions (Table 1.2) with the exception of the Sunda(28), Java(29) 

and Tonga(36) regions for which the observed magnitude rna increases for the 

deepest range and the Philippines(24) for which the middle range (260 < d <400km) 

has the largest observed rna. The deepest range (d > 400 km) corresponds to the 

region with down-dip compressional events (e.g., !sacks and Molnar, 1971). In the 

middle range, 260 to 400 km, down-dip tensional events mainly occur (Vassiliou et al. , 

1984) with the exception of Tonga, where down-dip compressional events are com

monly observed to shallow depths (Giardini and Woodhouse, 1984). At the shallower 
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range ( 40 to 260 km) many events have nearly down-dip tensional axes; however, the 

focal mechanisms of these events exhibit a large variation as shown in the following 

sections. The above observations suggest that the occurrence of large intraplate 

events may be influenced not only by the slab 's rheology but also by other factors 

such as lateral thermal variations in the surrounding mantle. 

1.3 Catalog of Intermediate-depth Earthquakes 

There is evidence that subducted plates are uncoupled from the overriding plate 

below 40 km depth, where a steepening of the Benioff zone is generally observed (e.g., 

Engdahl, 1977; Isacks and Barazangi, 1977; Billington , 1980). This bend in the sub

ducting plate has been related to the phase change in the oceanic crust from basalt to 

eclogite at approximately 35 km depth , whtich causes an increase in the average den

sity of the slab (Wortel, 1982; Pennington, 1983; Ruff and Kanamori, 1983; Fukao et 

al., 1983). Also, most large thrust events appear to have rupture zones constrained to 

depths less than 40 km (Schwartz and Ruff, 1987). Thus, earthquakes deeper than 40 

km depth are believed to occur within the subducting plate, since it is no longer in 

contact with the overriding plate. An analysis of intraplate events in the depth range 

40 to 200 km should provide us with a better understanding of the interaction 

between the state of stress in the deeper uncoupled region and the degree of coupling 

of the interplate boundary at subduction zones. Such a study requires a detailed cata

log of events that are reliably identified as being intraplate. 
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We gathered a catalog of intermediate-depth earthquakes (Table 1.3). First, all 

earthquakes with mb>6.0 that occurred from 1960 to 1984 between 40 and 200 km 

depth were identified by sorting the NOAA and ISC (Inter:national Seismic Centre) 

catalogs. Then, a search for published focal mechanisms for these earthquakes was 

undertaken. Some events have been studied by several groups of researchers. How

ever, only the focal mechanism solut ion that was considered the most reliable is listed 

in Table 1.3. Reliability was determined on the basis of the most recent study (that 

generally referred to earlier works) or on the basis of studies in which the authors 

picked the first-motion and S-polarization data themselves. Although t here is a con

siderable variation in the confidence attached to individual focal mechanisms, the 

general character of the solutions is reliable. If the studies included epicentral reloca

tion then we list these hypocenters in T able 1.3 instead of the location reported by 

NOAA. In surveying the literature, numerous intermediate-depth events given depths 

less than 40 km or missing in the NOAA and ISC listings were identified and included 

in T able 1.3. Published focal mechan ism solu tions were not available for nearly 140 of 

the earthquakes in the initial list. 

A preliminary focal mechanism solution was determined from fi rst-motion data 

m the ISC bulletin for those events lacking a published solution. Most of these 

mechanisms were not very well constrained. If t he depth of the event was shallower 

than 60 km, with no depth phases being reported in the ISC bulletin, and if the prel

iminary focal mechanism solution was relatively reliable and consistent with an inter

plate thrust orientation in the direction of local subduction (Table 1.1), we assumed 

that the event was probably interplate, and it was removed from t he initial catalog. 

In this way , we eliminated about 30 events. Then we picked fi rst-motion data from 
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short and long-period records of the World Wide Seismograph Standard Network 

(WWSSN) for over a hundred events to determine better constrained focal mechan

isms. Recordings for 25 events of the catalog were very small, and no reliable focal 

mechanism could be determined for them from WWSSN seismograms. Most of these 

events occurred in the early 1960's and their magnitudes may have been overes

timated. These events were removed from the catalog as well. After timing depth 

phases in short-period WWSSN records, we found that 40 events were clearly shallow, 

and these were not included in the intermediate-depth earthquake catalog either. 

Some of these events may be outer-rise events, for which a comprehensive catalog has 

been compiled by Christensen and Ruff (1987). These events were eliminated from our 

catalog. Finally , we determined 40 new focal mechanism solutions of intermediate

depth earthquakes, which are shown in Appendix 2. First-motion data were 

insufficient to constrain both fault planes for half of these events, but we determined 

the depth and one of the focal mechanism parameters by modeling long-period body 

waves. Only a few critically orien ted stations were modeled for each of these events, 

but generally this provided adequate resolution of the source depth and mechanism. 

The asterisk ( *) in Table 1.3 indicates which parameter was constrained by the syn

thetic seismograms or by timing of pP-P phases in short period records to determine 

the event depth. 

The final catalog, listed in Table 1.3, contains 335 hypocenters, magnitudes and 

focal mechanism solutions of earthquakes that occurred between 40 and 200 km 

depth. Event numbers are chronological, hypocenters are given in degrees (latitude 

north and longitude east are positive), depth is given in km. The magnitude M listed 

is mb for most events that occurred before 1977 except for the larger events, for 
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which m8 from Abe (1981) is given . For events that occurred after 1977, Mw was 

determined from Kanamori 's (1977a) relation Mw= ~ logM0 -10.73. Note that t he mag

nitudes included in Table 1.3 are intended to reflect the real size of the event. Figure 

1.3 shows that there is a large scatter between mb and either Mw or m8 for the 

intermediate-depth events in T able 1.3, indicating that mb is not a very reliable meas

ure of large (M> 7)in termediate-depth events. Relations between m8 and seismic 

moment, M0 , or Mw are given by Kanamori (1983). The fault parameters, azimuth 

(<P), dip (6), and rake (>.) , of one of the planes are given as well as the pressure (P), 

tension (T) and intermediate (B) stress axes. Azimuth is measured clockwise from the 

north . Abbreviations are references that are listed at the bottom of Table 1.3. 

This catalog probably includes most intermediate-depth earthquakes with 

M> 6.5 that occurred within the subducting slab between 1960 and 1984. However, 

some intermediate-depth events that were originally listed by NOAA and ISC as shal

low may be missing, particularly if they have compressional mechanisms. Also, a few 

of the events listed in the catalog may actually be interplate events with sligh t ly 

anomalous depths and mechanisms. This is a significant expansion of the data base of 

210 events in the same period compiled by Fujita and Kanamori (1981 ). However, 

they compiled an additional 33 mechanisms for events prior to 1960, most of which 

are based on ISS reports. 
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Table 1.3: Catalog or Intermediate-depth Earthquakes 

'o. Date Fault Plane p T B Lat. Long. Depth M 

N+,S- E+,W- ¢0 00 ). 0 Az o PI o Az o PI o Az o PI o 

1 f17 / 10/ 00 

1' f17 / 25/ 00 

2 03/ 11/ 61 

3 08/ 17/ 61 

4 08/ 03/ 62 

5 01/ 01 / 63 

6 01/ 29/ 63 

7 02/ 13/ 63 

8 02/ 26/ 63 

g 03/ 10/ 63 

10 03/ 30/ 63 

11 04/ 02/ 63 

12 04/ 13/ 63 

13 05/ 01/ 63 

14 05/ 22/ 63 

15 06/ 17/ 63 

16 06/ 19/ 63 

17 f17 / 04/ 63 

18 f17 / 30/ 63 

19 00/ 15/ 63 

20 00/ 17/ 63 

21 00/ 24/ 63 

23 10/ 24/ 63 

24 11/ 04/ 63 

25 11/ 04/ 63 

26 11/ 15/ 63 

27 12/ 18/ 63 

28 01/ 15/ 64 

29 01/ 2fJ/ 64 

30 01/ 22/ 64 

31 01 / 26/ 64 

32 01/ ?2./ 64 

33 02/ 27/ 64 

34 04/ f17 / 64 

35 04/ 24/ 64 

36 05/ 26/ 64 

37 05/ 27/ 64 

38 06/ 23/ 64 

39 f17 / 06/ 64 

40 f17 /08/61 

1.00 98.00 

54.00 159.00 

48.70 155.2fJ 

46.40 149.30 

-23.30 -68.10 

56.60 -157.70 

49.70 155.00 

24.50 122.10 

-7.60 146.2fJ 

-29.90 -71.'}/J 

-19.11 169.00 

53.10 -171.70 

-6.30 -76.70 

-19.00 168.00 

-8.20 115.70 

-4.10 102.2fJ 

4.70 126.50 

-26.30 -177.70 

-55.90 -27.50 

-10.30 165.00 

-10.80 -78.2fJ 

-10.60 -78.00 

-4.90 102.90 

-15.14 167.38 

-6.86 129.58 

44.30 149.00 

-24.80 -176.00 

29.10 140.80 

-20.70 169.00 

22.40 93.00 

-16.30 -71.70 

36.48 70.95 

21.70 94.40 

0.10 123.'}/J 

-5.10 144.'}/J 

-56.45 -27.70 

-56.40 -28.40 

43.30 H 6.10 

18.30 -100.40 

-5.50 129.80 

150.0 6.50 299.0 16.0 90.0 200 

100.0 6.90 340.0 35.0 41.0 301 

50.0 6.20 237.0 20.0 UXl.5 132 

160.0 6.70 271.5 18.7 -25.0 275 

108.0 7.30 142.0 32.8 -123.7 307 

50.0 6.50 156.0 23.5 58.ll 88 

143.0 6.20 159.2 17.5 42.2 108 

67.0 7.25 259.0 29.0 90.0 169 

182.0 7.38 267.0 21.9 -180.0 105 

70.0 6.30 82.5 ll .5 -158.9 250 

156.0 6.30 278.1 48.9 13.4 235 

140.0 6.38 6.4 36.9 -54.6 349 

125.0 6.10 20.0 31.2 

142.0 7 .1B 296.5 41.4 

76.0 6.10 96.0 6.0 

-63.7 49 

23.8 250 

90.0 6 

69.0 6.30 330.0 10.0 90.0 240 

83.0 6.20 174.0 10.0 90.0 84 

190.0 6.50 122.4 62.8 - 151.1 339 

55.0 6.20 168.0 40.0 160.0 32 

43.0 6.30 ?2.0.0 40.0 -90.0 10 

61.0 6.70 187.1 43.8 -60.0 186 

80.0 6.00 90.8 24.9 -141.0 261 

65.0 6.10 298.0 16.0 

123.0 6.40 5.0 40.0 

100.0 7.88 80.0 48.0 

90.0 208 

90.0 275 

52.0 16 

50.0 6.00 96.5 14.0 -84.6 179 

46.0 6.50 270.0 0.1 -180.0 92 

80.0 6.40 219 .6 37.5 55.0 154 

141.0 6.10 97.6 39.0 -50.0 93 

88.0 6.10 238.0 18 .9 0.0 22fJ 

116.0 6.10 2fJ3.0 37.6 -16.4 181 

197.0 6.30 340.0 80.0 90.0 70 

102.0 6.40 263.3 19.6 30.8 22fJ 

184.0 6.30 169.2 60.3 -179.2 30 

106.0 6.30 356.3 10.0 -87.3 83 

114.0 7.58 179.3 52.7 162.0 41 

61.0 6.00 ?2.1.0 48.2 44.7 221 

77.0 6.20 200.5 13.4 38.9 152 

45.0 7.38 87.0 46.0 -116.0 279 

165.0 7.08 4.4 26.1 157.3 225 

29 29 

46 . 182 

26 296 

50 130 

66 76 

25 291 

32 317 

16 349 

41 249 

48 51 

20 130 

65 

69 

20 

39 

35 

35 

39 

23 

85 

69 

56 

29 

5 
3 

59 

45 

12 

63 

42 

43 

35 

33 

21 

55 
14 

6 

36 

72 

31 

252 

271 

138 

186 

60 

264 

71 
146 

190 

76 

39 

28 

95 

279 

2 

272 

35 

340 

76 

64 

250 

76 

128 

264 

156 

125 

351 

15 

357 

61 

26 

63 

35 

16 

61 

55 

74 

41 

40 

36 

13 

16 

46 

51 

55 

55 

44 

5 

5 

27 

61 

85 

63 

31 

45 

66 

12 

42 

26 

55 

52 

20 

35 

36 

57 

52 

2 

49 

ll9 

73 

3ll 

27 

171 

185 

206 

79 

355 

151 

348 

157 

177 

356 

276 

150 

354 

164 

283 

280 

344 

139 

ll8 

185 

108 

271 

2 

249 

244 

328 

313 

160 

321 

258 

172 

297 

315 

249 

106 

ll9 

0 

57 

6 

18 

17 

12 

13 

0 

2fJ 

11 

40 

2fJ 

13 

'S1 

0 

0 

0 

51 

'S1 

0 

20 

19 

0 

0 

27 

0 

2fJ 

24 

19 

36 

0 

17 

00 

1 

49 

32 

9 

18 

25 

Rer. 

FK 
FK 
FK 
FK 
S73 

S8 

SMa 
KS 

rM 
S73 

rM 

S8 

S8 

rM 
F72 

F72 

F72 

ISO 

F75 

JoM 

S75 

S75 

F72 

rM 
OA 

SMa. 
ISO 

KS 

1M 
LTM 

1M 
New 

LTM 
So73 

1M 
A72 

1M 
SMa. 

MS 

FM 

I 



No. Date 

41 07 / 09/ 64 

42 07/ 12/ 64 

43 09/ 12/ 64 

44 09/ 15/ 64 

45 11/ 01/ 64 

46 11/ 02/ 64 

47 11/ 17/ 64 

48 11/ 24/ 64 

4Q 01 / 02/ 65 

50 01 / 16/ 65 

51 02/ Z3/ 65 

52 03/ 04/ 65 

53 03/ 14/ 65 

54 03/ 22/ 65 

55 03/ 213/ 65 

56 03/ 31/ 65 

57 04/ 2<J/ 65 

58 05/ 17/ 65 

5Q 05/ 26/ 65 

60 06/ 12/ 65 

61 07/ 02/ 65 

62 07/ 30/ 65 

63 08/ 05/ 65 

64 08/ 'l!J/ 65 

65 08/ 'l!J/ 65 

66 09/ 16/ 65 

67 00/ 17/ 65 

68 00/ 21/ 65 

6Q 10/ 25/ 65 

70 11/ 12/ 65 

71 11/ 'l!J/ 65 

72 11/ 21/ 65 

73 12/ 07/ 65 

74 12/ 08/ 65 

75 12/ 13/ 65 

76 12/ 26/ 65 

77 02/ 03/ 66 

78 05/ 01 / 66 

7Q 07/ 01 / 66 

80 08/ 10/ 66 
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Fault Plane p T B Lat. Long. Depth M 

N+,S- E+,W- <f>O so A 0 Az o PI o Az o PI o Az o PI o 

-15.50 

24.90 

-4.40 

8.90 

3.10 

-4.10 

-5.70 

-6.80 

1Q.10 

-56.60 

167.60 

95.30 

144.00 

Q3.03 

1213.10 

-76.90 

150.70 

107.40 

145.40 

-27.40 

-25.70 -70.50 

-5.40 147.00 

36.42 70.73 

-15.30 -173.40 

-32.40 -71.'l!J 

38.60 22.40 

47.40 -122.40 

22.41 121.26 

-56.10 -27.60 

-20.50 -6Q.30 

53.10 -167.60 

-18.10 -70.80 

-5.20 151.60 

-18.90 -69.00 

-22.80 -176.'1!J 

7.10 126.60 

-1.50 -77.70 

2Q.OO 1213.10 

44.20 145.30 

30.70 140.10 

-7.30 12Q.'l!J 

-6.30 130.30 

-6.40 146.30 

-37. 10 177.50 

-56.10 -27.60 

-5.40 151.60 

0.10 1Z3.50 

-8.40 . 74.30 

24.80 122.40 

-20.10 -175.40 

127.0 7.48 353.0 36.0 

155.0 6.70 258.0 61.2 

120.0 6.30 305.0 2.0 

89.0 6.30 263.6 2<;1.4 

8Q.O 6.30 220.4 52.3 

91.0 6.00 144.9 43.2 

65.0 6.70 266.0 32.5 

130.0 6.00 Z30.0 70.0 

136.0 6.50 Z35.2 213.7 

101.0 6.10 158.0 15.0 

90.0 263 

-Q.O 219 

QO.O 215 

43.9 207 

146.3 Q4 

-95.8 299 

90.0 176 

0.0 187 

-133.7 43 

90.0 68 

80.0 7.25 138.8 12.8 -144.6 2Q1 

191.0 6.40 2134.6 56.7 -32.6 252 

'l!J5.0 7.58 270.0 22.0 84.0 184 

44.0 6.50 10.0 31.8 -174.0 212 

72.0 7.30 348.0 80.0 -100.0 246 

78.0 6.75 348.4 35.0 127.2 235 

63.0 6.88 344.0 70.0 -75.0 277 

72.0 6.00 196.5 56.5 4.7 155 

120.0 6.70 175.Q 57.2 140.7 52 

102.0 6.50 Q5.0 18.2 -145.0 260 

60.0 6.90 121.5 9.4 -34.3 138 

72.0 6.00 Z32.6 24.6 -2.6 211 

50.0 6.50 44.0 50.0 Q6.8 12Q 

128.0 6.50 'l!J6.0 15.2 -30.6 221 

79.0 6.10 313.0 5.0 55.1 263 

183.0 6.00 115.6 56.6 36.Q 60 

191.0 6.50 82.6 13.4 -143.0 242 

1Q9.0 6.75 13Q.l 34.7 -149.0 32Q 

181.0 6.50 178.0 16.8 26.1 13Q 

65.0 6.75 10.0 42.8 -75.8 15 

132.0 6.10 233.4 29.4 136.1 110 

132.0 6.60 Z36.4 32.3 

116.0 6.10 33Q.O 67.8 

156.0 6.20 117.5 2Q.5 

H 'J .Q 104 

-2.2 297 

56.2 52 

153.0 6.30 215.0 55.0 138.7 Q4 

76.0 6.10 331.0 24.6 -180.0 174 

165.0 6.00 270.0 Q.O QO.O 180 

154.0 6.75 248.'2 26.7 -33.9 251 

11Q.O 6.75 304.0 27.0 90.0 214 

Q5.0 6.50 110.3 23.8 - 145.4 2132 

9 

26 

43 

22 

7 

85 

13 

14 

60 

30 

51 

45 

23 

40 

54 

17 

62 

20 

0 

53 

50 

41 

5 
51 

40 

2 

52 

52 

36 

80 

22 
24 

17 

1Q 

2 

40 

36 

54 

18 

54 

83 

122 

35 

75 
1Q2 

59 

356 

93 

177 

248 

93 

158 

10 

339 

86 
2Q 

62 

55 

146 

4'J 

33Q 

77 

357 

67 

93 

3213 

38 

90 

346 

270 

241 

235 

202 

275 

180 

308 

0 

117 

34 

62 

81 

14 

47 

59 

48 

2 
78 

14 

22 

60 

37 

4 

67 

34 

34 

60 

24 

26 

50 

33 

3Q 

39 

83 

36 

50 

48 

36 

22 

50 

3 

SQ 

52 

14 

65 

51 

40 

54 

27 

72 
2Q 

173 

6 

125 

306 

358 

149 

86 

320 

275 

338 

1Q3 

63 

276 

93 

350 

137 

159 

278 

322 

149 

246 

325 

220 

328 

357 

152 

135 

193 

237 

180 

10 

3 

77 

148 

2 

60 

90 

15 

124 

163 

0 

60 

0 

21 

41 

4 

0 

70 

19 

0 

10 

45 

2 

30 

10 

18 

14 

56 

41 

15 

8 

25 

5 

13 

6 

42 

11 

30 

14 

10 

22 

25 

68 

16 

38 

25 

0 

22 

0 
1Q 

Rer. 

IM 
0 71 

lM 

LTM 
F72 

lM 
So73 

KS 
IM 

S73 

0 71 

071 

ISO 

ISO 

MDM 

lM 

LB 
KS 

IM 
S73 

IM 
S73 

JoM 
S73 

ISO 

FM 

lM 

KS 

IM 

KS 

FM 
FM 

R74 

IM 
0 71 

lM 
FM 

S75 

KS 

ISO 



No. Date 

81 08/ 21/ 66 

82 CXJ/ 08/ 66 

83 10/ CJl / 66 

84 11/ 10/ 66 

85 12/ 01 / 66 

86 12/ 14/ 66 

87 01 / Hl/ 67 

88 02/ 19/ 67 

89 03/ 11/ 67 

90 04/ 12/ 67 

91 05/ 11/ 67 

92 05/ 21 / 67 

93 06/ 17/ 67 

94 CJl/ 29/ 67 

95 08/ 12/ 67 

96 08/ 26/ 67 

97 10/ 12/ 67 

98 10/ 15/ 67 

99 10/ 25/ 67 

100 12/ 27/ 67 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

03/ 11/ 68 

05/ 28/ 68 

CJl/ 25/ 68 

08/ 05/ 68 

CXJ /CXJ / 68 
CXJ / 20/ 68 
09/ 28/ 68 

10/ 28/ 68 

11/ 17/ 68 

12/ 17/ 68 

111 01/ 05/ 69 

112 01/ 11/ 69 

113 01/ 19/ 69 
114 01/ &lf tJ9 

115 06/ 14/ 69 

116 CJ1 / 16/ 69 

117 10/ 17/ 69 

118 10/ 26/ 69 

119 12/ 25/ 69 

120 01/ 08/ 70 

- 125 -

Lat. Long. Depth M Fault Plane p T B 

N+,S- E+ ,W- 4>• s• .>.. • Az • PI • Az • Pt • Az • Pt • 

8.50 

2.40 

-21.60 

-31.90 

-14.00 

-4.89 

-11.85 

-9.13 

-10.77 

5.26 

126.60 

128.30 

170.60 

-68.40 

167.10 

144.00 

166.40 

113.05 

166.26 

96.40 

-20.26 -68.69 

0.97 101.35 

-58.30 -26.60 

6.80 -73.00 

-24.70 ·177.50 

12.18 140.80 

-7.10 129.80 

11.90 -86.00 

24.50 122.20 

-21.20 -68.30 

-16.20 -173.90 

-2.91 139.32 

-30.77 · 178.35 

33.29 132.18 

-8.73 -74.52 

10.73 -62.67 

-13.16 -76.38 

-12.47 166.46 

9.55 -72.65 

60.20 -152.80 

-7.98 158.91 

-28.41 -176.96 

-14.89 167.19 

4.80 127.44 

-7.91 158.98 

52.20 158.98 

23.05 94.70 

-16.17 -173.95 

15.79 -59.64 

-34.74 178.57 

67.0 6.75 158.0 26.0 

71.0 7.2B 326.7 41.3 

160.0 6.30 9.5 69.3 

113.0 6.00 49.7 46.2 

132.0 6.00 335.7 42.1 

70.0 6.00 122.0 30.0 

156.0 6.00 162.0 37.8 

94.0 6.75 147.1 8.0 

49.0 6.25 290.4 29.3 

55.0 6.10 98.0 28.0 

90.0 68 

98.1 231 

157.6 59 

-35.9 28 

85.3 249 

90.0 32 

74.6 83 

-83.2 229 

-52.3 309 

90.0 8 

79.0 6.75 190.6 25.2 -46.2 zag 

172.0 6.70 323.1 20.0 76.4 244 

140.0 6.10 147.0 22.6 -114.4 272 

161.0 6.00 289.9 30.0 13.5 254 

134.0 6.50 37.5 26.7 43.7 342 

53.0 6.10 68.9 40.2 -83.1 ll5 

86.0 6.20 84.8 56.1 

162.0 6.20 304.2 18.1 

65.0 7.0B 33.3 42.7 

37.7 29 

67.5 232 

133.4 274 

135.0 7.0B 163.0 37.2 -73.1 195 

112.0 6.00 2.8 47.7 -30.6 339 

65.0 7 .2B 118.9 39.0 94.1 26 

60.0 6.40 192.0 30.0 90.0 102 

41.0 6.30 11.0 20.0 -90.0 101 

120.0 6.00 97.6 17.0 -152.3 265 

103.0 6.20 71.0 85.0 95.0 156 

70.0 6.00 122.0 16.6 -125.5 257 

60.0 6.50 282.7 47.2 36.3 228 

172.• 6.63 240.0 60.• 90.0 330 

90.• 6.50 346.0 65.0 70.• 91 

71.• 7.1B 114.0 76.0 

68.0 6.63 206.0 13.8 

107.0 7.30 175.0 40.6 
70.0 7.1B 1.0 22.3 

66.0 6.60 318.9 67.8 

69.0 6.50 214.6 30.2 

124.0 6.00 90.0 15.0 

127.0 6.70 46.4 45.8 

-80.• 37 

90.0 116 

175.0 31 

116.7 251 

-5.0 278 

138.2 90 

90.0 0 

64.7 334 

42.0 7.50 168.0 74.0 -105.0 58 

179.0 7.0B 217.1 36.8 131.0 101 

19 

4 

0 

52 

3 
15 

8 

53 

63 

17 

59 

25 

64 

32 

24 

83 

2 

28 

10 

76 

48 

6 

15 

65 

51 

40 

57 

10 

15 

18 

58 

31 

30 

25 

19 

22 

30 

2 

58 

16 

248 

2 

328 

284 

122 

212 

317 

51 

173 

188 

68 

77 

73 

127 

204 

334 

296 

68 

18 

61 

234 

180 

282 

281 

57 

346 

59 

125 

150 

222 

196 

296 

145 

48 

182 

221 

180 

239 

270 

252 

71 

83 

30 

11 

86 

75 

78 

37 

20 

73 

25 

65 

24 

44 

58 

5 
49 

61 

60 

9 

12 

84 

75 

25 

36 

50 

32 

52 

75 

64 

30 

55 
35 

63 
12 

58 

60 

72 

27 

59 

338 

140 

149 

186 

339 

302 

174 

320 

76 

278 

330 

335 

170 

4 

81 

244 

122 

326 

180 

329 

137 

296 

12 

11 

159 

251 

156 

325 

60 

355 

292 

26 
272 

156 

57 

351 

270 

65 

172 

2 

0 

4 

60 

36 

4 

0 

9 

17 

0 

17 

5 

9 

29 

19 

4 

41 

7 

28 

10 

39 

3 

0 

0 

15 

5 

10 

36 

0 

18 

10 

0 

40 

4 

61 

22 

0 

18 

14 

23 

Rer. 

F72 

FM 

IM 
S73 

IM 

IM 
IM 

F72 

JoM 

F72 

S73 

FM 

IM 

MS 

C KSO 

KS 
F72 

IM 

KSe 

S73 

lM 

F72 

JoM 

New 
S75 

S&al 

S75 

JoM 

New 
New 

New 

JoM 
CK78 

F72 

R75 

SMa. 

LTM 

B80 

S&al 

B80 



No. Date 

121 01/ 10/ 70 

122 01/ 20/ 70 

123 01 / 20/ 70 

124 02/ '18/ 70 

125 03/ 15/ 70 

126 03/ 30/ 70 

127 05/ 20/ 70 

1'18 05/ 31/ 70 

129 06/ 11/ 70 

130 06/ 17/ 70 

131 06/ 19/ 70 

132 06/ 25/ 70 

133 07/ 29/ 70 

134 08/ 13/ 70 

135 08/ '18/ 70 

136 00/ 29/ 70 

137 12/ 08/ 70 

138 12/ '18/ 70 

139 12/ 29/ 70 

140 02/ 21 / 71 

141 03/ 13/ 71 

142 03/ 23/ 71 

143 04/ 07/ 71 

144 04/ 08/ 71 

145 05/ 08/ 71 

146 05/ 17/ 71 

147 06/ 11/ 71 

148 06/ 17/ 71 

149 07/ 08/ 71 

150 07/ 19/ 71 

151 07/ 27/ 71 

152 08/ 02/ 71 

153 09/ 16/ 71 

154 09/ 25/ 71 

155 00/ '18/ 71 

156 11/ 21/ 71 

157 11/ 24/ 71 

158 12/ 30/ 71 

159 01/ 08/ 72 

160 01/ '18/ 72 
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Fault Plane p T 8 Lat . Long. Depth M 

N+,S- E+,W- t/Jo bo A o Az o PI o Az o PI o Az o PI o 

6.82 126.74 

-25.80 -177.35 

42.52 142.97 

52.70 -175.10 

-29.65 -69.50 

6.80 126.65 

-55.89 -28.33 

-9.18 -78.82 

-24.53 -68.50 

-15.80 -71.80 

-22.19 

-7.02 

26.02 

-8.88 

-4.57 

-13.52 

-30.70 

-5.16 

-10.55 

-23.85 

-70.52 

158.69 

95.40 

117.08 

153.05 

166.55 

-71.21 

153.62 

161.40 

-67.16 

-5.72 145.37 

-22.88 -176.36 

2.44 129.12 

-4.33 102.40 

-42.22 -71.69 

-1.60 -77.70 

17.07 -60.78 

-25.48 -69.15 

-7.03 129.70 

-5.69 153.80 

-2.75 

41.38 

-5.02 

-6.54 

-5.57 

-11.82 

52.90 

-4.73 

-55.76 

-10.38 

-77.43 

143.46 

130.65 

146.57 

153.00 

166.53 

159.19 

151.87 

-28.72 

169.11 

73.0 7.30 170.1 45.7 

82.0 7 .28 60.0 6.0 

46.0 6.70 13.4 20.9 

77.3 08 

90.0 330 

147.1 239 

159.0 6.10 171.0 27.0 -116.3 313 

119.0 6.00 332.2 25.3 -102.8 90 

76.0 7 .18 10.4 36.4 124.7 256 

70.0 6.00 262.8 61.0 17.5 216 

48.0 7 .80 160.0 40.0 -90.0 250 

112.0 6.80 163.6 32.5 -62.7 189 

91.0 6.10 135.6 10.0 -84.6 219 

52.0 6.40 179.1 19.2 

69.0 6.50 263.0 75.0 

68.0 6.50 264.4 57.5 

99.0 6.00 208.1 26.2 

76.0 6.20 303.8 30.0 

50.0 6.60 344.0 79.0 

-85.8 263 

-90.0 173 

-10.3 227 

66.7 135 

114.5 196 

82.0 81 

50.0 6.40 331.2 25.3 78.4 250 

61.0 6.50 204.0 80.0 90.0 294 

72.0 6.80 154.0 45.1 96.0 60 

169.0 6.80 350.0 78.0 -110.0 236 

118.0 6.50 223.0 43.7 -130.8 51 

76.0 6.10 278.0 14.3 0.0 268 

47.0 6.60 327.0 34.0 -90.0 57 

75.0 6.30 338.0 24.0 90.0 248 

150.• 6.80 12.• 80.• 100.• 93 

176.0 6.50 150.1 20.8 

70.0 6.50 275.0 80.0 

-69.8 209 

90.0 5 

93.0 7.28 2.0 70.0 -104.0 250 

92.0 7.38 184.0 20.0 90.0 94 

42.0 7.10 324.0 80.0 -80.0 246 

135.0 7.50 208.2 46.4 

51.0 7.00 94.3 40.2 

ll5.• 6.20 220.0 78.0 

ll5.0 6.30 320.1 34.4 

107.0 6.60 63.8 40.1 

-54.7 194 

-82.5 135 

-00.0 130 

-47.1 329 

44.2 5 

115.• 7.48 118.0 45.0 116.• 10 

106.0 7.38 30.0 86.0 90.0 120 

109.0 6.00 165.3 59.3 -140.0 22 

60.• 6.20 38.0 78.0 -70.• 332 

124.• 6.60 74.0 62.0 -80.• 6 

0 

30 

32 

67 

70 

13 

9 

85 

69 

55 

63 

60 

29 

20 

17 

34 

20 

35 

0 

53 

62 

44 

79 

21 

34 

63 

35 

62 

25 

54 

65 

83 
57 

61 

13 

3 

41 

42 

53 

71 

6 

150 

28 

102 

252 

19 

120 

70 

54 

41 

86 

353 

128 

340 

339 

244 

86 

114 

150 

06 

161 

108 

237 

68 

294 

45 

185 

103 

274 

45 

94 

350 

310 

200 

255 

109 

300 

112 

112 

157 

81 

51 

53 

20 

20 

66 

32 

5 
15 

35 

27 

30 

16 

66 

69 

55 
70 

55 

86 

30 

8 

44 

11 

69 

54 

26 

55 
24 

65 

34 

4 

5 

33 

17 

59 

7 2 

49 

3 

30 

16 

190 

240 

140 

195 

344 

162 

320 

160 

320 

310 

355 

263 

13 

229 

103 

346 

342 

24 

329 

354 

256 

8 

327 

158 

190 

311 

95 

7 

4 

142 

2 

269 

220 

103 

103 

279 

210 

207 

214 

249 

9 

0 

15 

12 

5 

18 

57 

0 

14 

1 

1 

0 

56 

10 

12 

8 

5 

0 

3 

20 

25 

14 

0 

0 

10 

7 

0 

13 

0 

10 

25 

5 

0 

20 

28 

18 

0 

50 

20 

9 

Rer. 

F72 

880 

SMa 

S72 

S73 

F72 

Fo75 

S75 

S73 

S75 

S73 

P79 

LTM 

Cl 

R75 

New 

S73 

P79 

R75 

1\:ew 

R75 

880 

CrK 

l\"ew 

New 

S75 

New 

New 

Kew 

New 

S75 

S~la 

:-Jew 

R75 

R75 

1\:ew 

l\"ew 

R75 

1\:ew 

1\:ew 



No. Date 

161 02/ 14/ 72 

162 02/ 26/ 72 

163 03/ 07/ 72 

164 03/ 19/ 72 

165 03/ 22/ 72 

166 03/ 24/ 72 

167 09/ 05/ 72 

168 12/ 04/ 72 

169 01/ 05/ 73 

170 01/ 18/ 73 

171 

172 

173 

174 

175 

176 

177 

178 

179 

180 

181 

182 

183 

184 

185 

186 

187 

188 

189 

190 

01/ 27/ 73 

03/ 09/ 73 

04/ 03/ 73 

04/ 24/ 73 

06/ 09/ 73 

06/ 17/ 73 

08/ 01/ 73 

08/ 28/ 73 

08/ 30/ 73 

11/ 30/ 73 

12/ 29/ 73 

01/ 02/ 74 

01/ 05/ 74 

10/ 08/ 74 

10/ 09/ 74 

10/ 29/ 74 

11/ 20/ 74 

03/ 18/ 75 

04/ 09/ 75 

05/ 27/ 75 

191 07/ 08/ 75 

192 07/ 10/ 75 

193 08/ 10/ 75 

194 08/ 23/ 75 

195 10/ 17/ 75 

196 11/ 01/ 75 

197 12/ 25/ 75 

198 01/ 24/ 76 

199 03/ 04/ 76 

200 06/ 03/ 76 

- 127-

p T B Lat. Long. Depth M 

N+,S- E+,W-

Fault Plane 

<!>" s· ).. • Az • PI" Az • PI " Az • PI " 

-11.36 166.33 

-10.43 161.26 

-28.23 -178.35 

40.83 141.90 

49.06 153.57 

56.14 - 157.18 

1.88 128.17 

33.33 140.68 

-39.00 175.23 

-6.87 149.99 

0.11 

6 .27 

4.69 

4.96 

-10.29 

42.71 

-14.26 

18.27 

7.34 

-15.20 

-15.12 

-22.54 

-12.30 

17.30 

44.72 

-6.88 

-15.12 

-4.23 

-4.04 

0.77 

123.93 

127.34 

-75.63 

-78.14 

161.36 

146.04 

167.27 

-96.60 

-72.83 

167.39 

166.90 

-68.40 

-76.35 

-62.00 

150.12 

129.46 

167.16 

-77.02 

152.69 

122.62 

21.48 94.70 

6.51 126.64 

-22.65 -66.59 

10.01 125.79 

-7.47 128.73 

13.84 144.75 

-4.08 142.04 

-28.64 -177.59 

-14.74 167.10 

-5.20 153.44 

102.0 7.08 15.0 55.0 100.0 98 

90.0 6.50 220.0 44.2 67.2 146 

200.0 6.70 23.2 52.0 -20.3 352 

76.0 6.00 93.1 71.8 -163.9 315 

134.0 6.80 182.0 17.9 -119.1 311 

71.0 6.00 326.6 38.6 110.6 222 

132.0 6.10 153.0 42.0 90.0 63 

62.• 7.48 340.0 57.0 

150.0 6.20 196.7 38.4 

43.0 6.80 253.0 62.0 

54.0 95 

145.9 69 

90.0 343 

55.0 6.00 174.0 38.0 90.0 84 

41.0 6.00 326.1 37.9 -133.2 149 

158.0 6.70 24.0 66.0 -80.0 313 

50.0 6.50 50.0 32.0 -36.0 48 

70.• 6.60 354.0 40.0 90.0 264 

50.0 6.00 139.9 22.9 

200.0 6.50 210.0 46.0 

80.0 7.38 326.0 50.0 

181.0 6.50 182.0 82.0 

124.0 6.00 16.5 38.4 

-42.6 158 

74.0 131 

-75.0 297 

90.0 272 

93.5 284 

47.0 7.20 176.0 51.1 133.0 57 

105.0 7.18 146.0 14.0 -90.0 236 

98.0 6.60 170.0 74.0 -144.0 35 

47.0 7.50 250.0 58.0 -90.0 160 

55.• 6.70 222.0 14.0 90.0 132 

156.0 6.60 304.0 51.0 164.0 169 

62.0 6.20 168.0 37.3 92.0 77 

75.• 6.50 8.0 65.0 -85.• 288 

133.0 6.30 272.0 80.0 42.0 36 

74.0 6.10 322.0 16.2 -90.0 52 

157.0 6.50 228.0 44.0 

86.0 7.00 9 .0 41.0 

166.0 6.20 338.0 74.0 

66.0 6.00 154.4 35.4 

120.• 6.30 53.0 62.0 

113.• 7.10 132.0 84.0 

115.• 6.80 75.0 75.0 

78.0 6.20 115.7 51.4 

90.0 6.40 273.0 77.0 

72.• 6.20 56.0 50.0 

29.0 178 

117.3 260 

-88.0 251 

59.3 86 

108.• 130 

90.0 222 

105.• 153 

34.0 61 

34.0 40 

50.• 353 

g 

3 

39 

24 

58 

8 

3 

5 

18 

17 

7 

61 

67 

55 
5 

57 

0 

78 

37 

7 

2 

59 

36 

77 

31 

17 

15 

70 

20 

59 

16 
7 

61 

13 

15 

39 

28 

8 

13 

2 

319 

45 

250 

46 

114 

342 

243 

194 

184 

163 

264 

266 

106 

282 

84 

14 

41 

45 

92 

86 

151 

56 

296 

340 

312 

272 

248 

94 

141 

232 

70 

14 

66 

318 

358 

42 

5 

327 

139 

259 

77 

74 

14 

2 

30 

75 

87 

60 

53 

73 

83 

14 

20 

22 

85 

28 

79 

4 

53 

83 

58 

31 

12 

13 

59 

37 

82 

20 

36 

31 

48 

71 

29 

68 

68 

51 

57 

48 

33 

60 

189 

237 

144 

140 

208 

130 

333 

2 

328 

73 

354 

3 

200 

181 

174 

275 

221 

136 

2 

194 

326 

146 

191 

250 

42 

58 

346 

186 

283 

322 

280 

168 

157 

180 

224 

312 

251 

158 

291 

84 

8 

15 

48 

66 

9 

13 

0 

30 

31 

0 

0 

25 

9 

25 

0 

17 

11 

11 

0 

2 

32 

0 

51 

0 

0 

48 

1 

5 

47 

0 

37 

18 

2 

17 

16 

0 

14 

40 

54 

29 

Rer. 

New 

R75 

880 

SMa 
SMa 

HJ 

CrK 

New 

077 

P79 

CrK 

CrK 

New 

New 

New 

SMa 
New 

GMR 

New 

CK78 

CK78 

New 

New 

S&al 
New 

New 

ISO 

New 

New 

CrK 

LTM 

CrK 

New 

CrK 

New 

New 

New 

R79 

New 

New 



No. 

201 

202 

203 

204 

205 

206 

207 

208 

209 

210 

211 

212 

213 

214 

215 

216 

217 

218 

219 

220 

221 

222 

223 

224 

225 

226 

227 

228 

m 
230 

231 

232 

233 
234 

235 

236 

237 

238 

239 

240 

Date 

11/ 07/ 76 

11/ 30/ 76 

01/ 01/ 77 

01/ 12/ 77 

03/ 04/ 77 

03/ 28/ 77 

04/ 02/ 77 

05/ 21/ 77 

06/ 22/ 77 

07/ 10/ 77 

08/ 04/ 77 

10/~/77 

10/ 30/ 77 

12/ 31/ 77 

01/ 28/ 78 

04/ 18/ 78 

05/ 01/ 78 

05/ 13/ 78 

05/ 23/ 78 

08/ 03/ 78 

Qg/ 02/ 78 

09/ 06/ 78 

12/ 06/ 78 

02/ 07/ 79 

02/ 11/ 79 

02/ 14/ 79 

05/ 20/ 79 

06/ 22/ 79 

06/ 25/ 79 

08/ 05/ 79 

08/ 22/ 79 

11/ 05/ 79 

11/ 22/ 79 

11/ 23/ 79 

12/ 11/ 79 

02/ 29/ 80 

04/ 13/ 80 

05/ 14/ 80 

05/ 26/ 80 

06/ 16/ 80 
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Fault Plane p T B Lat. Long. Depth M 

N+,S- E+,W- 4>D 50 ).,D Az 0 PI 0 Az 0 PI 0 Az 0 PI 0 

8.48 126.38 

-20.52 -68.92 

-7.91 1og.01 

1.58 99.88 

45.77 26.76 

-14.68 167.10 

-16.70 -172.10 

15.70 120.82 

-22.88 -175.90 

-56.12 -27.56 

-56.01 -27.79 

-6.22 146.64 

-14.89 166.95 

-15.30 -71.68 

-25.92 -177.30 

5.14 127.41 

-21.24 169.80 

-14.52 167.32 

31.05 130.13 

-26.51 -70.54 

24.90 121.98 

-13.32 167.14 

44.59 146.58 

5.21 127.29 

5.99 125.92 

-15.56 167.57 

56.6S -156.73 

17.00 -94.61 

-4.98 145.58 

-22.72 -177.49 

52.27 157.33 

17.83 -68.62 

-24.34 -67.39 

4.80 -76.22 

28.88 140.70 

6.30 126.88 

-23.47 -177.30 

-6.01 154.51 

-19.36 -69.24 

-7.35 128.54 

60.0 6.90 180.0 24.4 90.0 90 

82.0 7.30 342.0 78.0 -108.0 230 

102.8 6.00 63.0 23.0 -130.0 217 

186.0 6.00 92.0 46.0 132.0 334 

94.0 7.40 255.0 76.0 90.0 345 

111.9 6.07 165.0 53.0 164.0 30 

50.3 7.28 317 .0 41.0 45.0 258 

188.0 6.12 3~ .0 48.0 -15.0 298 

59.1 8.04 10.0 13.0 

116.7 6.03 166.0 56.0 

-98.0 111 

140.0 43 

111.1 5.94 171.0 47.0 143.0 46 

110.5 6.06 252.0 62.0 -162.0 110 

106.8 6.15 192.0 68.0 166.0 58 

161.4 6.15 224.0 28.0 -7.0 204 

97.6 6.38 110.0 28.0 153.0 334 

114.0 6.30 346.0 ~.0 78.0 265 

73.4 7.37 18.0 41.0 -170.0 226 

180.4 6.80 178.0 48.0 120.0 67 

175.9 6.66 2~.0 23.0 113.0 121 

69.3 6.83 9.0 72.0 -110.0 252 

89.3 6.26 33.0 28.0 149.0 260 

202.3 6.70 306.0 41.0 53.0 242 

181.0 7.80 64.0 57.0 -172.0 282 

1~.0 6.37 ~.0 31.0 96.0 295 

142.0 6.22 2~.0 47.0 

126.8 6.05 7 .0 ~.0 

132.0 111 

98.0 271 

71.0 6.50 123.7 32.8 26.6 78 

117.0 6.91 190.0 47.0 

192.1 6.60 131.0 32.0 

-40.0 169 

-76.0 181 

m.o 6.40 195.0 14.0 -112.0 315 

126.0 6.50 86.0 32.0 

78.3 6.19 93.0 22.0 

166.0 303 

87.0 5 

181.0 6.22 209.0 44.0 -37.0 191 

108.6 7.20 137.0 41.0 -163.0 341 

124.7 6.64 95.0 38.0 162.0 317 

79.3 6.34 138.0 35.0 49.0 77 

166.2 7.57 144.0 25.0 -154.0 326 

62.0 6.32 131.0 41.0 81.0 47 

104.0 6.61 177.0 23.0 -83.0 254 

160.1 6.00 330.0 44.0 74.0 251 

21 

54 

60 

6 

31 

16 

12 

38 

58 

1 

10 

32 

6 

42 

28 

16 

38 

1 

23 

58 

21 ' 

9 

28 

14 

6 

16 

25 

55 
74 

58 

31 

23 

54 

42 

25 

16 

51 
4 

68 

2 

270 

87 

3 

75 

165 

132 

147 

192 

287 

134 

149 

205 

151 
74 

106 

105 

339 

160 

278 

114 

32 

131 

21 

102 

210 

77 

314 

67 

31 

123 

67 

188 

84 

94 

74 

314 

102 

281 

82 

151 

69 

31 

26 

60 

59 

36 

60 

20 

32 

51 

53 

8 

25 

36 

51 

73 

27 

68 

65 

24 

53 

65 

18 

76 

60 

73 

50 

9 

14 

32 

44 

67 

12 

23 

H 

62 

31 

83 

22 
79 

0 

346 

101 

240 

75 

280 

354 

81 

18 

312 

3Qg 

307 

316 

322 

230 

357 

95 

337 

28 

15 

157 

336 

140 

204 

17 

180 

183 

331 

299 

216 

192 

96 

345 

205 

207 

173 

206 

138 

351 

342 

0 

18 

15 

~ 

0 

50 

28 

46 

2 
39 

36 

57 

64 

28 

25 

6 

40 

22 
g 

19 

24 

23 

56 

3 

~ 

4 

~ 

34 

7 

5 

31 

34 

39 

36 

22 
22 

6 

3 

11 

Rer. 

CIK 

New 
G84 

G84 

New 
G84 

GDW 

G84 

G84 

G84 

G84 

G84 

G84 

G84 

G84 

G84 

G84 

G84 

G84 

New 

G84 

G84 

G84 

G84 

G84 

G84 

HJ 
G84 

G84 

G84 

G84 

G84 

G84 

G84 

G84 

G84 

G84 

GDW 

G84 

G84 



No. 

241 

242 

243 

244 

245 

246 

247 

248 

249 

250 

251 

252 

253 

254 

255 

256 

257 

258 

259 

260 

261 

262 

263 

264 

265 

266 

267 

268 

269 

270 

271 

272 

273 

274 

275 

276 

277 

278 

279 

280 

Date 

06/ 18/ 80 

06/ 25/ 80 

07/ 08/ 80 

07/ 16/ 80 

07/ 19/ 80 

07/ 22/ 80 

10/ 08/ 80 

10/ 24/ 80 

01/ 23/ 81 

02/ 24/ 81 

03/ 26/ 81 

05/ 13/ 81 

05/ 22/ 81 

05/ 28/ 81 

06/ 26/ 81 

07/ 06/ 81 

08/ 07/ 81 

08/ 26/ 81 

09/ 03/ 81 

09/ 14/ 81 

10/ 17/ 81 

11/ 04/ 81 

11/ 07/ 81 

12/ 02/ 81 

12/ 11/ 81 

12/ 14/ 81 

01/ 04/ 82 

02/ 27/ 82 

03/ 10/ 82 

03/28/82 

03/ 29/ 82 

04/ 16/ 82 

06/ 11/ 82 

or,/ 19/ 82 

08/ 14/ 82 

08/ 26/ 82 

09/ 06/ 82 

09/ 15/ 82 

10/ 02/ 82 

10/ 31/ 82 
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Fault Plane p T B Lat. Long. Depth M 

N-r-,S- E+,W- 4>o so >. o Az 6 P/ 6 Az o P/ 6 Az 6 P/ 6 

-15.27 -173.57 

4.44 -75.78 

6.63 125.79 

-4.46 143.52 

-29.00 -69.68 

-20.30 169.61 

-1.38 -77.69 

18.21 -98.24 

42.52 142.12 

-6.06 148.74 

-19.37 -68.96 

5.83 127.01 

-6.56 132.25 

-14.69 167.28 

-30.27 -178.99 

-22.26 171.73 

-5.19 151.67 

-5.34 151.48 

6.49 126.20 

18.32 -68.89 

-7.10 128.97 

-20.02 -174.39 

-32.20 -71.34 

40.91 142.51 

-6.09 148.18 

-56.36 -26.48 

-23.05 -177.47 

22.26 143.53 

-56.01 -27.26 

-12.77 -76.09 

0 .10 123.37 

-15.68 -173.08 

-17.53 -174.46 

13.25 -89.40 

-5.06 143.91 

-2.70 -79.91 

29.31 140.28 

-14.52 -70.84 

-14.74 167.28 

14.15 -90.19 

72.8 6.35 193.0 23.0 

151.1 6.33 231.0 74.0 

164.5 6.52 79.0 32.0 

81.9 7.26 276.0 22.0 

129.3 5.94 306.0 26.0 

132.5 6.31 352.0 23.0 

166.0 45 

14.0 184 

16.0 41 

101.0 178 

-77.0 9 

-95.0 91 

192.1 6.00 115.0 16.0 -117.0 243 

63.4 7.14 311.0 26.0 -66.0 354 

120.9 6.76 86.0 11.0 -65.0 145 

77.8 6.56 288.0 37.0 108.0 185 

143.9 6.46 179.0 14.0 -76.0 250 

133.1 6.32 317.0 39.0 111.0 212 

80.0 6.07 72.0 66.0 11.0 27 

138.0 6.16 185.0 60.0 150.0 57 

163.8 6.14 169.0 18.0 -119.0 302 

58.3 7.54 345.0 30.0 -179.0 191 

65.8 6.14 251.0 36.0 71.0 175 

63.6 5.94 259.0 29.0 77.0 179 

83.9 6.02 290.0 29.0 -167.0 126 

159.6 6.02 78.0 25.0 85.0 352 

185.8 6.39 292.0 51.0 148.0 165 

56.6 6.51 19.0 8.0 -71.0 87 

65.6 6.94 208.0 5.0 -47.0 251 

83.3 6.28 224.0 69.0 -162.0 85 

59.8 6.16 272.0 33.0 85.0 186 

71.1 6.04 234.0 37.0 -155.0 70 

190.5 6.36 181.0 16.0 -120.0 313 

103.6 6.27 g 1.0 62.0 172.0 315 

109.8 6.48 168.0 42.0 145.0 41 

108.7 6.31 32.0 17.0 -13.0 27 

164.6 6.00 305.0 31.0 134.0 183 

59.3 6.13 223.0 19.0 154.0 82 

113.2 6.80 237.0 16.0 -38.0 259 

51.9 7 .28 102.0 25.0 -106.0 224 

114.1 6.03 30.0 42.0 -15.0 4 

92.1 6.01 128.0 54.0 19.0 81 

155.6 6.80 100.0 55.0 -158.0 313 

168.6 6.28 109.0 44.0 -128.0 301 

154.6 6.02 190.0 51.0 147.0 63 

89.7 6.20 39.0 14.0 -178.0 231 

36 

2 
30 

23 

70 

68 

59 

67 

55 
g 

58 

8 

9 

3 
60 

38 

10 

17 

44 

20 

g 

52 

49 

27 

12 

48 

58 

14 

15 

46 

20 

35 

53 

68 

40 

13 

39 

64 

8 

44 

183 
. 94 

276 

346 

206 

266 

47 

203 

335 

315 

77 

332 

292 

150 

102 

318 

42 

20 

255 

178 

264 

272 

78 

176 

19 

188 

115 

51 

151 

240 

313 

229 

105 

24 

252 
341 

52 
45 

163 

24 

46 

21 

45 

66 

19 

22 
30 

21 

35 

76 

31 

75 

24 

41 

29 

37 

75 

72 

33 

70 

41 

37 

41 

3 

78 

23 

31 

25 

53 

39 

60 

50 

34 

21 

24 

37 

11 

7 

48 

43 

298 

279 

150 

86 

114 

357 

141 

109 

241 

93 

345 

120 

136 

324 

197 

14 

267 

270 

5 

83 

67 

180 

345 

272 

276 

294 

210 

198 

301 

136 

85 

340 

6 

117 

140 

188 

155 

138 

326 

127 

22 

69 

31 

4 

6 

2 
7 

10 

5 

11 

3 

13 

64 

49 

9 

30 

11 

6 

28 

2 

41 

3 

3 

63 

3 

33 

8 

61 

33 

17 

21 

17 

13 

7 

40 

50 

49 

25 
41 

14 

Rer. 

GOW 

GOW 

G84 

GOW 

G84 

G84 

G84 

GMR 

ow 
ow 

ow 
ow 
ow 
ow 
ow 
ow 
OW 

OW 

OW 

ow 

ow 
ow 
ow 
ow 
OW 

OW 

DFiG 

DFiG 

DFiG 

DFiG 

DFiG 

DFiG 

DFiG 

DFiG 

DFiG 

DFiG 

DFiG 

OFiG 

OFiG 

DFiG 



No. 

281 

282 

283 

284 

285 

286 

287 

288 

289 

290 

291 

292 

293 

294 

295 

296 

297 

298 

299 

300 

301 

302 

303 

304 

305 

306 

307 

308 

309 

310 

3 11 

312 

313 

314 

315 

316 

317 

318 

319 

320 

Date 

11/ 18/ 82 

11/ 18/ 82 

12/ 17/ 82 

01/ 01/ 83 

01/ 08/ 83 

01/ 24/ 83 

01/ 24/ 83 

01/ 26/ 83 

02/ 13/ 83 

02/ 25/ 83 

03/ 18/ 83 

03/ 20/ 83 

03/ 21/ 83 

04/ 04/ 83 

04/ 04/ 83 

04/ 12/ 83 

04/ 18/ 83 

05/ 10/ 83 

05/ 11/ 83 

06/ 01/ 83 

07/ 24/ 83 

08/ 02/ 83 

08/ 06/ 83 

08/ 17/ 83 

08/ 25/ 83 

09/ 07/ 83 

09/ 14/ 83 

09/ 15/ 83 

10/ 27/ 83 

10/ 31/ 83 

11/ 20/ 83 

11/ 24/ 83 

12/ 10/ 83 

12/12/ 83 

12/ 15/ 83 

01/ 01/ 84 

01/ 24/ 84 

01/ 27/ 84 

02/ 16/ 84 

02/ 17/ 84 
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N+,S- E+,W- 4>0 so >-o Az o PI o Az o PI o Az o PI o 

-1.73 -76.74 

-31.25 -65.86 

24.64 122.62 

-17.31 -69.28 

-15.32 -173.40 

16.18 -95.15 

12.95 93.64 

-6.13 150.05 

13.84 144.98 

-18.27 -69.44 

-4 .86 153.51 

-4.73 153.13 

-21.67 -175.32 

5.73 94.81 

-15.02 167.27 

-4 .89 -78.18 

27 .72 62.06 

-5.36 150.92 

2.30 128.35 

-17.00 -174.71 

53.85 158.39 

20.46 122.17 

-6.56 130.13 

55.79 161.21 

33.49 131.43 

60.98 -147.50 

18.09 145.81 

16.11 -93.23 

1.05 120.81 

-9.11 119.23 

-7.53 

-7.55 

14.38 

-7.70 

-33.09 

-3.86 

-56.56 

36.39 

36.43 

-6.60 

130.67 

128.25 

-91.63 

127.38 

-70.28 

-78.49 

-26.63 

71.03 

70.83 

130.12 

190.2 6.54 163.0 29.0 -51.0 180 

166.2 6.00 129.0 24.0 -114.0 263 

94.4 6.47 54.0 49.0 152.0 284 

171.8 6.27 216.0 32.0 -19.0 201 

52.9 6.25 214.0 11.0 -150.0 15 

35.6 6.60 110.0 54.0 -145.0 320 

72.7 6.76 110.0 54.0 -145.0 320 

56.8 6.17 8 1.0 74.0 170.0 307 

108.1 6.10 154.0 36.0 -23.0 138 

144.9 6.68 253.0 15.0 -14.0 252 

69.9 7.71 170.0 49.0 120.0 59 

65.2 6.34 316.0 34.0 134.0 195 

51.5 6.65 357.0 16.0 84.0 272 

71.6 6.96 207.0 51.0 51.0 143 

119.8 6.08 180.0 34.0 

111.1 6.97 339.0 35.0 

146.0 

-86.0 

51 

53 

51.3 6.70 81.0 43.0 -68.0 80 

101.4 6.43 198.0 33.0 -167.0 38 

133.1 6.09 198.0 27.0 153.0 62 

185.7 6.51 211.0 24.0 -97.0 315 

177.4 6. 18 315.0 11.0 7.0 298 

166.2 6.24 0.0 23.0 -79.0 70 

172.7 5.94 72.0 9.0 -25.0 88 

77.2 7.01 216.0 41.0 60.0 147 

127.5 6.48 230.0 42.0 123.0 117 

52.1 6.33 26.0 41.0 -97.0 169 

148.4 6.27 235.0 51.0 -156.0 85 

121.5 6.29 138.0 9.0 -107.0 248 

60.0 6.44 41.0 38.0 27.0 353 

98.4 6.38 205.0 18.0 154.0 64 

78.5 6.09 73.0 60.0 

157. 1 7.40 74.0 39.0 

55.6 5.98 247.0 45.0 

164.5 6 .35 290.0 38.0 

103.6 6.00 202.0 21.0 

125.9 5.68 327.0 35.0 

113.6 5.64 219.0 40.0 

172.0 6.03 68.0 34.0 

204.2 6.37 266.0 34.0 

172.1 5.96 216.0 26.0 

11.0 29 

59.0 6 

31.0 196 

131.0 172 

-78.0 271 

-46.0 328 

151.0 88 

89.0 339 

114.0 159 

103.0 116 

62 

65 

12 

46 

50 

48 

48 

4 

47 

47 

0 

18 

29 

21 

80 

75 

43 

29 

69 

43 

67 

48 

8 

7 

84 

42 

54 

21 

35 

14 

10 

14 

13 

65 

61 

19 

11 

13 

19 

45 

57 

27 

76 

176 

56 

56 

38 

18 

100 

150 

319 

96 

52 

173 

246 

336 

161 

195 

126 

139 

262 

284 

36 

225 

301 

186 

63 

237 

212 

291 

250 

89 

288 

103 

206 

202 

162 

292 

279 

21 

23 

46 

29 

39 

5 

5 

18 

24 

40 

68 

61 

61 

61 

54 

10 

4 

30 

51 

21 

45 

22 

41 

69 

67 

4 

13 

36 

49 

50 

28 

69 

49 

62 

24 

17 

50 

79 

71 

70 

308 

151 

183 

328 

274 

150 
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2 DFWa 

15 DFWa 

32 DFWa 

24 DFWa 

3 DFWa 

11 DFWb 

4 DFWb 

8 DFWb 

19 DFWb 

21 OFWb 

5 DFWb 

45 DFWb 

3 DFWb 

33 DFWc 

16 DFWc 

58 DFWc 

19 DF\Vc 

37 DFWc 

24 DFWc 

4 DFWc 

23 DFWd 

34 DFWd 

1 DFWd 

13 DFWd 

6 DFWd 



- 131 -

No. Date Lat. Long. Depth M Fault Plane p T B Rer. 

N+,S- E+,W- q,o 80 )..0 Az 0 p[o Az 0 p[o Az 0 p[o 

321 02/ 26/ 84 -17.32 -70.53 115.0 6.09 169.0 21.0 -69.0 224 64 63 25 329 7 DFWd 

322 03/ 08/ 84 -38.25 177.22 78.5 6.01 310.0 49.0 146.0 184 10 285 50 86 39 DFWd 

323 03/ 23/ 84 -15.19 -173.74 43.0 5.96 226.0 6.0 -137.0 8 49 179 41 273 4 DFWd 

324 04/ 06/ 84 -18.90 168.85 175.0 6.80 304.0 14.0 42.0 254 35 95 53 351 10 DFWe 

325 04/ 13/ 84 -5.65 148.30 170.0 6.09 202.0 31.0 -17.0 187 45 61 30 312 30 DFWe 

326 04/ 18/ 84 -15.93 -174.35 158.0 6.44 198.0 21.0 -76.0 264 65 97 24 5 5 DFWe 

327 05/ 29/ 84 3.56 97.14 79.6 5.50 130.0 21.0 -78.0 199 65 31 24 299 4 DFWe 

328 07/ 17/ 84 -56.39 -27.39 118.0 6.00 348.0 35.0 29.0 300 22 179 51 44 30 DFWf 

329 09/ 30/ 84 -6.06 148.54 49.9 5.93 258.0 32.0 82.0 174 13 12 76 265 4 EDR 

330 10/ 15/ 84 -15.86 -173.64 119.7 7.07 161.0 89.0 -105.0 56 44 265 42 161 15 EDR 

331 10/ 20/ 84 -24.07 -66.83 192.0 6.15 220.0 27.0 -67.0 263 68 113 20 19 10 EDR 

332 11/ 11/ 84 -12.69 166.74 88.0 5.66 213.0 67.0 96.0 298 22 134 67 31 6 EDR 

333 11/ 17/ 84 47.52 154.49 42.0 5.70 202.0 84.0 -22.0 156 20 250 11 7 67 EDR 

334 11/ 19/ 84 51.78 -175.28 47.0 5.65 253.0 31.0 107.0 151 15 299 73 58 9 EDR 

335 11/ 20/ 84 5.17 125.12 180.7 7.48 335.0 66.0 -97.0 232 68 70 21 338 6 EDR 

• parameter constrained by modeling of long-period P waves. 

M magnitudes are mb for events before 1977, if a B appears next to the value, then it is me from Abe (1980); mag

nitudes are M,. from 1977 to 1984. 

A72 - Abe, 1972; 880 - Billington, 1980; Cl - Cardwell and Isacks, 1978; CIK - Cardwell, !sacks and Kraig, 1980; 

CK78 - Chung and Kanamori, 1978b; CK80- Chung and Kanamori, 1980; 077 - Denham, 1977; OW- Dziewonski 

and Woodhouse, 1983; DFiG - Dziewonski , Friedman, Giardini and Woodhouse, 1983a; DFiW- Dziewonski, Friedman 

and Woodhouse, 1983b; DFWa - Dziewonski, F ranzen and Woodhouse, 1983c; DFWb - Dziewonski, Franzen and 

Woodhouse, 1984a; DFWc - Dziewonski, Franzen and Woodhouse, 1984b; DFWd - Dziewonski, Franzen and Wood

house, 1984c; DFWe - Dziewonski, Franzen and Woodhouse, 1985a.; DFWr - Dziewonski, Franzen and Woodhouse, 

1985b; EDR- Earthqua.ke Data Report, U.S.G.S., 1984; F72- Fitch, 1972; FM- Fitch a.nd Molnar, 1970; Fo75 - For

syth, 1975; FK - Fujita. and Kanamori, 1981; G84 - Gia.rdini, (personal communication) 1984; GDW - Giardini, 

Dziewonski and Woodhouse-, 1985; GMR - Gonzalez, McNally and Rial, 1984; HJ - House and Jacob, 1983; ISO -

Isacks, Sykes and Oliver, 1969; JoM- Johnson and Molnar, 1972; KS - Katsuma.ta and Sykes, 1969; KSe- Kawakatsu 

and Seno, 1983; LB- Langston and Blum, 1977; LTM - LeDain, Ta.pponier and Molnar , 1984; MOM- Malgrange, 

Deschamps a.nd Madariaga, 1981; MS - Molnar and Sykes, 1969; 071 - Oike, 1971; OA - Osada and Abe, 1981; P79 -

Pascal, 1979; Ri79 - R ichter, 11179; RH - Ripper, 1974; R75 - Rip per, 1975; So73 - Soedarmo, 1973; S72 - Stauder, 

1972; S73 - Stauder, 1973; S75 - Stauder, 1975; SB - Stauder and Bollinger, 1966; SMa- Stauder and Maulchin, 1976; 

SEWS - Stein, Engeln, Wiens, Speed and Fujita, 1982. 
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1.4 Seismic Coupling and Large Intermediate-depth Events 

After recognizing a systematic variation in the size of earthquakes m the 

northwest P acific, Kanamori (1971) introduced the term seismic coupling to describe 

the interaction between the two plates in subduction zones. He noticed that in some 

regiOns, such as the Aleu t ians and Alaska, great earthquakes occur along the en tire 

t rench, whereas in the Mariana Is lands there is no record of great events. Similarly, 

Kelleher et al. (1974) observed a correlation between earthquake size and width of the 

contact zone between the two plates at shallow depth in subduction zones. Figure 1.4 

shows the epicenters of earthquakes with M8> 7.6 t hat occurred between 1904 and 

1985, with known aftershock areas being shaded. M8 is given in parenthesis and ~w 

in brackets. Mw is a measure of seismic energy (Kanamori, 1977a), which remains 

unsaturated even for great earthquakes. Notice the uneven distribu tion of great 

(Mw=8.5) earthquakes in Figure 1.4, that together with estimates of seismic and ase

ismic slip (Kanamori, 1977b; Sykes and Quitmeyer, 1981) suggest a global variation of 

seismic coupling at plate boundaries. 

In an attempt to understand the subduction process, several investigators (e.g. 

Isacks et al. , 1968; Vlaar and Wortel, 1976; Molnar et al. , 1978) have studied the 

interrelation among the physical and geometric characteristics of subduction zones 

(Table 1.1). For example, Uyeda and Kanamori (1979) characterized subduction 

zones by whether or not active back-arc spread ing is taking place. They constructed 

an evolutionary model based on t he degree of interplate coupling, where t he end 

members are the Chile and Mariana type subduction zones that are respectively 

under regional compressional or tensional tectonic stresses at shallow depth . Ruff and 

Kanamori (1983) found a strong correlation between the maximum earthquake size 
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observed in subduction zones and the convergence rate, and age of the subducting 

plate; great subduction earthqu akes occur where young oceanic lithosphere is being 

subducted at high convergence rate while smaller events are associated with old plates 

with slow convergence rates. T he above observations suggest that physical charac

teristics of the contact zone between the subducted and overriding plates can be 

related to t he degree of seismic coupling. Recently, Jarrard (1986) presented an 

extensive review of the relations among subduction parameters, concluding that inte r

plate coupling is mainly regulated by convergence rate and slab age. In summary , 

strongly coupled plates produce great earthquakes like the Chile (Mw=9.5) and the 

1964 Alaska (Mw=9.1) and the 1952 Kamchatka (Mw=9.0) earthquakes. Weakly cou

pled zones do not produce large earthquakes as is the case for the Mariana, Bonin and 

Northeast Japan arcs. Moderately coupled zones do produce large earthquakes but 

with maxim um ruptures less than 500 km long, as is true for the P eru , Middle Amer

ica, Aleutians and Kurile trenches (F igure 1.4). 

In the previous section we compiled a catalog of intermediate-dept h earthquake 

focal mechanisms. If we consider only the largest of these events (M > 6.8), a regional 

pattern in the types of mechanisms emerges, as shown in Figures 1.5 to 1.7. These 

events can be grouped as follows: (1) Normal-fault events (44%) with a strike sub

par allel to the trench axis (Figure 1.5), (2) reverse-fault events {33%) with a strike 

sub-parallel to the trench axis (Figure 1.6), (3) normal or reverse fault events with a 

strike sign ifi cantly oblique to the trench axis (10%, F igure 1.7) and (4) tear faulting 

events (13%, Figure 1.7). 
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Fault plane solutions of Type 1 events (Figure 1.5) indicate a steeply dipping 

normal fault usually with the "continental" side down-dropped . These events occur 

mainly along the South and Middle America trenches, but they also occur in the 

Pacific Northwest, Alaska, and Kamchatka. All of these zones are strongly or 

moderately coupled subduction zones (Kanamori , 1977b; Uyeda and Kanamori, 1979; 

Ruff and Kanamori, 1983) in which the focal mechanisms of intermediate-depth 

events are down-dip tensional. However, the Type 1 events that occur along the Phi

lippine and Solomon Island regions {335 and 111) are down-dip compressional. The 

Solomon Islands region is the site of numerous large doublet events (Lay and 

Kanamori, 1980; Wesnousky et al. , 1986) that suggest moderate interplate coupling, 

although no single earthquake with M > 7.7 has occurred there. Events 122, 209, and 

237 in the Tonga trench may be related to subduction of the Louisville ridge, which 

may cause a localized increase in interplate coupling, in an otherwise uncoupled 

region . Note that event 209 is down-dip tensional and the largest event (Mw=8.0) in 

the catalog. This event may have fractured and detached the subducted slab at the 

leading edge of the coupled interplate boundary (Given and Kanamori, 1980). Events 

122 and 237, on the other hand, are down-dip compressional and deeper than event 

209 (Table 1.3). These events are discussed in more detail below. Simple models of 

plate coupling and geometry suggest that Type 1 events occur at strongly coupled 

plate boundaries, where a down-dip extensional stress prevails in a gently dipping 

plate. Various explanations for the occurrence of these events include (1) bending or 

unbending stresses, (2) continental loading and (3) down-dip gravitational loading by 

the leading edge of the plate. The dominant mechanism may vary from region to 

region , as we will explore in Chapter 3. One possible interpretation is that, at 



- 140 -

strongly coupled subduction zones, the stress caused by the negative buoyancy of the 

subducting plate tends to cause a normal-fault earthquake characterized by down-dip 

tensional stresses in the downgoing slab near the lower edge of the coupled thrust 

plane, as shown in Figure 1.8. Thus, the occurrence of Type 1 events may be inter

preted as evidence of strong coupling between plates. Although the coupling of the 

Pacific Northwest is being debated, note that the 1965 and 1949 Puget Sound earth

quakes are Type 1 events, which would suggest strong coupling between the Juan de 

Fuca and North American plates. This study may provide an additional clue to the 

strength of coupling in this region . 

In contrast, if t he interplate boundary is weakly coupled , the stress due to nega

tive slab buoyancy is transferred to even shallower depth, causing large normal-fault 

events near the trench where the curvature of the plate is largest (Figure 1.8). The 

great 1933 Sanriku earthquake in northeast Japan (Kanamori, 1971; Mogi, 1973), and 

t he 1977 Sumbawa, Java earthquake (Given and Kanamori, 1980; Silver and Jordan , 

1983; Spence, 1986), which occurred at weakly coupled subduction zones, are exam

ples of this type. 

T ype 2 events have reverse-fault plane solutions and strike subparallel to the 

subduction zone (Figure 1.6). The events that occur in the Philippine , NW Solomon 

Islands, New Hebrides, and Kermadec regions show near vertical tension and horizon

tal compression axes. Note that all of these regions are considered partially coupled or 

uncoupled subduction zones (Kanamori, 1977b; Uyeda and Kanamori, 1979; Ru ff and 

Kanamori, 1983), where the continuous seismicity is deeper than 300 km (see T ab le 

1.1). In terms of our simple model, the increased dip angle of the downgoing slab 

associated with weakly coupled subduction zones, together with the weight of the 
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Figure 1.8 : A schematic figure showing a) the possible mechanism of Type 1 events 
at a strongly coupled plate boundary and c) Type 2 events at a moderately coupled 
boundary. Figure 5b shows the case where t he interplate boundary is decoupled to 
the trench , causing a large normal-fault earthquake . 
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relatively long subducted plate, induces vertical tensional stresses at intermediate 

depth , which are responsible for the change in focal mechanism from Type 1 to Type 

2 events (F igu re 1.8). Exceptions are events 114 in New Guinea, 205 in Rumania, and 

244 in the Philippines that show down-dip compressional stresses. We will discuss 

these three events in detail together with other events in each region. 

Events of Type 3 and 4 are shown in Figure 1.7. Type 3 events (7, 149, 152, 156, 

184, 294) occur where the trench axis bends sharply , causing horizontal extensional or 

compressional intraplate stresses. These events indicate hinge faulting within the sub

ducting slab. Type 4 events (8, 13, 36, 196, 217, 223, 256, 330) include all those that 

do not fall in the above categories. These events occur at plate boundaries with com

plex features or may be related to tear faulting . 

1.5 Seismicit y Characteristics of Intermediate-depth Event s 

Intermediate-depth earthquakes have far fewer aftershocks than shallow subduc

t ion events with similar magnitudes. We determine the number of aftershocks of the 

events with M>6.5 in Table 1.3, reported by t he NOAA and ISC catalogs within one 

week after the main event. About 48% of the events had no aftershocks and 37% of 

the events had between 1 and 5 afte rshocks. If we consider a one-month period, the 

number of aftershocks does not increase significantly. Figure 1.9 shows the variation 

of the number of one-week aftershocks, N , with characteristics of the subducted slabs 

where they occur. The events were divided into three magnitude groups, where filled 

circles are the largest events. T he relation of N versus age of the subducted slab at 
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the trench is s lightly positive for events wi th magnitude range 7.2 to 7.6 (correlation 

coefficient C = 0.5). The rel ation of number of aftershocks N and dept h of the event 

suggests that shallower intermediate-depth events may have more aftershocks than 

deeper events; however, the data set may be biased by the inclusion of shallow in ter

plate events as aftershocks of these events. Only events with depth larger than 35 km 

were included in the count . The relation between N and the rate of convergence at 

the interplate boundary is unclear. 

Figure 1.10 shows the distribution of the one-week aftershocks, N, with magni

tude for events with M > 6.5 in Table 1.3. Note that most events have no aft

ershocks or only a few detected. As expected , there is a slight posit ive correlation 

between mainshock magnitude and number of aftershocks occurring within one week 

that could be attributed to detection threshold. However there are some even ts with 

particularly large numbers of aftershocks, which are shown on the map in Figure 

1.10. Open circles indicate events with N > 5, closed circles N > 10 and stars N > 

25 aftershocks. These events are generally large intermediate-depth events that are 

associated with bends in the subducted slab, or with moderately coupled or uncoupled 

regions like the December 25, 1969 (event 119, Stein et al. , 1982) and the 1972 Izu

Bonin event (168),which had the largest number of aftershocks within a week. 
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Fig u re l. lO:The distribution of number of aftershocks with M > 3.5 occurred within 
one week of an in termediate-depth event and the magnitude of the mainshock is 
shown on the top diagram. Mainshocks are from 1960 to 1984. Note that most events 
have no aftershocks or only a few. Location of events (Table 1.2) with larger number 
of aftershocks are indicated in the map. Open circles indicate N > 5, closed circles N 
> 10, and stars N > 25 aftershocks. 
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Chapter 2 

T emporal Variation of the Mechanism ?f Large 

Intermediate-dept h Earthquakes in Chile 

2 .1 Introduction 

Results in Chapter 1 indicate that most large {M>6.8) intermediate-depth 

earthquakes that occur down-dip of strongly coupled subduction zones have a steeply 

dipping normal-fault mechanism that is consistent with down-dip tensional stresses 

within the subducting plate (F igure 1.5). A possible interpretation of this observation 

is that at strongly coupled subduction zones, the stresses caused by the negative 

buoyancy of the subducting slab tend to cause {down-dip tensional) normal-fault 

earthquakes in the downgoing slab near the lower edge of t he coupled thrust plane. 

This suggests that intraplate stress reflects the degree of coupling at the interplate 

thrust boundary. Similar to Chapter 1, strong and weak seismic coupling is defined in 

terms of the occurrence and absence of great (M > 8.5) subduction events. 

Christensen and Ruff {1983) suggested that the stress axis of outer-rise earth

quakes are closely related to the spatio-temporal variation of activity of interplate 

thrust earthquakes. They found only tensional outer-rise events for uncoupled sub

duction zones, and suggested that the slab is under tension due to the slab pull. For 

coupled seismic zones they observed a temporal variation of the stress orientation of 

outer-rise events associated with the occurrence of large underthrusting earthquakes. 
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Although most shallow outer- rise events are tensional (normal fault) , compressional 

(thrust) events occur offshore of some se1sm1c gaps. They hypothesized that, for 

strongly coupled subduction zones, the intraplate stress orientation in the outer-rise 

region is compressional before a large in terplate thrust earthquake; after the 

occurrence of a large thrust earthquake, and the in terplate boundary is temporarily 

uncoupled , t he stress becomes tensional. 

In contrast with most South American intermediate-depth events that are 

down-dip tensional (Barazangi and !sacks, 1976), t he mechanism of the May 8, 1971 

(M5=6.8) earthquake is down-dip compressional. This is the only event with M >6.5 

to have occurred after the 1960 Chilean (Mw=9.5) earthquake down-dip of its rupture 

zone. This contrast in the stress orientation may be a resu lt of t he large interplate 

displacement associated with the 1960 Chilean earthquake. T o investigate this prob

lem, we examined spatio-temporal variations of large intermediate-depth earthquakes 

along the Chilean subduction zone. 

2 .2 Seismicity in Southern Chile 

The Chile trench marks the convergence, at about 9 cm/ yr, between the South 

America and the Nazca plates t hat is laterally segmented as indicated by t he spatial 

distribution of earthquakes that are down-dip tensional (Barazangi and !sacks, 1976). 

The southern Chile segment (33°-46°8) is bounded by the Juan Fernandez R idge and 

the South C hile R ise, and is characterized by subduction of the young ( < 40 m.y.) 

Nazca plate. Quaternary volcanoes iie along the eastern margin of the inland lowlands 

and t hick sedimen ts that mask t he Chile t rench (Schweller et al. , 1981). The shallow 
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seismicity dips gently (10°), bending at intermediate depths (to 25°) and extending to 

about 200 km depth (Barazangi and !sacks, 1976). Figure 2.1 shows the rupture 

zones of the most recent shallow large earthquakes that occurred in southern Chile. 

These earthquakes occurred on April 6, 1943 (Mt=8.2), July 9, 1971 (Mw=7.8), 

March 3, 1985 (Mw=8.0), December 1, 1928 (Mt=7.9), January 25, 1939 (Mt=8.3) 

and May 21 , 1960 (Mw=9.5) . Here, Mw is the moment magni tude and Mt is the 

tsunami magnitude defined by Abe, 1973). The 1960 Chilean earthquake is the larg

est in this century, involving extensive crustal deformation (Plafker and Savage, 1970) 

and accounting for most of the convergence along the plate boundary (Kanamori and 

Cipar, 1974). The subduction zone along the rupture zone of the 1960 Chilean earth

quake is associated with a young subducting slab and large convergence rate . Ruff 

and Kanamori (1983) point out that these features are usually associated with strong 

interplate coupling. 

The May 8, 1971 earthquake is the only large event that occurred down-dip of 

the rupture zone of the 1960 great Chilean earthquake during the period from 1961 to 

1985. We searched for possible large, intermediate-depth events that may have 

occurred during the aftershock sequence of the 1960 Chilean earthquake. Duda (1963) 

assigns intermediate depths to some of the large 1960 Chilean aftershocks. However, 

comparing Duda's hypocenters with the In ternational Seismological Centre (ISC) and 

National Oceanic and Atmospheric Administration (NOAA) hypocentrallocations, we 

found that all of these events are listed as shallow ( < 40 km). The largest of these 

events (Nov. 1, 1960, Ms=7.2) is a shallow complex event (Kanamori and Stewart, 

1979). 
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w 

Oct. 16, 198 1 

s 

I I 

0 300km 

80° 60° 
F igure 2.l:The rupture areas of the most recent large shallow earthquakes (Kelleher. 
1972; Korrat and Madariaga, 1986), which occurred in central and southern Chile. 
Dots indicate the location of coastal cities. The epicenters of large (M> 7.5) earth
quakes that occurred before the 1960 Chile earthquake, south of 37°8 , are indicated 
(Table 1). Fault plane solutions of large (M > 7.0) intermediate-depth earthquakes 
that occurred from 1930 to 1985, and the solutions for the 1964,1965 and 1981 outer
rise events are also shown. Note that the events occurring before the 1960 Chile 
earthquake and also those occurring before the 1971 and 1985 Valparaiso earthqu akes 
at intermediate depths are steeply dipping normal faults (down-dip tensional). In con
trast, the May 8, 1971 event that occurred after the 1960 earthquake is down-dip 
compressional. Dark quadrants are compressional. 
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Table 2.1: Large Earthquakes in Southern Chile before 1960 

Date 
Mar. 2, 1919 
Mar. 2, 1919 
Dec. 10, 1920 
Nov. 21 , 1927 
Mar. 1, 1934 
Oct. 11 , 1940 
Apr. 20, 1949 

Time 
3h 26m 

llh 45m 
4h 25m 

23h 12m 
21h 45m 
18h 41m 
3h 29m 

41.0 
41.0 
39.0 
44.3 
40.0 
41.5 
38.0 

73.5 
73.5 
73.0 
73.0 
73.0 
74.5 
73.5 

Hypocenters are taken from Gutenberg and Richter (1954). 

Depth 
40 km 
40 km 

120 km 

70 km 

7.2 
7.3 
7.4 
7.1 
7.1 
7.0 
7.3 

W e searched for all large earthquakes that occurred before May 21, 1960, 

between 37° and 470S in Chile (shown by stars in Figure 2.1, Table 2.1). The 1919 

doublet, and the 1920, 1927, and 1940 earthquakes are listed as large shallow earth-

quakes; however, the ISC Bulletin indicates that t he 1919 doublet may be as deep as 

130 km. We could not find any records o r first motion data for the events prior to 

1930; consequently, we cou ld not analyze these events. For the 1940 earthquake, JSC 

first-motion data are consistent with a shallow {15°) dipping thrust fault, with a 

strike subparallel to the trench axis {350°) in southern Chile; it probably occurred on 

the interplate boundary. However, the location of this event {41.5°S, 74.5°W), given 

by Gutenberg and Richter {1954), is very close to the trench axis (Figu re 2.1). If th is 

location is correct, this event could be an outer-rise event with a horizontal compres-

s1on mechanism. Unfortunately , the data are not good enough to resolve the location 

and t he natu re of t his event. For the 1949 and 1934 earthquakes we have a few 

seismograms and also P-wave first motion data reported by ISC. Using t hese seismo-

grams, we determined orientations of the stress axes with respect to the down-going 

plate. In the following, we describe ou r focal mechanism solutions. 
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2.3 Data Analysis of Intermediate-depth Events 

Since the data for old events are incomplete, we combine P-wave first-motion 

data, S-wave polarization angles and waveform data to determine the mechanisms. 

We use synthetic seismograms to interpret the observed waveforms. All synthetic 

seismograms are computed, using the method described by Langston and Heimberger 

(1975). We assume a half-space with Vp=7.3km/ s , V5=4.lkm/ s and p=3. l gj cm3 to 

determine the source depth, orientation and the source time function . P-wave records 

are from vertical component recordings and SH-wave records are obtained by rotating 

the observed horizontal seismograms. SH clockwise motions around the source viewed 

from above are shown as upward motions (Figu res 2.2 to 2.4) . Note that for 

intermediate-depth earthquakes the arrival times of the reflected phases relative to 

the direct phase provide good constraints on the focal depth, and there is no trade-off 

between the source time function and the depth of the events. We use a half-space 

model to compute all synthetic seismograms. Although the absolute amplitude of near 

nodal phases may be difficult to match between the observed and calculated records 

because of this simplified structure, the relative amplitude between the direct and 

reflected phases is used to determine the focal mechanism. Note that stations that are 

far from the node of the direct P a rrival may be near nodal for the surface reflected 

phases. 

The 1971 Earthquake 

Figure 2.2 shows the first motion data obtained from short- and long-period 

vertical seismograms of most WWSSN stations. These data con::.train the steeply 
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Figure 2 .2 : Observed P and SH-waveforms for the May 8, 1971 earthquake are 
shown by the upper traces. P-wave first-motion data from WWSSN stations are piotr 
ted on an equal area projection of a lower focal hemisphere . F illed circles are 
compressions and open circles are dilatations in all figures. The mechanism is reverse 
type with 8=12° , 6=80° and A=l00°. The best fitting synthetics (lower traces) are 
for a source 150 km deep and 3 seconds long. The amplitude ratio of observed to syn
thetic seismograms is given for each station. The average seismic moment from P
waves is 8X 1026 dyne-em. 
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dipping fault plane. We modeled long- period P and SH waveforms {upper t races) for 

P asadena {T 0 = 1s, T g=90s) and WWSSN stations distributed over a large azimuthal 

range. Note that North American stations (WES, CEO, JCT, PAS) are near nodal 

for the pP arrival. The fault parameters determined are 8(strike)=12°, 6{dip)=80°, 

and A.(rake)=100°. Synthetic seismograms constrained t he azimuth of the low-angle 

plane to within 10°. The source time function is 3 seconds long and the depth is 150 

km. The seismic moment determined for each station is given in Figure 2.2. The 

average se1sm1c moment obtained from P waves alone is 8.0X 1026dyne-cm 

(Mw=7.2). 

The 1949 Event 

This earthquake is the largest (Ms=7.3) analyzed in t his chapter {T able 2.1). It 

caused the death of 57 persons and injury to 150. The damage was centered in the 

towns of Traiguen and Angol, 560 km south of Santiago, Chile {Seismological Notes, 

1949). Nishenko (1985) included this event in a study to estimate the seismic poten

tial of large interplate earthquakes in the Mocha Island region in southern Chile (reg. 

3A). However, as is shown below, the mechanism and the depth of this event indicate 

that it is not an interplate event. First-motion data reported by teleseismic stations 

in t he ISC Bulletin indicate that t he tension axis is parallel to the slab dip (Figure 

2.3). P waveforms were digitized from Benioff vertical long-period seismograms at 

PAS (1-90) and TUO (1-77) . The horizontal instruments at Tucson are Wood

Anderson (T0 =8s) and those at Pasadena are long-period Benioff (1-90). The upper 

traces in Figure 2.3 show P and rotated SH waveforms at these two stations. The P 

and SH synthetics (lower traces) cons trained the source depth to be 63 km with a 
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p April 20, 1949 SH 

* 6.6 TUC 

30see .......... 

PAS 
5.4 x 1026 dyne-em 

26 
M0 =6.0xiO dyne-em 
8 = 350° d = 63 km 
8 =70° _J\__ 
>. =-130° 0 5 sec 

~(3.8) 

Figure 2.3 :Reported fi rst motion data for the April 20, 1949 earthquake from the 
ISC bulletin are shown on an equal area projection of the lower focal hemisphere 
where the dashed line is the SH-wave radiation node, + indicates clockwise rotation 
around the source when seen from above. P and T are the pressure and tension axes 
respectively. T he upper traces are P and SH waveforms recorded at Pasadena and 
Tucson. The lower traces are synthetic seismograms for a steeply dipping normal 
fault: 0=350°, 6=70° and A=-130°. The source time function is 5 seconds long and 
the focal depth is 63 km. The amplitude ratio of observed to synthetic seismograms is 
given for each station. The seismic moment from P waves alone is 6.0X 1026 dyne-em. 
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simple 5 seconds long source t ime function. The fault parameters determined using P 

and S waveform-data are 8=350°, 6=70°, and >-=-130°. The focal mechanism in Fig

ure 2.3 shows the radiation nodes for both P-waves (continuous line) and SH-waves 

{dashed line). The average seismic moment obtained from the ratio of observed to 

synthetic P-waves is 6.0X 1026dyne-cm. 

The 1994 Earthquake 

On March 1, 1934, the cities of Valdivia and Concepcion, 300 km apart along 

the Chile coast, were severely shaken by an earthquake (Table 2.1), which caused 

some structural damage in Valdivia (Seismological Notes, 1934). For the 1934 earth

quake the ISC Bulletin reports P-wave first-motion data only for the stations in La 

Plata (LPA-up), Pasadena (PAS-down), Vienna (VIE-up) and Manila (MAN-down). 

Fortunately, we could retrieve vertical and horizon tal records of various Pasadena 

instruments from the Caltech seismogram library and also recordings of horizontal 8s 

Wood-Anderson seismographs at Tucson (T UC) and Wenner-horizontal records 

(T 0 =Tg=10s) at San Juan , Puerto Rico (SJP), from historic seismograms filmed by 

the U.S. Geological Survey . Figure 2.4 shows the P waveform recorded at PAS on a 

Benioff seismograph with T 0 = 1s and Tg=12.5s, and S waves recorded at TUC and 

SJP by the instruments mentioned above. In spite of the complexity displayed by the 

P and S waveforms, depth phases can be identified; the expected arrival times of the 

depth phases shown in Figure 2.4 are computed for a depth of 120 km, based on 

reported pP-P times from 9 stations listed in Gutenberg's notepads (Goodstein et al. , 

1980). This depth is consistent with the sS-S times listed in the ISC Bulletin and is 

considered a good estimate. Although these data are too incomplete to determine the 
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Figure 2.4:Seismograms of the March 1, 1934 earthquake. The P-wave, recorded at 
Pasadena (PAS) on a vertical seismograph with T 0 =1s , Tg=12.5s may indicate 
source complexity . S-waves are recorded at Tucson (TUC) on Wood-Anderson 8 s 
seismographs and at San Juan , Puerto Rico (SJP), on 10 s Wenner horizontal instru
ments. The focal mechanisms are for a steeply dipping normal fault {8= 12° , 6=80°) 
with three different slip angles(>. ). The continuous lines are the P-wave nodal planes. 
First-motion data are from the ISC bulletin . The short-dash lines indicate the SH 
radiation nodes, where + indicates clockwise rotation around the source, viewed from 
above. The long dash-point lines show the SV radiation nodes, ( +) and (-) are direc
tions away and toward the source, respectively . The pressure (P) and tension (T) axes 
are indicated. The data are consistent with the top focal mechanism. 
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mechanism, we found a mechanism that 1s consistent with them m the following 

manner . 

At PAS, P-wave first-motions are down, east and south. S waves are up , east 

and south, but a re emergent and unclear . At TUC, first motion P data are east and 

south, and those of S waves are clearly east and south. Unfortunately , a portion of 

the E-W component after the direct S wave is missing and it is not possible to time 

the sS phase. Nevertheless, we could still determine the S-wave polarization. The 

peak amplitude of the direct S wave on the EW is similar to that on the NS com

ponent. Since, at T UC, the EW and NS components represent approximately SH and 

SV motions, respectively , we judge the amplitude of the SV component to be compar

able to t hat of SH. We judged the P-wave first mot ion at TUC to be down, since the 

horizon tal motions are similar to those recorded at PAS. The P-wave first motions at 

SJP are sm all and cannot be read , but the S-wave first motions are clearly east and 

south. The peak amplitude of the E-W component (SH) is twice as large as that of 

t he N-S component (SV). From the SH to SV ratio between T UC and SJP, we con

sider that SJP is closer to an SV nodal plane than T UC. Note that S-wave polariza

tions at these three stations are similar. The motion for SH is ( +) clockwise rotation 

around the source and, for SV, it is (-) toward the source. We prefer a s teeply dip

ping (8=80°) normal fault, with a strike subparallel to the subduction zone (8=12°). 

This mechanism is consistent with t he available P-wave first mot ions and with focal 

mechanism solutions of most recent large South American intermediate-dept h earth

quakes (Figure 3.5). With this plane fixed, a slip angle >-=-60° is consistent with the 

observed polarization pattern of S waves (Figure 2.4). 
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2.4 Interpretation 

As shown in the prev1ous section, fault plane solutions of t he 1949 and 1934 

intermediate-depth earthquakes that occurred before the 1960 Chilean earthquake 

are consistent with steeply dipping normal faul ts and suggest down-dip tensional 

stress. Similar steeply dipping normal-fault solu tions have been published for two 

large intermediate-depth events (March 28, 1965, and November 7, 1981) down-dip of 

the rupture areas of t he 1971 (Mw=7.8) and the 1985 (Mw=8.0) Valparaiso earth

quakes, respectively (Figure 2.1). Fault parameters for the March 1965 event 

(Mw=7.4, d=72 km) are 8=350° , 8=80° and A=-100° (Malgrange et a!. , 1981) and 

t hose for the November 1981 event are 8= 345° , 6=86° and 'A=-93° (Dziewonski and 

Woodhouse , 1983). Thus, large in termediate-depth events that occurred before great 

underthrust earthquakes in southern Chile are down-dip tensional. In the outer-rise 

region, the focal mechanism of the October 16, 1981 (M5=7.2) earthquake (8=0° , 

8=45° , 'A=90° ; Christensen and Ruff, 1983), that occurred before the 1985 Val

paraiso earthquake, shows horizontal compression perpendicular to the trench axis. 

On the other hand , outer-rise events that occurred after the 1960 Chile earthquake on 

August 5, 1964 (mb=6.1) and October 3, 1965 (mb=6.0), indicate horizontal tension 

perpendicular to the trench axis (Figure 2.1). The focal mechanisms of the 1964 and 

1965 events are 8=181°, 6=68°, >-=-56° and 8=10°, 8=70°, 'A=-106° , respectively 

(Stauder, 1973). If the 1940 event was in fact an outer-rise event, its relation to the 

1960 C hilean earthquake is similar to that of the 1981 outer-rise event (horizontal 

compression) to the 1985 Valparaiso earthquake. The top diagram in Figure 2.5 illus

t rates t he state of stress before a large interplate earthquake described above. The 



- 159 -

Stress before and after a large thrust earthquake 

BEFORE 

--+ +--

Outer-Rise 

Intermediate-depth 

AFTER 

+-- --+ 

Figure 2.5 A schemat ic diagram showing the intraplate stress before and after a 
large t hrust earthquake for strongly coupled seismic zones such as the Chile subd uc
tion zone. 
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bottom diagram in Figure 2.5 illustrates our interpretation of the large down-dip 

compressional event in May 1971. The large interplate displacement associated with 

the 1960 great Chilean earthqu ake changed the stress in the downgoing slab to 

down-dip compression and the 1971 event occurred in response to it. It is known that, 

after large interplate earthquakes, tensional outer-rise events frequently occur (Sykes, 

1971; Stauder, 1973). These observations taken together support the notion that the 

stress propagation in t he slab is rather fast; in our case, it is of the order of 10 km / yr. 

The observations above indicate that the interplate boundary is strongly coupled 

before a major thrust earthquake and the downgoing slab is under tension at inter

mediate depths; after the interplate event, the displacement at the boundary induces 

compressional stress in the down-going slab at intermediate depth and causes down

dip compression events. Outer-rise events, on the other hand , experience the opposite 

phenomenon ; shallow, compressional events occur before major underthrusting earth

quakes, whereas tensional events occur after them (Figure 2.5). These results suggest 

that the spatial and temporal variations of focal mechanisms of outer-rise and 

intermediate-depth earthquakes may be used to infer the strength of interplate cou

pling. 
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C hapt er 3 

Variation of Focal Mech a nisms of Int ermediat e-dept h E v ents 

3.1 Introduct ion 

The spatial distribution of focal mechanisms of large intermediate-depth earth

quakes in relation to the strength of interplate coupling at subduction zones, studied 

in Chapter 1, indicates that: 

1) Intermediate-depth events that occur down-dip of strongly coupled subduction 

zones reflect the degree of coupling by producing normal-faulting (down-dip tensional) 

events at the lower edge of the coupled zone. In general, the continuous seismic zone 

in these regions is relatively short , less than 300 km. 

2) In contrast, subduction zones that are uncoupled produce large normal faulting 

events at shallower depth near the trench axes, where stresses due to bending of the 

lithosphere are largest. In these regions seismic zones are larger than 500 km depth. 

3) Subduction zones for which weak or moderate coupling at the interplate boundary 

is inferred , exhibit thrust-type faulting earthquakes at intermediate depth (with near 

vertical tension axes), probably in response to the negative buoyancy of the sub

ducted slab. These regions have relatively long and steeply dipping seismic zones. 

However, they may produce double seismic zones in response to other factors such as 

unbending of the subducted lithosphere (Kawakatsu , 1986a) or the slab's pull 

(Spence, 1987). 
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Recently Yamaoka eta!. (1986) studied scaled physical models of the downgoing 

plate in each subduction zone. They showed that the shape of the descending lit ho

sphere , as inferred from the observed intraplate seismicity i~ most regions, could be 

explained by modeling the lithosphere by bending an inextensible spherical shell, 

which shows little deformation under moderate stress. Regions with a poor fit 

improved greatly by tearing the spherical shell in the region where the lowest seismi

city was observed. Their experiments suggest that lateral constraint and bending of 

the subducted lithosphere are important factors in determining the shape and the 

strain concentration in local regions. Similarly, numerical models of the downgoing 

plate calculated by Burbach and Frohlich (1986) suggest that the subducting litho

sphere is remarkably cohesive, only rarely breaking or stretching. These studies imply 

that downdip stresses are dominant for most subduction zones with the exception of 

the T onga trench, where down-dip compressional stresses are observed (e.g., !sacks 

and Molnar, 1969, Giardini and Woodhouse, 1984). 

Figure 3.1a shows the static stress distribution near the in terplate boundary for 

the intermediate-depth and outer-rise regions. At intermediate depth the upper 

seismic zone is in-plate compression stress, whereas the lower seismic zone is in ten

sion (Hasegawa et a!., 1979). Note that the stresses due to bending of the lithosphere 

in t he outer-rise region are tensional at shallow depths and compressional at larger 

depth (Stauder, 1968; Chapple and Forsyth, 1979; Christensen and Ruff, 1987). This 

simple two-dimensional model does not consider either lateral changes in the su bduc

tion zone such as bends in the t rench axes, contortion or segmentation of the sub

ducted lithosphere, or subduction of topographic irregu larites (e.g., ridges or oceanic 

platforms), which can presumably change the strength or orien tation of the stress 
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field in a region (Burbach and Frohlich, 1986). 

Figure 3.1b shows a dynamic model for strongly coupled regions in which , before 

a major underthrusting earthquake, the in terplate boundary is strongly coupled, the 

down-dip slab is under tension at intermediate depths, and the oute r-rise region is 

under compression. After displacement at the interplate boundary the outer- rise 

reg10n is under tension , whereas the down-dip slab may be either under compression 

or with diminished tensional stresses. Observations t hat support this model are, for 

example, the temporal variation of focal mechanisms at intermediate depths in south

ern Chile with respect to the occurrence of the 1960 Chile (Mw=9.5) earthquake 

(Chapter 2) and the temporal variations of focal mechanisms in the outer-rise region 

at strongly coupled zones documented by Christensen and Ruff (1987). However, at 

uncoupled or moderately coupled zones they observed only tensional outer- rise events. 

In Chapter 3 we examine the focal mechanisms of moderate and large 

intermediate-depth earthquakes that occurred from 1960 to 1984 in relation to local 

variations of the strength of interplate coupling in a region. Temporal changes of 

focal mechanisms of intermediate-depth events due to large thrust events are also 

explored. We use Table 1.3 and Table A.2 to study these spatial and temporal varia

tions for different regions. Table 1.3 includes focal mechanisms of all the earthquakes 

with depth between 40 and 200 km listed by the NOAA and ISC catalogs with 

mb > 6.0, a total of 335 events (see Section 1.3). Table A.2 gives all large (Ms=7 .5) 

shallow events that occurred during this century by region . 
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3.2 Stress-axis D ist ribution of Int ermediat e-dept h Eart hquakes 

In principle, we can obtain the general intraplate stress field orientation of a 

region by plotting the P and T axis of focal mechanisms of events in that region in a 

focal sphere together with the downgoing plate orientation at the corresponding 

depth. This approach has been used by several investigators, for example , Oike, 1971, 

Fujita and Kanamori, 1981, Vassiliou et a!. , 1984, Burbach and Frohlich , 1986. Since 

our data base has been expanded from previous studies we use this same method not 

only to determine the general characteristics of t he stress field in each region but also 

to help us descriminate "anomalous events." 

Figure 3.2 shows equal area lower hemisphere projections of the distribution of 

compression (P - closed symbols) and tension (T - open symbols) axis for different 

subduction zones. Circles are used for events located between 40 and 100 km depth 

and diamonds for deeper events, 100 to 200 km deep. Region names are defined in 

Figure 1.2 and open arrows indicate the convergence direction of the plates in each 

region (Table 1.1). The curve indicates the trench azimuth and dip. The dip angle 

shown in Figure 3.2 is that of the seismic zone at about 100 km depth. Note that an 

abrupt increase of t he seismicity d ip angle from 20 to 50° is observed at 40 km depth 

which is associated with a density increase related to the phase t ransformation of the 

oceanic lithosphere from basalt to eclogite (Ruff and Kanamori, 1983). Thus the 

underth rusting and overrid ing plates are most certainly uncoupled, and earthquakes 

that occur below 40 km depth are intraplate events. Seismicity profiles (e.g. , !sacks 

and Barazangi, 1977) show that the dip of the seismic zone increases gently to about 

100 km, remaining approximately constant thereafter. We define in-plate tension or 
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compressional events if the respective stress axes are located within 20° of the down

dip slab location. This method ignores earthquake magnitudes that bias the interpre

tation of the stress distribution within the downgoing slab; larger events used here 

reflect t he first-order stress distribution in a region, whereas smaller events reflect 

only secondary or local effects. We will try to overcome th is difficulty in the next sec

tion by discussing particular events in more detail. Inspection of Figure 3.2 indicates 

that most regions have either dominant down-dip tensional stresses or a mixed pat

tern of down-dip tensional and compressional stresses at intermediate depth. Only 

T onga has dominant down-dip compressional stresses. Description of Figure 3.2 fol

lows. 

Most intermediate-depth events that occur in South America reg10ns (from 

Colombia to Central Chile) have near in-plate tensional axes. Note also that the ten

sion axis of all events in the Altiplano and North Chile regions are especially well 

aligned with the subducted plate and the convergence direction. These results agree 

with those of previous investigators (e.g., Stauder, 1973, 1975). The South Chile 

region has only one down-dip compression event that occurred on May 8, 1971 , and 

has already been discussed in detail in Chapter 2. A large number of events in the 

Scotia region have nearly down-d ip tensional axis. This result is consistent with the 

model of weak coupling at the inte rplate boundary in which near vertical tensional 

stress is induced as a result of the negative buoyancy of the slab. 

The Mexico and Cen t ral America regions have mostly shallow-dipping tensional 

axiS in agreement with the observed seismicity dip angle. In the Caribbean region 

only a few intermediate-dep th events have occurred from 1960 to 1984. The Greater 

Antilles events have nearly vertical tension axis consistent with t he weakly coupled 
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model described earlier. In contrast, the tension and compression axes of events in the 

Lesser Antilles are aligned with the trench axes. These events are discussed in more 

detail in the following section. 

The 1965 Puget Sound event that occurred m the Juan de Fuca region has 

down-dip tensional stress axis. The dip angle in this region is shallow, (22°) con

sistent with a strongly coupled interplate boundary as discussed in Chapter 1. The 

North Pacific regions are also considered strongly coupled regions and had only a few 

events at intermediate depth. Alaska has mostly down-dip tensional events, but 

events that occur in the Aleu tians and Kamchatka regions have their stress axis dis

tributed all over the focal sphere. 

The Kurile subduction zone is divided into two sections according to differences 

m the dip and extent of seismicity (see Table 1.1). The stress axis distribution is 

mixed in both Kurile and the Northeast Japan regions. These two regions have been 

very active. However, only a few events have occurred within the oldest ( > 150m. y.) 

subducting oceanic lithosphere in the Izu-Bonin and Mariana regions. The deeper 

events in the Izu-Bonin region have in-plate compression axis; however, the events 

with depth less than 100 km are mixed. The Mariana region was divided into a north

ern and southern segments to account for the abrupt change in the t rench axis. 

Events in the Ryukyu region have a mixed stress axis pattern, but it is aligned 

with the direction of convergence of the Eurasia and Philippine plates. The North 

Taiwan region events have mostly down-dip tensional axes which are nearly vertical. 

Thus, this region is consistent with a rather weakly coupled interplate boundary. In 

the Luzon subduction plate only 3 events occurred, but the stress axes are distributed 

randomly that may be refl ecting the complexity of this area. The Philippine 



- 170-

subduction zone is among the more active seismic regions at intermediate depth (see 

Appendix 1). Most events in the northern section show almost vertical tension axes 

that align with the steeply dipping seismic zone. In the southern segment, however, 

the tension axes of the events are most ly vertical but are not aligned with the sub

ducted plate. 

The Sulawesi region is a complex region and the distribution of the stress axes of 

intermediate-depth events is sparse. In the Burma subduction zone continental coll i

sion is occurring; however, at intermediate depth events may be located within the 

attached oceanic lithosphere. T ension and compression axes are separated in the 

diagram but are not easily related to either the seismic zone or the convergence direc

tion in the region . Events that occurred in the Andaman region are all shallower than 

100 km , depth but the stress axis distribution is mixed . Most of the events in the 

Sunda trench have down-dip tensional axes, which are nearly vertical. This observa

tion is consistent with a weakly coupled interplate boundary as described before. The 

stress axes of intermediate-depth events in the Java region are mixed. In the Timor 

subduction region ; most earthquakes have nearly down-dip tensional axes that are 

aligned in the direction perpendicular to the convergence direction of the subducting 

and overriding plates. 

The New Guinea region has mixed stress axes. Most events shallower than 100 

km that occur in the New Britain region have near vertical tension axes; however, the 

tension axes of events with depths between 100 and 200 km are nearly horizontal. 

This pattern certainly reflects the complexity of this region. The New Ireland region 

is small and very active (see Appendix 1), which may be related to high stress level 

due to lateral bending of the Solomon plate under this area. The stress ax1s 
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distribution of the New Ireland region is mixed . Intermediate-depth events (M>6) in 

the Solomon subduction zone are shallower than 100 km and exhibit a mixed distri

bution of the stress axis. 

The New Hebrides reg1on IS the most active area at intermediate depth (see 

Appendix 1). The trench azimuth changes from the North to the South and events 

have been divided accord ingly . Most events in the northern segment have nearly hor

izontal compressional axes; the tensional axes of the events located below 100 km 

depth (open diamonds) are aligned with the plate. T he stress axis distribution in the 

southern New Hebrides segment is mixed. 

The T onga subduction zone is also very active at intermediate depths. The area 

is divided into two regions that separate the events which occurred near the northern 

bend from those in the more linear section of the trench. Most of the southern events 

have down-dip compressional axes with the exception of a few shallower events, which 

are discussed in detail below. T he Kermadec-New Zealand diagram shows a mixed 

distribution of the stress axis. 

3.3 Regional Reexamination of Int ermediat e-de pt h Events 

Although the regional stress field of intermediate depth events inferred from the 

focal mechanism catalog in Table 1.3 shows that a large number of events have 

down-dip or nearly vertical tension axes, as discussed above (Figure 3.2), many 

regions show a mixed or complex distribution of the tension and compression axes. 

Figure 3.3 shows the location of intermediate-depth earthquakes with M>6.0, which 
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occurred from 1960 to 1984. Boxes enclose the regions shown in Figures 3.4 to 3.11 . 

On the regional maps the plate names, bathymetric features and relative motion 

between adjacent plates are indicated. Holocene volcanoes are shown as open triangles 

and close triangles represent active volcanoes in the last 1000 years (Moore, 1982). 

The fault parameters of the events shown in each regional figure and the event 

number, next to the lower hemisphere projection of the focal sphere, are given in 

Table 1.3. Dark quadrants are compressional and numbers within parenthesis indicate 

the event depth. 

In the region by region discussion that follows we describe the characteristics of 

the downgoing plate as well as those of the interplate boundary for each region. Then 

we examine individual events or groups of nearby events relative to their location to 

local physical changes in the subduction, for example, bends or tear of the downgo

ing plate or subduction of topographic highs. Detailed seismicity profiles and model

ing by Yamaoka et al. (1986) and Burbach and Frohlich (1986) for each subduction 

zone can help us locate the regions where the plate is bending or tearing. Then we 

explore the relative location, both in space and time, of intermediate-depth events 

t hat may be related to the occurrence of large thrust events at the interplate bound

ary . Large (m8 >7) intermediate-depth events that occurred during this century for 

each region are given in Table A.1 and shallow events with M>7.5 are listed in T able 

A.2, also by region. 

Middle-America 

North of the Tehuantepec Ridge the Rivera and Cocos plate subduct with a 

shallow dip (10 to 20°) beneath the North America plate. The seismicity depth 
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increases eastward to about 150 km. The chain of active volcanoes forms an angle 

with the trench and is located farther in land than most subduction zones. Large 

shallow underthrusting earthquakes with rupture lengths ~f approximately 100 km 

and short recurrence intervals, 30 to 80 years (Singh et al. , 1981) are characteristic of 

the Mexican subduction zone, suggesting strong-to-moderate coupling along this inter

plate boundary {Figure 3.4). Three large intermediate-depth events occurred from 

1960 to 1984 down-dip of future large subduction events. The 1964 event (No. 39) 

occurred down-dip of the 1979 Petatlan earthquake aftershock area. Similarly, the 

1980 Huajuapan event {248) occurred down-dip of the 1982 Ometepec doublet, and 

the 1973 Orizaba earthquake {178) was located down-dip of t he 1978 Oaxaca aft

ershock zone. Although these events are consistent with the dynamic model for 

strongly or moderately coupled regions explained before (see Section 3.1), no large 

compressive intraplate events have occurred after these large subduction earthquakes. 

This suggests that the displacement at the interplate boundary may not be large 

enough to change the stress characteristics at depth or that this down-dip intraplate 

compressional events may be small or difficult to identify. Gonzalez-Ruiz {1986) 

documented the occurrence of normal faulting events down-dip of the Ometepec 

region within a few years before four consecutive thrusting episodes. He suggests that 

the occurrence of normal faulting events at intermediate depth may be an in tegral 

part of the earthquake cycle in the Ometepec region. However , the 1931 normal fault 

event studied by Singh et al. (1985) was located at 45 km depth and down-dip of the 

region broken in 1928 by four large shallow thrust events offshore Oaxaca (Table 

A.2). They suggest that this event may have broken the li thosphere, decoupling the 

Cocos plate from the overrid ing continental plate. Events 228 and 286 may be 
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associated with subduction of the Tehuantepec ridge, where the arc junction IS 

identified by Yamaoka et al. {1986). 

South of the Tehuantepec ridge, the Cocos plate subducts beneath the Carib

bean plate with a considerably larger dip angle, which varies from 30° down-dip of 

Guatemala to 65° beneath Nicaragua. The seismicity is about 250 km deep along 

Central America, but shallows toward the southeast where a shallower dip is also 

observed. All events in this region are down-dip tensional. However, events 98 and 

313 (M~6) have a reverse focal mechanism that suggest, under the classification of 

large events (Section 1.4) an uncoupled interplate boundary. McNally and Minster 

{1981) observed low seismic slip along Central America, indicating either weak cou

pling or longer recu rrence intervals along this plate boundary. The largest 

intermediate-depth event is the 1982 San Salvador earthquake (event 274), which 

occurred down-dip of a region where large subduction events last occurred at the turn 

of the century {Table A.2, Astiz and Kanamori, 1984). 

Atlantic Island Arcs 

Caribbean 

Subduction of ~he old, oceanic lithosphere beneath the Caribbean along the 

Lesser Antilles trench is about 2 cm/ yr in a westerly direction. However, as the 

trench curves to an East-West trend , toward the Greater Antilles, the North America 

and Caribbean plate boundary becomes mostly oblique and convergence reduces to 

about 0.2 cm/ yr (Figure 3.4). Several studies (e .g., Stein et al, 1982, Yamaoka et al. , 

1986) indicate that the downgoing slab curves continuously beneath the Caribbean 

plate. McCann and Sykes {1984), on the other hand , suggest tearing of the plate 
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based on the focal mechanism of the 1974 ear thquake (Ms=7.5, event 184); however, 

this event is also consistent with in-plate tensional stresses caused by the lateral 

bending of the lithosphere. The 1969 Christmas Day earthqu~ke (Ms=7.5, event 119) 

location near the trench axis indicates lithospheric faulting in response to the slab 

pull in a weakly coupled region (McCann and Sykes, 1984) in agreement with the 

model shown in Figure 1.8. Note also that this event had a relatively large number 

of aftershocks with respect to other intermediate-depth events (Section 1.5) that 

defined faulting along the steeply-dipping plane. This event was studied in detail by 

Stein et al. (1982). Event 106 indicates tear faulting. Several large intraplate earth

quakes are located along the Lesser Antilles arc (Table A.1); however, no large sub

duction events have occurred there during this century (McCann and Sykes, 1984). 

In the Greater Antilles region the 120 m .y. old, oceanic plate subducts along the 

Puerto Rico trench. At intermediate depth the downgoing lithosphere is nearly vert i

cal (Frankel et al. , 1984). Moderate intraplate earthquakes in this area (events 147, 

232 and 260) are down-dip tensional events consistent with the model for a weakly 

coupled region . In this model the dip of the slab is steep and the slab 's weight induces 

tensional stresses at intermediate depth . Frankel (1982) reports that smaller magni

tude events in this region are also down-dip tensional. 

Scotia Arc 

Tectonic studies of the Scotia arc region indicate that back-arc spreading is 

present (Barker, 1970, 1972) and that the 70 m.y. old, oceanic lithosphere of the 

South America plate gets younger to the south as it subducts beneath the recently 

formed ( < 10 m.y.) Sandwich plate oceanic floor (Frankel and McCann, 1979). The 

southern portion of the plate is less active and the focal mechanisms of event 193 
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Figure 3 .5 :Epicenters and focal mechanisms of intermediate-depth earthquakes with 
M>6.0 that occurred from 1960 to 1984 (Table 1.3) in South America and the 
Scotia arc. For symbols, see Figure 3.4. 
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indicate down-dip compressiOn; however, in the northern segment most events are 

down-dip tensional (see Figure 3.2). The change from mainly down-dip tensional to 

down-dip compressive stresses along the Scotia arc is also observed for focal mechan

isms of smaller magnitude events by Forsyth (1975), who explains this change as 

caused by the reduced negative buoyancy forces in the younger, southern half of the 

subducted plate. Evidence of tearing of the downgoing plate in the northern segment 

is given by earthquake focal mechanisms (Forsyth , 1975) and a seismicity gap 

observed at intermediate depth (Yamaoka et al. , 1986). Events 159 and 328 indicate 

tear faulting. Events 266 and 269, which occurred within 3 months of each other, 

have very different focal mechanisms and may be indicative of internal deformation of 

the subducting plate. Several large intraplate events have occurred in the Scotia arc 

in this century (Table A.1). The most recent event on May 26, 1964 (36) was studied 

in detail by Abe (1972a), who obtained Mw=7.8 (from surface-wave seismic moment 

of 6.2X 1027 dyne em) in contrast with mb=5.7 . The 1964 event, which is probably 

the largest event in this region, is consistent with the model described above for 

weakly coupled regions. Note also that no large (M> 7.5) subduction events have 

occurred in this region. 

South America 

The Nazca plate subducts eastward along the curving margin of western South 

America for about 5000 km. T he major topographic features being subducted along 

this oceanic-continental plate boundary are the Chile rise and the Nazca and Carnegie 

ridges (Figure 3.5). The characteristics of the downgoing lithosphere vary along the 

trench, defining several segments (Table 1.1, F igure 1.2) that correlate with the 
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absence or presence of the volcanic chain according to the shallow or steeper dip of 

the intermediate-depth seismicity (Barazangi and Isacks, 1976). Although intraplate 

seismicity is high in South America, inaccurate earthquake hypocenters (due to poor 

station coverage) allow different interpretations for the configuration of the downgo

ing Nazca plate. For example, Barazangi and Isacks (1976) and Yamaoka et al. 

{1986) propose a tear in the subducted lithosphere, where the slab dip changes 

abruptly from go to 28° along the Peru-Altiplano border line (see Figure 1.2). In con

trast, Hasegawa and Sacks (1981) suggest that the Nazca plate is contorted rather 

than torn in this region , based on observations from local seismic data. The obse rved 

continuous seismicity is as deep as 300 km for all regions; however, events deeper 

than 500 km are observed in Colombia, Peru and North Chile regions (Appendix 1), 

which probably occur within a detached segment of the subducted lithosphere (Isacks 

and Molnar, 1971, Stauder 1975). Most intermediate-depth events in South America 

(from Colombia to Central Chile, Figure 3.2) have nearly down-dip tensional axis 

induced from the lithosphere negative buoyancy or may be in response to continental 

loading 

We divide the following discussion into five sections, corresponding to variations 

of intermediate-depth seismicity and also to the occurrence of recent large subduction 

earthquakes along the Nazca-South America interplate boundary. 

South Chile 

Seismicity in this 1250 km long section is 160 km deep and shallow dipping a.nd 

IS dominated by the 1960 Chile (Mw=9.5) earthquake aftershock area. This region, 

from 34° to 45°S, is considered the typical example of a strongly coupled subduction 

zone (Uyeda and Kanamori, 1979), since relatively young, 0 to 35 m.y. , oceanic 
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lithosphere is being subducted at about 9.5 cm f yr (see Figure 2.1 ). Large intraplate 

(intermediate-depth and outer-rise) earthquakes that occurred in this region during 

this century have been discussed in Chapter 2, which helped us construct the 

dynamic model proposed earlier for strongly coupled regions (Figure 3.1b). We should 

remark that the down-dip compressional event (145) that occurred on May 8, 1971 is 

the only earthquake with M>6 to have occurred to date in this region at intermedi

ate depth. The remaining 250 km long section to the North was broken by the 1939 

(Ms=7.8) and the 1928 (Ms=8.0) earthquakes. From 1960 to 1984 no intermediate

depth earthquakes with M>6 occurred there. 

Central Chile 

This region (29° to 34°8) is characte rized by a very shallow dipping slab (10°) at 

intermediate depth, the absence of active volcanism and large underthrusting events 

with rupture lengths of about 300 km. The northern half is defined by the aftershock 

area of the 1906 Valparaiso (Ms=8.4) earthquake, which has partially reruptured , 

about 75% of its length, in two large subduction events that occurred on July 9, 1971 

(Ms=7.5) and March 3, 1985 (Ms=7.8). The southern-most segment has not been 

broken yet (Korrat and Madariaga, 1986). 

Stress axes of ip.termediate depth events in this region are aligned with the con

vergence direction (Figure 3.2); however, the tension axes of most events (except 

events 245, 125 and 84) are dipping at about 30° instead of 10°, as inferred by the 

intraplate seismicity in the region. Events 125 and 245 (M~6) occurred near the 

northern limit of the 1943 aftershock zone. Their focal mechanisms indicate, respec

tively, internal deformation of the plate and slab segmentation associated with the 

larger plate dip (30°) farther north as proposed by Isacks and Barazangi (1977). 
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Event 84 has nearly a horizontal axis. Event 9 (mb=6.3) 0ccurred in 1963, down-dip 

of the 1943 thrust event rupture area, suggesting that by this time the interplate 

boundary was at least moderately coupled, and normal faulti.ng events could occur at 

the base of the coupled zone. Further investigation , which is beyond the scope of this 

study, is required to determine if a change in the stress field orientation at intermedi

ate depth occurred downdip of the 1943 rupture area. 

Before the occurrence of the recent 1971 and 1985 Valparaiso earthquakes, two 

normal faulting events occurred down-dip at intermediate depth in 1965 (event 55) 

and in 1983 (315), respectively, in agreement with the dynamic model for coupled 

regions (Figure 3.1b). Malgrange et al. (1981) studied the 1965 and 1971 Aconcagua 

events in detail. In 1981 , a large normal faulting event (263, Mw=7.0) occurred down

dip of the 1971 aftershock zone. Although the occurrence of smaller (M<6) down-dip 

compressional events cannot be ruled out, the occurrence of the 1981 event (263) sug

gests that displacement at the intraplate boundary was not large enough to change 

the stress field orientation at depth. It may be possible that the 1981 normal

faulting event may have helped to trigger the 1985 Valparaiso earthquake farther 

south at the interplate boundary. Note also that in 1983 a compressional outer-rise 

event occurred offshore the future 1985 Valparaiso earthquake rupture zone 

(Christensen and Ruff, 1983). Thus, this region agrees with the dynamic model 

shown in Figure 3.1b in that an outer-rise compressional event and a down-dip ten

sional event occurred before the thrust event. However, neither a large tensional 

outer-rise or a down-dip compressional intermediate-depth event has occurred to date. 

One possibility is that the displacement at the interplate boundary may not be large 

enough to change the stress orientation, but to somewhat lower the intraplate 
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seismicity in the region adjacent to the large thrusting earthquake. 

Altiplano and North Chile 

The downgoing lithosphere dips at about 30°, bending gently along the coasts of 

southern Peru and northern Chile. Note also that the volcanic chain reappears (Fig

ure 3.5) and that at least since 1922 no large thrust earthquakes have occurred along 

the entire length of the interplate boundary (Kelleher , 1974; McCann et al., 1979). 

These regions have been very active at intermediate depth , not only during the 1960-

1980 time period but throughout this century (Appendix 1). All of the events in Fig

ure 3.5, from event 278 at the northern boundary of the Altiplano region to event 220 

to the south boundary of the North Chile region, have down-dip tensional axes. The 

compression axes are normal to the downgoing plate and the majority are nearly vert

ical, suggesting that continental loading may play an important role in the stress dis

tribution at intermediate, depth since the Andes are much broader in the Altiplano

North Chile region . Note also the azimuthal variation of the tension axis along the 

gently bending Nazca plate, from about 40°N for event 278 to about 120°N for event 

220. The focal mechanisms of intermediate-depth events in this region also agree 

with the model for a coupled interplate boundary, since normal faulting events occur 

at the base of the coupled region in response to bending of the subducting litho

sphere. 

Christensen and Ruff (1987) report two compressional outer-rise events offshore 

the 1922 aftershock area in 1964 and 1969. The earlier event was followed by a 

Ms=7.4 thrust event that occurred on October 4, 1983. Malgrange and Madariaga 

(1983) documented the variation of focal mechanisms of moderate intermediate-depth 

events associated with the large 1966 (Mw=7.7) thrust event. A down-dip tensional 
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event occurred on February 1965, and a down-dip compressional event occurred on 

June 1967. They interpreted their observations as possible evidence of the presence of 

a double seismic zone in the region. An alternative interpretation is that this event 

reflects the coupling at the thrust boundary as shown in Figure 3.lb. 

Ecuador - Peru 

The Ecuador-Peru region , 0° to about 16°8, is bounded to the north and south 

by the Carnegie and Nazca ridges . This region, albeit complex, offers a good example 

of the relationship between the coupled interplate boundary and the intraplate 

seiSmic activity. Seismicity along this region dips at about 30° at shallow depth ; at 

about 100 km depth it becomes almost horizontal for about 300 km (Barazangi and 

Isacks, 1976). The shallow dip (~10°) of the subducting lithosphere at intermediate 

depth has been associated with the lack of volcanism (Figure 3.5). Two regions can 

be defined in terms of the absence or presence of large thrust events at the interplate 

boundary. The northern segment, which may be referred to as the " Peru Quiet Zone" 

with no known historic large subduction events, extends from 0° to 10°8 (McCann et 

al. , 1979). The oceanic lithosphere is heterogeneous since the Carnegie ridge sub

ducts from 0° to 30S, and numerous fractures are present farther south seaward from 

the trench. 

A cluster of events (247, 67, 28 and 146) at the northern edge of the subducting 

Carnegie ridge indicates tear faulting, almost perpendicular to the trench , that may 

be associated with subduction of the presumably more buoyant lithosphere as prcr 

posed by Barazangi and Isacks (1976). Events 151, 46, 188, 296 and 12 are down-dip 

tensional, consistent with a strongly coupled interplate. Christensen and R uff (1987) 

report outer-rise compressional events in this region. Event 316 (M~6) may be 
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associated with internal deformation of the Nazca plate, resulting from the presence 

of the Carnegie ridge to the north. The compression axes of event 276 are almost hor

izontal, suggesting that high compressive stresses induced by the subducting ridge 

may be dominant to about 100 km depth. However, this event could be explained as 

a result of bending of the downgoing slab as it flattens at intermediate depth (see Fig

ure 8 in Isacks and Barazangi, 1977). 

The southern segment, from 10° to about 16°S, is characterized by large th rust 

events with rupture lengths of about 150 km. The most recent sequence occur red 

from south to north in 1942, 1974, 1940 and 1966 (e.g., McCann et al., 1979). Along 

the southern boundary of this region several studies have proposed a major tear of 

the subducting lithosphere (Isacks and Barazangi, 1977, Yamaoka et al., 1986) to 

accommodate the sharp increase in the dip angle of the downgoing plate farther 

south. Note that from 1960 to 1984 no large tearing events occurred in this region at 

intermediate depth , which favors Hasegawa and Sacks' (1981) interpretation of slab 

contorsion in this region. No large events (M>6) have occurred, either, in this same 

time period down-d ip of the 1940 and 1942 aftershock zones. 

The region adjacent to, and down-dip of, the October 1974 (Mw=8. 1) event 

presents an interesting sequence of large intraplate events. Before the thrust event, in 

1968 (event 107) a down-dip tensional event occurred. In January 1974 a large event 

(183, mb=6.6) occurred at the northern edge of the future 1974 th rust rupture zone , 

suggesting lateral loading of the interplate boundary. In 1982 (event 270), a down-dip 

compressional event occurred . These observations agree with the dynamic model 

shown in Figure 3.1b. However, no large outer-rise events occurred either before or 

after the large 1974 thrust earthquake (Christensen and Ruff, 1987). Down-dip of the 
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1966 (Mw=8.1 earthquake aftershock area two down-dip tensional events occurred in 

1963 (events 20 and 21). 

The largest intraplate earthquake in this region occurred on May 31 , 1970 (event 

128, Mw=7.8), and has been studied by several investigators (Abe , 1972b, Stauder, 

1975). This event is unusual in many ways. For instance, it is located between the 

"quiet" and "active" Peru regions at shallow depth, also a large number of aft

ershocks (see Figure 1.10) followed it, defining a steeply dipping plane that almost 

broke the entire subducting lithosphere (Abe, 1972b). Christensen and Ruff (1987) 

report that near the northern edge of the 1966 thrust event an outer- rise compres

sional event occurred on September 1967. Note also that two normal-faulting events 

(78 and 105) occurred prior to the large 1970 shallower normal-fault earthquake at 

intermediate depth. The existence of these events before the occurrence of the 1970 

(Mw=7.8) earthquake reflects the presence of a strongly coupled interplate boundary, 

but they may have helped to trigger this large intraplate event as suggested by 

Christensen and Ruff (1987). Abe (1972b) suggests that this event occu rred m 

response to the gravitational pull exerted by the denser sinking slab. 

Colombia 

The strongly coupled interplate boundary north of the Carnegie ridge, from 5°:\ 

to 0°, has very young oceanic lithosphere that subducts along the shallow Colombia 

trench at about 8 em/yr. The seismicity dip is gentle at shallow depth and increases 

to 35° at intermediate depth. The volcanic chain parallels the coast with numerous 

active volcanoes (Figure 3.5). The entire length of the earlier 1906 Colombia 

(Ms=8.7) earthquake has been reruptured by the recent thrust events, which 

occurred , from South to North, in 1942, 1958 and 1979 (Kanamori and McNally, 
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1982, Beck and Ruff, 1984). 

Events 109, 179 and 94 which occurred in northern Colombia where the trench 

is not well defined, are consistent with down-dip tensional stresses that are probably 

induced by the negative buoyancy of the sinking slab. No large (M>6) intermediate

depth events occurred between 1960 and 1984 down-dip of the 1942 and 1958 aft

ershock zones. However, near the northern edge of the 1979 aftershock zone several 

events occurred. The shallower event 174 that occurred in 1973 may be located near 

the inferred trench axis; however, the 50 km depth of this event indicates that it 

occurred at the base of the coupled interplate boundary. Down-dip of the future 

December 1979 (Mw=8.2) thrust event, two normal-fault events (173 and 234) 

occurred at intermediate depth. Event 234 occurred on November 1979 (mb=7.2) , a 

few weeks before the large thrust event. Although event 242 that occurred after the 

1979 event is down-dip tensional the focal mechanism, which is a strike-slip, is 

different from events occurred previously. An outer- rise tensional event was observed 

on January 1981 (Christensen and Ruff, 1987), suggesting weak coupling at the inter

plate boundary. 

North Pacific 

Cascades 

Shallow seismicity is almost nonexistent along the 500 km long plate boundary 

between the Juan de Fuca's young oceanic lithosphere and the North America plate. 

However, seismicity at intermediate depth defines a plate dipping at about 22° to 

about 100 km depth (Crosson, 1980). Heaton and Kanamori (1984) infer a strongly 

coupled interplate boundary along the Juan de Fuca plate (Figure 3.6). The 
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occurrence of the 1965 (event 57, mb=6.9 and 1949 (mb=7.1) Puget Sound earth

quakes, both normal-faulting events (Langston and Blum, 1977), at intermediate 

depth also suggest a strongly coupled interplate boundary as shown in Figure 1.8. 

Alaska-Aleutians 

Convergence between the North America and Pacific plates occurs along the 

Alaska-Aleutian trench in a northwest direction. The oceanic plate becomes progres

sively older to the west along strike from 40 to 65 m.y .. Seismicity defines the down

going slab to a maximum depth of 280 km underneath the Aleutian Arc. The dip of 

the subducting lithosphere shallows progressively to the east from 65° underneath the 

Aleutian Islands to about 25° beneath the Cook Inlet, where seismicity is only 150 km 

depth. Under the Rat Island arc, west of the Bowers ridge, the seismicity depth is 

only 100 km deep and turns into a transform boundary as it approaches the Kam

chatka coast. The volcanic chain that parallels the trench from Alaska to the Rat 

Island arc is very active (Figure 3.6). 

The 1964 Alaska (Mw=9.2), the 1957 Aleutian (Mw=9.1) and the 1965 Rat 

Island (Mw=8.7) earthquakes, with rupture lengths of over 500 km, are among the 

largest thrust events that occurred in this century. However, only a few large 

(m8 >7) intermediat~ events have occurred in the Aleutian-Alaska region (see T able 

A.1). Event 306 (mb=6.3) that occurred near the northern edge of the 1964 Alaska 

earthquake aftershock area shows in plate horizontal tension and a vertical compres

sive axis, which suggests that this event may be associated either with deformation in 

the subducting plate or with continental loading . Only one event with M>6 has 

occurred down-dip of the 1964 Alaska aftershock zone, on December 1968 (event 110, 

mb=6.5). This event had many afte rshocks and may be associated with the tear 
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proposed by Burbach and Frohlich (1986) in this region . 

Events 5, 166 and 227 occurred down-dip and nearby the northern edge of the 

1938 Alaska earthquake aftershock zone (McCann et a!. , 1979). These three even ts are 

down-dip tensional, and events 5 and 227 have steep normal-fault mechanisms that 

agree with the model for intermediate-depth earthquakes that occur at strongly cou

pled regions (see Figure 1.8). Hudnot and Taber (1987), using local seismicity data in 

this region (known as the Shumagin gap), observe a change in the intraplate seismi

city pattern, from a single-seismic zone, where events 5, 166 and 227 occur, to a 

double-seismic zone to the west where no larger intermediate depth events have been 

observed after 1960. They suggest that this difference may reflect a stress change at 

the interplate boundary between these two regions that either have different 

aseismic-to-seismic slip ratio, or are at different stages in the earthquake cycle. Our 

observations would indicate t hat coupling at the interplate boundary in the eastern 

segment is stronger. 

Two normal-faulting events, 61 and 334, occurred down-dip of the 1957 Aleutian 

earthquake aftershock zone. Note that event 334 that occurred in 1984 was located 

down-dip of the 1986 Andreanof Islands (Mw=8.0) earthquake aftershock zone. 

Before the 1957 Aleutian event, three large (m8 > 7) intermediate-depth earthquakes 

occurred within the 20 years prior to this event, whereas only one large event (61 , 

ms=6.9) has occurred thereafter (Table A.1). This suggest that displacemen t from 

the 1957 event at the interplate boundary may have only decreased the tensional 

down-dip tensional stresses at intermediate-depth. Deeper events (11 and 124), how

ever, show a down-dip compressional axis and a near horizontal in-plate horizontal 

axis, which could be related to lateral bending of the downgoing plate. 
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Western Pacific 

The 95 m. y. old Pacific plate subducts westward at about 9 cm/yr along the 

Kamchatka-Kurile-Japan trench under the Eurasia plate . To the south, as the Pacific 

plate turns to be over 135 m . y. old, it subducts along the lzu-Bonin-Mariana trench 

system beneath the Philippine plate with a slower convergence rate and seismicity, 

defining a nearly vertical plate (Katsumata and Sykes, 1969). The chain of active vol

canoes parallels the trench axis for most of its length as shown in Figures 3.6 and 3.7. 

The dip angle and extent of the intraplate seismicity vary along the trench as indi

cated in Table 1.1. Double seismic zones at intermediate depth have been reported in 

the Kurile-Kamchatka region (see Figure 5 of Stauder and Maulchin, 1976) and in 

Japan (Hasegawa et al., 1979). The strength of coupling at the interplate boundary, 

as inferred from earthquake magnitudes of thrust events (Ruff and Kanamori, 1980), 

changes along the trench strike, from considerably strong coupling offshore the Kam

chatka Peninsula to being uncoupled along the Mariana trench. 

Kamchatka 

The 1952 Kamchatka (Mw=9.0) earthquake broke the southern 400 km of the 

interplate boundary; to the north the 1959 (M5=7.8) and the 1923 (Mw=8.5) events 

ruptured the remaining 150 km. Intermediate-dep th earthquakes under K amchatka 

can be divided into 2 depth groups. Events deeper than 125 km (231 and 301) have 

down-dip compressional focal mechanisms similar to deeper events in this region 

(Stauder and Maulchin, 1976). The shallower events show a temporal change in the 

stress axes' orientation, as shown in Figure 3.1b. A down-dip compressional event (1', 

mb=6.9) occurred on July 1960, indicating that displacement at the interplate bound

ary from the 1952 Kamchatka (Mw=9.0) event induced compressional stresses at 
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intermediate depth. After July 1969 three normal-faulting events (116, 157 and 304) 

with mb>6.5) occurred at similar depth , suggesting that the interplate boundary is at 

least moderately coupled once again. Moreover, Christensen and Ruff (1987) remark 

that in the outer-rise region, just after the 1952 Kamchatka earthquake, tensional 

events occurred. However, compressional events have been observed in offshore south

ern Kamchatka, indicating coupling at the interplate boundary. 

Kuriles-Japan 

The interplate boundary along northeast Japan and t he southern Kurile Island 

arc has ruptured during recent large th rust earthquakes which occurred northward 

along the trench in 1952 (Mw=8.1), 1973 (Mw=7.8), 1969 (Mw=8.2), 1958 (Mw=8.3) 

and 1963 (Mw=8.5) (Schwartz and Ruff, 1987, Beck and Ruff, 1987). However, along 

the northern 500 km of the Kurile trench, the last shallow earthquake occurred in 

1915 (Ms=8.0), but it is unknown if this event broke the entire Kurile gap , (McCann 

et al. , 1979). Christensen and Ruff (1987) observed compressional events offshore th is 

gap suggesting strong coupling at the interplate boundary in this region . Although 

large intermediate-depth events (mb> 6) down-dip of the Kurile gap are on ly located 

close to its northern and southern boundaries, it is unclear if these events cou ld be 

associated , respectively , with the recent 1952 Kamchatka(Mw= 9.0) or the 1963 Ku rile 

Island (Mw= 8.5) thrust earthquakes. 

Event 2 has a normal-fault mechanism at the base of the strongly coupled inter

plate boundary. However, event 6 shows down-dip tensional axis, whereas event 165 

has a down-dip compressional axis. The relative location of these events is consistent 

with a double-seismic zone at intermediate depth (Stauder and Maulchin , 1976). 

Event 333 (Mw=5.6) indicates intraplate deformation , and event 3, which occurred 
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Figure 3 .7 : Focal mechanisms and location of intermediate-depth earthquakes 
(M> 6.0) associated with the Philippine Plate that occurred between 1960 and 1984. 
For symblos, see Figure 3.4. 
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near the southern edge of the Kurile gap is down-dip compressional. 

Large intermediate-depth events that occur from 1960 to 1984 down-dip of the 

Japan-southern Kurile trench reflect the complexity of the subducting lithosphere in 

this region (e.g., Burbach and Frohlich, 1986). Most intermediate-depth earthquakes 

in this region: events 223 (mb=7.8), 176 (mb=6.0), 123 (mb=6.7), 163 (mb=6.7) and 

264 (mb=6.3) have hinge-faulting mechanisms. Note also that events 223 and 123 had 

more aftershocks within one week than similar magnitude intermediate-depth events 

(see Figure 1.10). Event 38, with a normal-fault mechanism, occurred in 1968 at the 

base of the 1952 (Mw=8.1) aftershock zone, indicating a coupled interplate boundary. 

Events 69 and 249 are down-dip compressional and tensional, respectively, and may 

be associated with the double-seismic zone observed underneath Japan (Hasegawa et 

al., 1979). Event 152 (mb=7.0) has the compression axis vertical and the tension axis 

horizon tal, reflecting lateral bending of the down going plate and consistent with the 

orientation of stresses induced by a buckling plate (Sasatani, 1976). This suggests 

that the magnitude of intermediate-depth stresses underneath northeast Japan due to 

the complex downgoing slab are larger than those induced by the rather uncoupled 

interplate boundary. However, the fact that the interplate boundary is uncoupled 

induces bending stresses under the trench axis, which produce large normal-faulting 

events like the 1933 Sanriku (Mw=8.4) earthquake (Kanamori, 1970). Many large 

intermediate-depth events have occurred down-dip of the Kurile-Japan trench pnor 

to 1960 (see Appendix 1). 

lzu-Bonin 

Thrust earthquakes along the Izu-Bonin t rench are infrequent and with max

imum magnitudes of about 7.4 (McCann et al., 1979). However, many large (ms>7.0) 
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earthquakes have occurred during this century (Table A.1). Event 168 (m8 = 7.4) has 

a horizon tal compression axis aligned with the plates' convergence direction and 

down-d ip tensional axis, consistent with stresses induced by the negative buoyancy of 

the downgoing plate. However, event 70 (mb=6.8) has near vertical compressive 

stresses and a horizontal tension axis. These events have similar depth but event 168 

is located closer to the trench axis, suggesting the presence of a double seismic zone in 

the region. Moreover, the focal mechanisms of these events are consistent with 

unbending of the downgoing plate . Earthquakes that occur below 80 km depth are 

down-dip compressional events (28, 235 and 277). 

Figure 1.10 shows that event 168 had more than 25 aftershocks with mb>3 

within a week. If this event was shallower, its focal mechanism's solution would be 

consistent with a shallow-thrust event in this region. However, tim ing of pP-P phases 

constrained the depth of this event, but the possibility of a multiple source shallow 

event was not considered. A more detailed analysis of this event may be required to 

resolve its depth. 

Marianas 

In the Mariana subduction zone, back-arc spreading is taking place, the in ter

plate boundary is uncoupled and shallow-thrust earthquakes are infrequent, with 

maximum magnitudes of about 7.0 (Ruff and Kanamori, 1980). In 1902 a large 

(Ms=7.9) earthquake occurred in the Mariana Island arc. Although this event is con

sidered a shallow event, there was no tsunami associated with it, perhaps indicating 

that this event was either an intermediate-depth event (McCann et al. , 1979). The 

focal mechanisms of event 268 that shows in-plate horizontal compression, and e\·ents 

49 and 307 with in-plate horizontal tension are consistent with lateral bending of the 
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slab along the trench strike, from convex to concave (Burbach and Frohlich , 1986). 

Seismicity is poorly defined in the southern Mariana arc, where events 196 (mb=7.1) 

and 289 {mb=6.1) indicate tear faulting below 100 km depth. Event 96 shows vertical 

compressive stresses and horizontal tension in the convergence direction. This event 

may be reflecting the tensional stresses induced by the observed back-arc spreading in 

this region (F igure 3.7). 

Philippine Sea 

The Philippine Sea (Figure 3.7) is one of the most complex tectonic areas since 

the Philippine and Eurasia plates subduct in different directions in this region. The 

Philippine plate subducts to the northwest along the Nankai Trough and the Ryukyu 

trench and to the southwest along the Philippine trench. The Eurasia plate subducts 

eastward along the Luzon trench and farther south along the west coast of Negros 

Island. The Celebes sea-floor subducts eastward along the Cotabato trench, west of 

Mindanao Island, and to the south along the Sulawesi trench (Cardwell et al. , 1980). 

Seismicity in the Nankai Trough area is very shallow, about 60 km, and the inter

plate boundary in this region is strongly coupled. In contrast, all other subduction 

zones in the Philippine Sea region are weakly coupled at the interplate boundary 

(Ruff and Kanamori, 1980) and only tensional outer-rise events are observed there 

(Christensen and Ruff, 1987). 

Ryukyu- North Taiwan 

Many large (m8 >7) intermediate-depth earthquakes occurred in the Ryukyu

north Taiwan region before 1960 {see Appendix 1), including the largest known 

intermediate-depth event , m8 =8.1 that occurred in 1911 under the Ryukyu Island 
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arc. However, after 1960 this region has been relatively quiet at intermediate dep th. 

Seismicity is about 200 km deep along most of the trench. 

Event 104 indicates hinge faulting between the younger ocean floor that sub

ducts in the Nankai Trough and that of the older Philippine sea-floor to the west of 

the Kyushu-Palau ridge . Shiono et al. (1980) indicate that a marked change in the dip 

and state of stress of intermediate-depth seismicity is observed along the Ryukyu 

Island arc. North of the T okaora channel , the slab dips at about 70°, active volcan

isms is present (Figure 3.7), and intermediate-depth events with mb~5 have down-dip 

tensional mechanisms in response to the negative buoyancy of the downgoing plate. 

Note that events 219 (mb=6.7) and 305 (mb=6.5) are down-dip tensional. South of 

the Tokaora channel, the downgoing plate dips at about 45°, volcanism is scarce, and 

focal mechanisms of mb~s events indicate down-dip compression, as in event 68 in 

Figure 3.7. These changes could be explained in terms of lateral differences in tem

perature in the surrounding mantle, as reflected by volcanism, which can produce less 

or more resistance to the subducting li thosphere (Shiono et al. , 1980). 

A cluster of intermediate-depth events underneath north T aiwan delineates the 

edge of the down-going Philipp ine plate. The larger events (7, mb=7.2 and 79, 

mb=6.7) in this region have near vertical tensional axis that reflect the weakly cou

pled interplate boundary and the negative buoyancy forces exerted by the downgoing 

plate. Events 99, 221 and 283 are hinge-faulting events. 

Luzon 

Shallow and intermediate-depth seismicity m this region is scarce and not well 

defined (Cardwell et al., 1980). During this century only a few large earthquakes have 

occurred in this region (see Appendix 1). In termediate-depth events (58, 302 and 
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208) in the Luzon subduction zone may reflect only in-plate deformation. However, 

note that event 302 is down-dip compressional suggesting resistance to subduction of 

the plate at depth . 

PhiHppines 

Cardwell et al. (1980) discuss in detail the very complex tectonic setting of the 

Philippine Island arc, which is bounded to the west by the shallow Negros and Cota

bato subduction zones and to the east by the Philippine trench , with earthquakes 

occurring as deep as 640 km. Frequent large shallow and intermediate-depth earth

quakes have occurred in this region during this century (see e.g., McCann et al. , 1979 

and Appendix 1). In the northern section of the Philippine trench all intermediate

depth events, from event 126 to 225 in Figure 3.7, have either near down-dip ten

sional mechanisms or vertical tension axes consistent with the model for partially cou

pled regions (Figure 1.8) in which vertical tensional stresses are induced by the nega

tive buoyancy of the subducting plate. Similarly, events along the south Philippine 

trench have nearly down-dip tensional axes, with the exception of the deepest event, 

335 Mw=7.5, that has a down-dip compressional axis. 

Sulawesi 

The Sulawesi subduction zone (Figure 3.8) was very active at intermediate 

depths prior to 1960 (Gutenberg and Richter, 1954). Sequences of large (ms=7.0 to 

7.8) earthquakes occurred mainly in 1905-1907 and 1939-1942. However, seismicity at 

shallow depth is limited. 

Stress axes of intermediate-depth events that occurred after 1960 do not have a 

preferred orientation (see Figure 3.2). Event 171 has an in-plate horizontal axis, in 

contrast to events (309 , 34, 271 and 77) for which the compression axes are normal to 
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the slab. Events 190 and 309 are down-dip tensional events. Interpretation of events 

in this region is difficult since the geometry of the downgoing plate as well as the tec

tonics of the region are poorly understood. 

Indonesia 

The Indo-Australian plate subducts along the Sunda arc from Burma to the 

Banda Sea (Figure 3.8). Various segments are defined by d ifferences in 1) the subduct

ing lithosphere age, 2) the convergence direction be tween adjacent plates, 3) the 

seismicity depth (see Table 1.1) and 4) the strength of coupling at the interplate 

boundary. 

Burma 

Oblique convergence between India and Eurasia occurs in t he Burma reg10n , 

where strong coupling is reflected by several large shallow events that occurred prior 

to 1950 (Table A.2). The largest in termediate-depth event in the region occurred in 

1954 (ma=7.4, T able A.1). Most intermediate-depth earthquakes have oblique 

normal-fault mechanisms (down-dip tensional), consistent with detachment of the 

denser oceanic lithosphere from the more buoyant continental plate. Event 117 indi

cates tearing of the subducting plate and may be related to some preexisting struc

tu re. 

Andaman Sea 

Oblique subduction of the 55 m. y. old seafloor persists in the Andaman Sea that 

produces complex back-arc spreading under this region (Eguchi et al. , 1979, Banghar, 

1987). Seismicity is about 100 km depth , with most intermed iate-depth events (287, 

44 and 294 with d > 40 km) are down-dip tensional, in agreement with the model for 
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moderately coupled subduction zones m which down-dip tensional stresses are 

induced at intermediate depth because of the negative buoyancy of the downgoing 

plate. 

Sunda 

Convergence of the subducting Indian plate to the northeast along the Sunda 

trench is about 7 em/ yr. The volcanic chain parallels the trench and seismicity occurs 

as deep as 300 km depth . Historic large shallow earthquakes (Mw~8.7) have occurred 

along the Sunda trench (Newcomb and McCann, 1987), suggesting at least a 

moderately coupled interplate boundary. All intermediate-depth events, from event 

327 to the north to event 23 to the south, are down-dip tensional events, and are con

sistent with the model shown in Figure 1.8 for intermediate-depth events that occur 

down-dip of a partially coupled interplate boundary. Compressional axes for most 

events are normal to the subducting plate; the exception is event 204, which has hor

izontal in-plate compression. Burbach and Frohlich (1986) calculate lateral compres

sion stresses in the region where this event occurs. 

Java 

South of the Sunda straight the seismicity increases abruptly to 650 km depth , 

convergence of the 135 m. y. old subducting seafloor occurs and the active volcanic 

chain parallels the Java trench (Figure 3.8). No large historic shallow earthquakes are 

known in this region (McCann et al., 1979, Newcomb and McCann , 1987), indicating 

that subduction is mostly aseismic in this 1700 km long trench. In addition , the 1977 

Sumbawa normal-fault earthquake (Mw=8.3) that occured under the trench axis in 

response to bending of the lithosphere induced by the slab pull (Spence, 1986) was 

also consistent with an uncoupled interplate boundary (see Figure 1.8). Several large 
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(m8 >7) intermediate-depth events occurred prior to 1950 in this region (Table A.1). 

Event 48 has an in- plate tension axis that could be induced by the lateral bend

ing of the Indian plate as it subducts in this region (Burbach and Frohlich, 1986). 

Events 88, 134 and 310 are down-dip tensional, whereas the shallower event , 14, is 

down-dip compressional. Note the relative location of this event with respect to the 

trench axis and the stress orientation of these events that suggest the presence of a 

double-seismic zone. 

In the Banda Sea the subducting lithosphere bends sharply along the Timor 

trench, where the intermediate and deep seismicity define a highly contorted plate. 

The fact that the tectonics of the surrounding region is complex, contributes to the 

different interpretations given to exp lain the shape of the down going plate under the 

Banda Sea (e.g., Burbach and Frohlich, 1986). During this century, many large intra

plate earthquakes (Table A.1) have occurred in this region, but only a few large shal

low events (Table A.2) have occurred there . 

All intermediate-depth events in the Banda Sea , from event 314 to the eastern

most event 253, have nearly down-dip tensional focal mechanisms induced by the 

downgoing plate. Note that the compressional axes, of the Banda Sea events in Figure 

3.8, rotate from a nearly north-south direction to a more easterly direction as the 

subducted plate bends northward. Thus, the compression axis of these events is main

tained nearly perpendicular to the downgoing li thosphere. The largest events which 

occurred recently in the Banda Sea are the 1963 (event 25, m8=7.8) and the 1983 

(312, Mw=7.4) earthquakes. These events are studied in detail by Osada and Abe 

(1981) and Michael-Leiba(1984), respectively. 



- 203-

Southwest Pac£fic 

The southwest Pacific region is characterized by subduction along deep t renches 

which parallel a system of island arcs and marginal basins from New Guinea to New 

Zealand. The interaction between the relatively old seafloor of the Pacific and Indo

Australian plates and the younger Solomon and Bismark plates defines different sub

duction zones in this complex tectonic region (Figures 3.9 and 3.10) . The rupture 

lengths of most large shallow earthquakes in the southwest Pacific region are less 

than 150 km long (McCann et a!. , 1979), indicating weak coupling in the region. 

However, Christensen and Ruff (1987) observe that in this region compressional and 

tensional events occur in the outer-rise region, in contrast to subduction zones along 

Indonesia and around the Philippine Sea which are mostly uncoupled at the interplate 

boundary in which only tensional outer-rise events occur. They arrived to this conclu

sion although temporal and spatial variations of focal mechanisms of outer-rise events 

are difficult to interpret in this region. A regional compressive stress field is required 

for outer-rise compressional events to occur and some segments along the interplate 

boundary must be at least moderately coupled. 

New Gu£nea 

Subduction of the Bismark plate along the northeast coast of New Guinea 

defines a downgoing plate to about 500 km depth along the western end of the 

trench (Pascal, 1979). During this century several large (M5 >7.5) shallow events have 

occurred along the New Guinea trench (Table A.2) but had very small rupture zones 

(McCann et a!. , 1979). A few intermediate-depth events with mb <7.2 have occurred 

in this region. 
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Figure 3 .9:Intermediate-depth earthquakes (M>6.0) in the New Britain , Solomon, 
and New Hebrides regions, where the Indian and Solomon plates interact with the 
P acific plate. Events occurred from 1960 to 1984. See Figure 3.4 for symbols. 
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Since the shape of the subducting lithosphere under New Guinea is poorly 

understood and the stress axis distribution of intermediate-depth events in this region 

do not show a consistent pattern, it is difficult to interpret the in trap late seismicity 

in this area. Nevertheless, we may emphasize that focal mechanisms of intermediate

depth earthquakes vary rapidly westward along the trench from event 102 to event 

73, and that the largest events (8 and 244) with M~7.3 . may indicate hinge faul t ing. 

Mislocation of intermediate-depth events that occur between th New Guinea and New 

Britain subduction zones may also contribute to confuse the tectonics and the 

seismic history of this region. 

New Britain-New Ireland-Solomon 

The Solomon plate subducts northward with an almost vertical dip angle to 

depths of about 500 km, along the New Britain trench. The chain of volcanoes paral

lels the trench (Figure 3.9) but follows the 200 km seismicity contour of New Britain . 

Then it bends abruptly under the New Ireland region and subducts in a northwes

terly direction under the Pacific plate (Johnson and Molnar, 1972, Pascal, 1979, Bur

bach and Frohlich, 1986). Large shallow earthquakes in this region occur as multiplet 

events, with the most recent sequences occurring after 1966 ( Lay and Kanamori, 

1980, Wesnousky et a!., 1986). The occurrence of large shallow events close 

occurrence in time and space indicates that this region has moderate coupling at the 

interplate boundary. 

Most intermediate-depth events in the New Britain regiOn have nearly vertical 

tension axis and the compression axis normal to the plate , consistent with the orien

tation of stresses induced by the negative buoyancy of the downgoing plate. Excep

tions are events 76 and 288, which indicate in-plate deformation . Even ts 52 and 158, 
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which are deeper and near the edges of the New Britain subduction zone, have in

plate compressional axis. Christensen and Ruff {1987) report compressional outer-rise 

events offshore the western segment of the New Britain trench, indicating that the 

interplate boundary is under compression. Large thrust even ts occured there in 1945 

and 1946 (T ab le A.2). Note that event 47 with focal depth of 65 km had many aft

ershocks with in a week. If this event was shallower, its focal mechanism is also con

sistent with subduction in the interplate boundary. 

The New Ireland region includes those events located near the corner between 

the New Britain and Solomon t renches. This small region , between 152.5° and 155°E 

longitude and 2° and 70S latitude, had many large intermediate-depth events during 

this century (Table A.1). The interplate boundary breaks in doublet events (Lay and 

Kanamori, 1980) that occur about every 30 years (Table A.2), the most recent of 

which occurred on July 14 (Mw=8.0) and July 26, 1971 (Mw=8.1 ). 

Most events at intermediate depth have down-dip tensional mechanisms con

sistent with stresses induced by the pull of the slab. Event 138 indicates hinge fault

ing within the plate. However, event 298 has a down-dip compressional mechanism. 

This event occurred down-dip, and after , the July 14, 1971 thrust earthquake, and is 

consistent with the dynamic model shown in Figure 3.1b. Although the normal-fault 

even t 150 (mb=7.1) that occurred on July 19, 1971 is located down-dip of the July 14 

even t, it probably helped trigger the July 26 thrust earthquake that broke the adja

cent segment near the corner of the New Britain t rench (see F igu re 3 in Lay and 

Kanamori, 1980). Christensen and Ruff (1987) report tensional outer-rise events after 

the occurrence of the 1971 New Ireland doublet. The New Britain-New Ireland 

region , albeit complicated , agrees with the simple model of partially coupled reg1ons 
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shown in Figure 1.8, in which vertical tensional stresses are induced at intermediate 

depth from the slab 's weight . Also, temporal changes of focal mechanisms are 

observed in the outer-rise and intermediate-depth regions associated with the 

occurrence of large, underthursting earthquakes. 

The Solomon trench is the boundary between the Pacific plate and the Solomon 

and IndcrAustralia plates. The Woodlark Ridge subducts along the central part of the 

Solomon trench, where few large subduction events occur (McCann et al., 1979). 

However, to the north and south of this topographic high , the interplate boundary 

has been very active (Table A.2). It is characterized by the occurrence of multiplet 

events with rupture lengths of about 100 km (Lay and Kanamori, 1980, Wesnousky et 

al. , 1986) Seismicity is at most 200 km deep in this region . 

At intermediate depth, events 115, 132 and 111, which occur near the northern 

edge and down-dip of the Woodlark ridge, indicate hinge faulting and possibly the 

boundary of the Solomon and IndcrAustralian plates at depth. Events 175,139 and 

162 have a vertical tension axis induced by the slab pull. Note that these events 

occurred before the recent 1978-1979 thrust earthquake sequences in this reg10n 

(Wesnousky et al., 1986). 

New Hebrides 

The New Hebrides subduction zone dips steeply westward and delineates the 

boundary between the lndcrAustralian plate and the P acifi c plates. The volcanic 

chain parallels the New Hebrides trench for most of its length (Figure 3.9). The inter

plate boundary has been very active during this century (T able A.2, McCann et al. , 

1979) and it is the most active region at intermediate depth (T able A .1). Seismicity is 

300 km deep in New Hebrides. Events 19 and 89, located at the corner of the 
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Solomon and New Hebrides trenches, have vertical compressive stresses and horizon

tal tensional stresses aligned with the plate , which reflect the lateral bending of the 

downgoing Indo-Australian plate (Burbach and Frohlich, 1986). All other 

intermediate-depth events in the northern segment of the New Hebrides trench , from 

event 161 to the north to event 41 , have a down-dip tension axis and a compression 

axis normal to the plate consistent with the orientation of stresses induced by the 

negative buoyancy of the slab. Events 41 and 181 , which may be associated with 

subduction of the Torres rise, had many aftershocks within a week (see Figure 1.10). 

Back-arc spreading occurs in the southern segment of the New Hebrides trench. 

Intermediate-depth events that occur in this region show a more complex pattern in 

the stress distribution (see Figure 3.2). Events (324,10 and 13) farther north in this 

southern segment of the New Hebrides trench have a down-dip tensional axis and a 

normal compressional axis, similar to events to the north , as discussed above . Event 

160 has down-dip compression and a horizontal tension axis within the plate. This 

event is located in the region where Burbach and Frohlich (1986) computed lateral 

extension to be present. Event 246 shows intraplate deformation. Events 256, 3, 217 

and 29, near the southern bend where the boundary presents left-lateral st rike-sli p 

motion , are hinge-faulting events. 

T onga-Kermadec-New Zealand 

The TongarKermadec trench system is extremely linear, with seismicity occur

rmg to about 650 km depth. The Pacific plate subducts to the east underneath t he 

Indian plate, delineating a smooth slab to about 400 km depth . However, deep eve nts 

delineate a highly contorted plate below 400 km depth (Billington, 1980, Giard ini and 

Woodhouse, 1984). The slab dip is 55° under Tonga and increases to 70° far ther south 
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Figure 3 .10: Focal mechanisms and epicenters of events occurred in the period 1960 
ato 1984 with M>6.0) in the T onga, Kermadec and New Zealand regions, where the 
Pacific plate underlies the Indian plate. For symbols see Figure 3.4. 
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under the Kermadec and New Zealand trenches. The volcanic chain, which parallels 

the Tonga trench, disappears in the region where the Louiville ridge is being sub

ducted (Figure 3.10). 

Large, shallow events along the northern section of the Tonga trench occurred 

before 1950 (Table A.2, McCann et al. , 1979). Along the northern boundary of the 

Kermadec trench several thrust events have occurred after 1960. A large th rust event 

occurred in 1982 (Ms=8.2), where the Louiville ridge intersects the Tonga trench. 

The interplate boundary along the T onga-Kermadec region is partially coupled as 

indicated by the rupture lengths of large shallow th rust events of about 150 km 

(McCann et al., 1979). Most of the deep seismicity occurs in the Tonga trench (Vas

siliou et al. , 1984, Giardini, 1987). It is also very active at intermediate depth. 

In termediate-depth events in the northern boundary, where the plate bends, lS 

characterized by in-plate extension in agreement with Burbach and Frohlich 's (1986) 

calculations in this region. Farther south most intermediate-depth events have down

dip compressional stresses, which are transmitted from the deep seismic region to 

nearly all parts of the Tonga subducting lithosphere. The few down-dip tensional 

events m this region are associated with subduction of the Louiville ridge which 

increases the coupling of the interplate boundary locally . Events 262 and 27 with 

mb=6.5 are located down-dip of the Louiville ridge at the inferred northern and 

southern edges of it (Giardini and Woodhouse, 1984). The large normal-fault 1977 

Tonga earthquake (event 209) was located down-dip of the large 1982 (M5= 7.7) 

thrust earthquake. An outer-rise compressional event occurred before 1982 offshore 

this region (Christensen and Ruff, 1987). This is consistent with the dynamic model 

shown in Figure 3.1b. 
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Most events in the Kermadec region have a down-dip tensional axis and normal 

compression . Event 163, the deepest event in Figure 3.10, which has down-dip 

compression stresses similarly to deeper events in the region (e.g. , !sacks and Molnar, 

1969). Event 255 (mb=6.1) occurred down-dip and after two large subduction events 

that occurred in 1976 (Ms=7.7,8.0), is down-dip compressional. In 1963, event 103 

(mb=6.4) which is located down-dip of the 1976 aftershock zone, is down-dip ten

sional. Furthermore, Christensen and Ruff (1987) report that an outer-rise compres

sional event occurred prior to the 1976 Kermadec doublet. 

In New Zealand, the intermediate-depth events (74, 322 and 169) have down

dip tensional events resulting from the negative buoyancy of the downgoing litho

sphere. 

Alpine-Himalaya Belt 

Figure 3.11 shows the intermediate-depth events that occurred between 1960 

and 1984 in the Alpine-Himalaya belt. 

Hindu-Kush 

Seismicity concentrates at about 220 km depth in the Hindu-Kush region , where 

large m8 > 7 events are frequent in this region (Table A.1). Intermediate-depth events 

have near vertical tensional axis, suggesting that the denser oceanic lithosphere sub

ducted a few million years ago is now being detached from the more buoyant con

tinental lithosphere. 

Iran 
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Figure 3 .11: Events with M>6.0 that occurred at intermediate depth between 1960 
and 1984 in regions where continental coalitions are taking place. See Figure 3.4 for 
symbols. The P and T axis closed and open (symbols, respectively) of events that 
occurred in the Indu-Kush and Hellenic arc regions are shown in a lower hemisphere 
projection. Circles are events shallower than 100 km and diamonds indicate deeper 
events. 



- 213-

Jacob and Quittmeyer (1979) review the seismotectonics of the Iran-Paquistan 

region . Intermediate-depth events occur along the Makran subduction zone, whe re t he 

Arabian plate is subducting beneath Eurasia at a shallow dip to about 80 km depth . 

Event 297 (Mw=6.7) has a nearly vertical compression axis and the tension axiS 

nearly horizontal and in the direction of convergence. At larger depth, Jacob and 

Quittmeyer (1979) report down-dip tensional events in this area. 

Rumania 

Although the detail structure of the subducting lithosphere under Ruman ia is 

poorly defined, it appears that there is an almost vertical slab that strikes to t he 

northeast and dips to the northwest under this region (!sacks and Molnar, 1 969). 

Seismicity concentrates between 100 and 150 km depth. Two large events occurred in 

these region recently, in 1940 (m8 =7.3) and in 1977 (event 205, Mw=7.4). T he later 

event indicates near vertical tension stresses similarly to events in the Hindu-Kush 

region. 

Greece 

The Mediterranean seafloor is subducting eastward along the Hellenic arc unde r 

Eurasia at an angle of 60° to about 200 km depth (McKenzie, 1978). Event 56 

(mb=6.7) has down-dip tensional stresses probably induced by the negative buoyancy 

of the subducting plate. A large earthquake m8 =7.7 occurred in Greece in 19:?6 at 

100 km depth (Table A. l ). 
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Conclusion to P art ll 

Christensen and Ruff (1987) found that there are spatial and temporal 

changes in the focal mechanisms of outer- rise events because of variations of 

seismic coupling at the interplate boundary. Namely, tensional outer-rise 

events occur offshore most subduction zones, from uncoupled to strongly cou

pled; however, compressional outer-rise events occur mostly offshore strongly 

coupled regions. Compressional outer-rise events precede large underthrusting 

earthquakes and tensional outer- rise events follow them. Unfortunately, 

seismicity at intermediate depth is more complex than that of t he outer-rise 

region. 

A reexamination of the historic record of large (m8 > 7) events that 

occurred within the subducting slabs indicates that most intermediate and 

deep focus earthquakes occur at major active plate boundaries. The most 

active region at in termediate depth is New Hebrides, and Tonga is the most 

active below 400 km depth. Other regions with a large number of 

intermediate-depth events are the Altiplano, Timor, Sulawesi, Scotia, and 

New Ireland, which are associated with bends in the subducted li thospherre . 

Other regions with many large inte rmediate-depth events are North Chile, 

Kuriles, Ryukyu and Philippines. 

Focal mechanism solut ions for intermediate-depth earthquakes that 

occurred from 1960 to 1984 with M > 6.8 can be grouped into four: 1) 

Normal-fault events (44% ), and 2) reverse-fault events (33%), both with a 

strike nearly parallel to the trench axis; 3) Normal or reverse fault events with 
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a strike significantly oblique. Type 1 events occur at the base of strongly o r 

moderately coupled subduction zones; similar- type events occur near the 

trench axis in uncoupled zones. T ype 2 events with strike subparallel to the 

subduction zone, most of them with a near vertical tension axis, occur mainly 

in regions that have partially coupled or uncoupled subduction zones, and the 

observed continuous seismicity is deeper than 300 km. In te rms of our simple 

model, the increased dip of the downgoing slab associated with weakly coupled 

subduction zones and the weight of the slab may induce near vertical tensional 

stress at intermediate depth and consequently, the change in focal mechanism 

from Type 1 to Type 2 events. Events of Type 3 occur where the trench axis 

bends sharply, causing horizontal (parallel to the trench strike) extensional or 

compressional intraplate stress. Type 4 are hinge-faulting events. 

Temporal variation of focal mechanisms of large intraplate earthquakes 

in southern Chile in relation to the occurrence of large thrust events indicates 

that before a major thrust earthquake, t he interplate boundary is strongly cou

pled and the subducted s lab is under tension at intermediate depths; after the 

occurrence of an interplate thrust event, the displacement on the thrust boun

dary induces transient compressional stress at intermediate depth in the down

going slab. This interpretation is consistent with t he hypothesis that temporal 

variations of focal mechanisms of outer-rise events are due to changes of inter

plate coupling. 

The stress axis orientation of moderate and large intermediate-depth 

events shows that most regions have either dominant, down-dip tensional 

stresses at intermediate depth or a mixed pattern. The exception is Tonga 
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where down-dip compressional stresses are dominant. Detailed regional obser

vations of focal mechanisms of moderate and large intermediate-depth earth

quakes in relation to spatial or temporal changes of the strength of interplate 

coupling indicate that the subducting lithosphere acts as a stress guide. 

Intermediate-depth earthquakes for uncoupled, weakly or partially cou

pled regions show thrust-type faulting, with near vertical tension axis . These 

events occur in response to the negative buoyancy of the subducted slab. 

These regions have relatively long and steeply dipping seismic zones and may 

exhibit double-seismic zones in response to other factors such as unbending of 

the downgoing lithosphere. In these regions no temporal changes in the focal 

mechanisms of either outer-rise or intermediate-depth earthqukes are observed. 

Regions that are partially or weakly coupled are Lesser and Greater Antilles, 

the Scotia arc, south Kurile, Ryukyu, Philippines, Sumatra, Timor, New 

Hebrides, and Solomon subduction zones. Uncoupled regions are northeast 

Japan, Izu-Bonin, Mariana, and Java. 

Intermediate-depth events down-dip of moderately or strongly coupled 

regions have normal faulting mechanisms near the base of the interplate 

boundary in response to bending of the subducting lithosphere. In cont rast. 

regions that are uncoupled produce large normal faulting events near the 

trench axis, where stresses due to bending of the lithosphere are largest. Tem

poral changes either in the focal mechanisms of intermediate-depth events, 

from down-dip tensional to down-dip compressional events, or a reduction in 

the seismic activity at intermediate depth are observed after the occurrence of 

large thrust earthquakes. 
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Along Middle and South America, where the interplate boundary varies 

from moderate to strongly coupled, intermediate-depth earthquakes are gen

erally normal-fault events that occur before and down-dip of future large sub

duction earthquakes. In most regions along Middle and South America, we 

observe a reduction only in the number of large intermediate-depth events 

after large subduction thrust earthquakes occurs in the region. However, 

down-dip compressional events have been observed down-dip and after the 

1960 Chile and the 1974 Peruvian large thrust earthquakes. After the 1964 

Alaska earthquake only one tear fault event has occurred at intermediate 

depth. 

Down-dip of the large 1957 Aleutian earthquake a few events located 

there indicate coupling at the interplate boundary. This region was very 

active at intermediate-depth before 1957 when the interplate boundary broke. 

In addition, one of these events occurred before and down-dip of the large 

1986 Andreanof earthquake. Down-dip of the 1952 Kamchatka earthquake 

aftershock zone, a down-dip compressional event occurred in 1960. After 1969 

only events with down-dip tensional axis have occurred. Temporal changes of 

focal mechanisms of intermediate depth and outer-rise events are also 

observed to be associated with the 1971 New Ireland doublet events. 

Under the Tonga trench mostly down-dip compressioanal events are 

observed; however, the events located down-dip of the Louivi lle ridge have 

down-dip tensional mechanisms and occurred before the large 1982 Tonga 

thrust event. Temporal changes in the focal mechanisms are also observed 

with the occurrence of the 1976 Kermadec doublet events. 
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Appendix 1 

The depth and time distribution of large intermediate and deep focus earth

quakes that occurred between 1904 and 1984 is shown by a series of figures in this 

appendix. These events are listed by regions in Table A.l. Earthquake hypocenters 

were taken from Abe(1981) for all events prior to 1960. The parameters for 

intermediate-depth events ( 40 to 200 km deep) are taken from Table 1.3, while data 

for deeper events are taken from the NOAA catalog. Magnitudes are m8 for events 

that occurred before 1975. Mw is given for events that occurred thereafter, and m8 

values are calculated from the relation m8 = 0.63Mw + 2.5 (Kanamori, 1983). In the 

figures we show the m8 value for all events. The seismic moment, Mo, can be com

puted from the relation 

loghlo = 2.4m8 +10.1 

given by Kanamori {1983) for intermediate and deep focus events. 

The figures on the left hand side show magnitude-depth distribution. Diamonds 

indicate events that occurred after 1960, presumably with more reliable locations. The 

arrows indicate the extent of continuous seismicity for each region (Table 1.1). Obser

vations made on the variation of magnitude of this century, large, intraplate earth

quakes and depth are strongly dependent not only on the accuracy of m8 to measure 

earthquake size, but also on the accuracy of the event location. We assume that they 

are approximately correct. Although some regions in South America (Colombia(!), 

Ecuador {2), Peru(3) and North Chile (5)) have deep events, it is unclear if a continu

ous slab is present or if the shallow and deep seismicity is unrelated (Stauder, 1975). 

The seismic activity stops at about 250 km and reappears at about 550 km depth at 
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about the same horizontal distance from the trench. Note that the Rivera and the 

Nankai Trough regions are not included in Table A.l. These regions have young, 

short subducting slabs (Table 1.1) and no large event deeper than 40 km has occurred 

there during this century. 

The figures on the right-hand side display the time distribution for each region 

of large a.) intermediate and deep focus earthquakes, and b) shallow events with 

~>7.5, which are listed in Table A.2. Large, shallow intraplate events (event B in 

Figure 1.1) are indicated by an open circle in the figures. Note that the occurrence of 

intraplate large events in some regions such as the Altiplano(4), North Chile(5), 

Kuriles(17), Northeast Japan(18), Timor(30) , New Hebrides(35), Tonga(36), and the 

Hindu-Kush(39) regions have been relatively constant in the last 80 years. However, 

some other regions such as the Ryukyu(21) and Sula.wesi(23) were especially active in 

large events in the early part of the century, whereas other regions such as Peru(3) 

and New Guinea(31) appear more active in recent decades. This text replaces figure 

captions. 
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Table Al: Large Intermediate and Deep Focus Events 

NEV REGION 

DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dv HrMn Sec (+•N,-·s} (+•E,-• W} (km} ma M. 

6 COLOMBIA (1) 
1911 4 10 1842 24 .00 9 0 .00 -74 0 .00 100.0 7.00 
1911 4 28 0952 54 .00 0 0 .00 -71 0 .00 600.0 6.90 
1914 5 28 323 54.00 9 0 .00 -78 0 .00 70.0 6 .90 
1925 3 29 2112 37.00 8 0 .00 -78 0 .00 60.0 7.10 
1970 7 31 1708 5.40 -1 27.54 -72 33.48 651 .0 7 .50 
1979 11 23 2340 29.80 4 48.30 -76 13.02 108.6 7 .00 7 20 

6 ECUADOR (2) 
1906 9 28 1524 54 .00 -2 0 .00 -79 0 .00 150.0 7 .50 
1921 12 18 1529 35.00 -2 30.00 -71 0.00 650.0 7 .50 
1922 1 17 350 33.00 -2 30.00 -71 0.00 650.0 7.40 
1937 7 19 1935 24.00 -1 30.00 -76 30.00 190.0 7.10 
1971 7 27 202 49.60 -2 44.88 -77 25.74 135.0 7 .30 
1983 4 12 1207 54 .60 -4 53.40 -78 10.80 111 .1 6 .90 6.97 

13 PERU (3) 
1915 4 23 1529 18.00 -8 0 .00 -68 0 .00 650.0 6.90 
1941 9 18 1314 9 .00 -13 45.00 -72 15.00 100.0 7.00 
1950 7 9 440 4.00 -8 0.00 -70 45 .00 650.0 7.00 
1950 7 9 450 5 .00 -8 0.00 -70 45.00 650.0 7.00 
1950 12 10 250 42.00 -14 15.00 -75 45 .00 80.0 7 .10 
1959 7 19 1506 10.00 -15 0.00 -70 30.00 200.0 7.10 
1958 7 26 1737 9 .00 -13 30.00 -69 0.00 620.0 7.20 
1961 8 3 1 148 37.50 -10 42.00 -70 54.00 626.0 7.00 
1961 8 3 1 157 8 .00 -10 30.00 -70 42.00 629.0 7.30 
1961 8 19 509 49.50 -10 48.00 -71 0 .00 649.0 7 .20 
1963 8 15 1725 6.00 -13 48.00 -69 15.00 543.0 7 .30 
1963 11 9 2115 30.00 -8 48.00 -7 1 42.00 576.0 7 20 
1970 5 31 2023 27.30 -9 10.56 -78 49 .38 48 0 7.80 

26 ALTIPLANO (4) 
1910 10 4 2300 6 .00 -22 0 .00 -69 0 .00 120.0 7 20 
1913 5 8 1835 24.00 -17 0 .00 -74 30.00 200.0 6 90 
1914 2 26 458 12.00 -18 0 .00 -67 0 .00 130.0 7.20 
1915 6 6 2129 37 .00 -18 30.00 -68 30.00 160 0 7 .30 
1916 8 25 944 42.00 -21 0 .00 -68 0 .00 180.0 7 .00 
1922 3 28 357 54 .00 -21 0 .00 -68 0 .00 90.0 7 .10 
1922 10 11 1449 50.00 -16 0 .00 -72 30.00 50.0 760 
1929 10 19 1012 52.00 -23 0 .00 -69 0.00 100.0 710 
1933 10 25 2328 16.00 -23 000 -66 42.00 220 0 700 
1940 10 4 754 42.00 -22 0.00 -71 0.00 75.0 7.10 
1940 12 22 1859 46.00 -15 30.00 -68 30.00 230.0 6.90 
1941 4 3 1521 39.00 -22 30.00 -66 0 .00 260.0 7.20 
1943 3 14 1837 56.00 -20 000 -69 30.00 150.0 7.10 
1943 12 1 1034 46.00 - 19 30.00 -69 45 .00 80.0 7 10 
1948 5 11 855 41 00 -17 30.00 -70 15.00 700 7.40 
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NEV REGION 

DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dv HrMn Sec {+' N,-• S} (+'E,-• W} {km} ma M• 
1949 4 25 1354 59.00 -19 45.00 -69 0 .00 110.0 7.20 
1952 9 21 230 35.00 -21 45 .00 -65 45.00 260.0 7.10 
1953 12 7 205 24.00 -22 6 .00 -68 42.00 128.0 7.20 
1959 7 19 1506 10.00 -15 000 -70 30.00 200.0 7.10 
1957 11 29 2219 3800 -21 0 .00 -66 000 200.0 7.40 
1958 1 15 1914 29.00 -16 30.00 -72 0 .00 60.0 7.00 
1959 6 14 12 2.00 -20 25.20 -69 000 83.0 7 .50 
1960 1 13 1540 34.00 -16 0.00 -72 0 .00 200.0 7 .50 
1967 12 27 917 55.70 -21 12.00 -68 18 00 135.0 7 .00 
1974 1 2 1042 29.90 -22 32.28 -68 23.82 105.0 7 .10 
1976 11 30 40 57.80 -20 31.20 -68 55.14 82.0 7 .30 

22 NORTH CIDLE (5) 
1912 12 7 2246 50.00 -29 0.00 -62 30.00 620.0 7 .30 
1916 6 21 2132 30.00 -28 30.00 -63 0 .00 600.0 7.40 
1918 5 20 1755 10.00 -28 3000 -71 30.00 80.0 7.60 
1925 5 15 1156 57.00 -26 0 .00 -71 30.00 50.0 7.10 
1929 10 19 1012 52.00 -23 0 .00 -69 0 .00 100.0 7 .10 
1933 10 25 2328 16.00 -23 0 .00 -66 42.00 220.0 7 .00 
1936 7 13 1112 15.00 -24 3000 -70 0 .00 60.0 7 .20 
1939 4 18 622 45.00 -27 0 .00 -70 30.00 100.0 7 .30 
1942 7 8 655 45.00 -24 0 .00 -70 0.00 140.0 7 .00 
1946 8 2 1918 48.00 -26 30.00 -70 30.00 50.0 7 .50 
1946 8 28 2228 15.00 -26 0.00 -63 0.00 580.0 7 .10 
1947 1 29 817 50.00 -26 0.00 -63 0.00 580.0 7.00 
1950 8 14 2251 24.00 -27 15.00 -62 30.00 630.0 7 .20 
1950 12 9 2138 48.00 -23 30.00 -67 30.00 100.0 7 .70 
1962 8 3 856 17.10 -23 18.00 -68 6 .00 107.0 7 .20 
1983 12 21 1205 6.30 -28 11.40 -63 10.32 602.0 6.90 
1962 8 3 856 17.10 -23 18.00 -68 6.00 108.0 7.30 
1965 2 23 2211 50.20 -25 42.00 -70 30.00 80.0 7 .25 
1970 6 11 602 54.90 -24 31.62 -68 29 .94 112 0 6.80 
1971 2 21 1035 20.10 -23 50.70 -67 9 .54 169.0 6.80 
1971 6 17 2100 40.90 -25 28.68 -69 9 .18 93.0 7.20 
1978 8 3 1811 17.10 -26 30.78 -70 32.64 69.3 6.80 683 

5 CENTRAL CHILE (6) 
1927 4 14 623 34.00 -32 0 .00 -69 30.00 110.0 7.20 
1944 1 15 2349 30.00 -3 1 15 .00 -68 45.00 50.0 7.40 
1945 9 13 1117 11.00 -33 15.00 -70 30.00 100.0 7.00 
1965 3 28 1633 14.60 -32 24 .00 -71 12.00 61.0 7.13 
1981 11 7 329 51.10 -32 11 .94 -71 20.16 65.6 6.90 6.94 

4 SOUTH ClllLE (7) 
1934 3 1 2145 25.00 -40 0.00 -72 3000 120.0 7 .30 
1949 4 20 329 7.00 -38 0.00 -73 3000 700 7 .10 
1953 5 6 1716 43.00 -36 30.00 -73 0.00 60.0 7.50 
1971 5 8 49 45.60 -42 13.38 -71 41.40 151.0 7.00 7 .20 



- 255-

NEV REGION 

DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dv HrMn Sec (+• N,-• S} (+ • E,-• W} (km} ma M. 

6 SCOTIA (8) 
1937 9 8 40 1.00 -57 0.00 -27 0.00 130.0 7 .10 
1941 11 15 419 54 .00 -59 0.00 -27 30.00 80.0 7 .00 
1954 2 22 1203 3600 -57 0.00 -26 30.00 140.0 7 .00 
1961 9 1 9 34 .60 -59 30.00 -27 18.00 131.0 7 .20 
1961 9 8 1126 32 .90 -56 18.00 -27 6.00 125.0 7 .60 
1964 5 26 1059 12.80 -56 27.00 -27 42.00 114.0 7 .50 

8 MEXICO (g) 
1908 3 26 2303 3000 18 0.00 -99 0.00 80.0 7.70 
1916 6 2 1359 24.00 17 30.00 -95 0.00 150.0 7.00 
1931 1 15 150 41.00 16 0.00 -96 45.00 45.0 7.60 
1937 7 26 347 11.00 18 24.00 -95 48.00 100.0 7 .20 
1964 7 6 722 11 .70 18 18.00 -100 24.00 45.0 7 .20 
1973 8 28 950 40.00 18 16.02 -96 35.88 80.0 7 .30 
1979 6 22 630 54.30 17 0.00 -94 36.54 117.0 6 .90 6 .91 
1980 10 24 1453 35.10 18 12.66 -98 14.40 63.4 7 .00 7 .14 

8 CENTRAL AMERICA (10) 
1914 3 30 41 18.00 17 0.00 -92 0.00 150.0 7 .20 
1915 9 7 120 48.00 14 0.00 -89 0.00 80.0 7.40 
1916 6 2 1359 24 .00 17 30.00 -95 0.00 150.0 7 .00 
1921 2 4 822 44.00 15 0.00 -91 0.00 120.0 7.40 
1946 6 7 413 20.00 16 30.00 -94 0.00 100.0 6.90 
1946 7 11 446 42.00 17 0.00 -94 30.00 130.0 6 .90 
1947 1 26 1006 46.00 12 30.00 -86 15.00 170.0 7 .00 
1982 6 19 621 57.40 13 15.00 -89 24.00 51.9 7 .10 7 .28 

1 GREATER ANTILLES ( 11) 
1916 4 24 426 42.00 18 30.00 -68 0.00 80.0 7.00 

6 LESSER ANTILLES (12) 
1906 12 3 2259 24.00 15 0 .00 -61 0.00 100.0 7.20 
19 10 1 23 1849 42.00 12 0 .00 -60 30.00 100.0 6.90 
1914 10 3 1722 12.00 16 0 .00 -61 0 .00 100.0 7.40 
1953 3 19 · 827 53.00 14 6.00 -61 12.60 134.0 7 .10 
1969 12 25 2132 0.00 15 47.40 -59 38.40 42 .0 7.50 
1974 10 8 950 58.10 17 18.00 -62 0 .00 47 .0 7 .50 
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NEV REGION 

DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dl HrMn Sec (+ ' N,-• S} (+'E,-• W} (km} ma M. 

2 JUAN DE FUCA (13) 
1949 3 13 1955 0 .00 47 6.00 -122 0 .00 700 7.10 
1965 4 29 1528 43.30 47 24.00 -122 24 .00 630 6.88 

3 ALASKA (14) 
1912 1 31 2011 48.00 61 0 .00 -147 30.00 80.0 700 
1912 11 7 740 24.00 57 30.00 -155 0.00 90.0 7 .30 
1934 5 4 436 7.00 61 15.00 -147 30.00 800 7.10 

6 ALEUTIANS (15} 
1909 9 8 1749 48.00 52 30.00 -169 0 .00 90.0 7.00 
1916 4 18 401 48.00 53 15.00 -170 0 .00 170.0 7.40 
1937 9 3 1848 12.00 52 30.00 -177 30.00 800 7.20 
1940 7 14 552 53.00 51 45.00 177 30.00 80.0 7.40 
1944 7 27 4 23.00 54 0.00 -165 30.00 70.0 7.10 
1965 7 2 2058 40.30 53 6.00 -167 36.00 60.0 6.90 

5 KAMCHATKA (16} 
1907 8 17 1727 54.00 52 0 .00 157 0 .00 120.0 7.20 
1911 5 4 2336 54.00 51 0.00 157 0 .00 240.0 7.40 
1960 7 25 1112 0 .00 54 0.00 159 36.00 100.0 7.20 
1971 11 24 1935 29.10 52 53.82 159 11.22 106.0 7.30 
1983 8 17 1055 52.80 55 47.40 161 12 .60 77.2 6.90 7.01 

23 KURIT..ES (17) 
1905 9 1 245 36.00 45 0 .00 143 0 .00 230 .0 7.30 
1907 5 25 1402 8 .00 51 30.00 147 0 .00 600.0 7.40 
1911 9 6 54 18.00 46 0 .00 143 0 .00 350.0 7.00 
1920 2 22 1735 50.00 47 30.00 146 0 .00 340.0 7.10 
1920 10 18 811 35.00 45 0.00 150 30.00 50.0 7.20 
1922 10 24 2121 6 .00 47 0.00 151 30.00 80.0 7.60 
1924 5 28 951 59.00 48 0.00 146 0.00 500.0 7.00 
1924 6 30 1544 25.00 45 0.00 147 30.00 120.0 7.20 
1924 12 27 1122 5 .00 45 0.00 146 0 .00 150.0 7 .00 
1929 1 13 3 12 .00 49 45.00 154 45.00 140.0 7.40 
1930 1 5 119 48.00 49 0.00 154 0.00 140.0 7.00 
1933 12 4 1933 55 .00 47 0.00 144 0 .00 360.0 7.10 
1939 12 16 1046 32.00 43 45.00 147 45.00 75.0 7.10 
1942 3 5 1948 16.00 44 30.00 142 30.00 260.0 7.00 
1942 11 26 1427 28.00 45 30.00 150 0 .00 110.0 7.40 
1949 5 3 556 0 .00 48 36.00 154 0 .00 125.0 7.00 
1950 2 28 1020 57.00 46 0.00 144 0 .00 340.0 7 50 
1956 10 11 224 33.00 46 0.00 150 30.00 110.0 7.30 
1957 11 17 557 47.00 48 10.20 148 45.00 347.0 6.90 
1969 1 19 702 4.40 45 0.54 143 10.14 204.0 7 .30 
1970 8 30 1746 9 .00 52 22.80 151 35.82 645.0 7.20 
1972 3 22 1027 41.90 49 3 .66 153 34.44 134.0 6.80 
1978 12 6 1402 1.00 44 35.52 146 34 .86 181 .0 7.40 7 .80 
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NEV REGION 

DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dy HrMn Sec ( +" N .-• S} (+" E ,-• W} (km} ma M. 

19 NORTHEAST JAPAN (18} 
1904 6 7 817 54.00 40 0 .00 134 0 .00 350.0 7 40 
1905 6 2 539 42.00 34 0 .00 132 0 .00 100.0 7.50 
1905 10 24 346 42.00 34 0 .00 139 0 .00 250.0 6.90 
1915 3 17 1845 0.00 42 0 .00 142 0 .00 100.0 7.20 
1916 9 15 701 18.00 34 30.00 141 0 .00 100.0 7 10 
1917 7 31 323 10.00 42 30.00 131 000 460.0 7.40 
1918 1 30 2118 33.00 45 30.00 135 0 .00 330.0 7.40 
1918 4 10 203 54 .00 43 30.00 130 30.00 570.0 7.00 
1929 6 2 2138 34.00 34 30.00 137 15.00 360.0 6.90 
1931 2 20 533 24.00 44 18.00 135 30.00 350.0 7.40 
1932 9 23 1422 12.00 44 45.00 138 0 .00 300.0 700 
1932 11 13 447 0 .00 43 45.00 137 0 .00 320.0 7.10 
1937 7 26 1956 37.00 38 30.00 141 30.00 90.0 7.20 
1940 7 10 549 55.00 44 0 .00 13 1 0 .00 580.0 7 .30 
1946 1 11 133 29.00 44 0 .00 129 30.00 580.0 6 .90 
1953 10 14 1457 23.00 42 48.00 144 36.00 95.0 7 .00 
1954 5 14 2239 25.00 36 0 .00 137 24.00 191.0 7 .00 
1973 9 29 44 0.80 41 53.46 130 52.32 575 .0 7.40 
1971 8 2 724 56.80 41 22.86 143 27.78 51.0 7 .00 

19 IZU-BONIN (19} 
1905 7 11 1537 30.00 22 0.00 143 0.00 450.0 7 .20 
1905 10 24 346 42.00 34 0.00 139 0.00 250.0 6.90 
1906 1 21 1349 35.00 34 0.00 138 0.00 340.0 7 .70 
1909 3 13 1429 0 .00 31 30.00 142 30.00 80.0 7 .60 
1910 2 12 1810 6 .00 32 30.00 138 0.00 350.0 7 .20 
1913 3 23 2047 18.00 24 0.00 142 0.00 80.0 7 .00 
1914 11 24 1153 30.00 22 0.00 143 0 .00 110.0 7 .90 
1915 10 8 1536 1.80 33 30.00 138 0 .00 170.0 7 .00 
1916 9 15 701 18 00 34 30.00 141 0 .00 100.0 7 .10 
1921 7 4 1418 20.00 25 30.00 141 30.00 200.0 7.40 
1928 3 29 506 3 .00 31 42.00 138 12.00 410.0 7.00 
1929 6 2 2138 34.00 34 30.00 137 15.00 360.0 6.90 
1955 5 30 1231 41.00 24 30.00 142 30.00 570.0 7 .10 
1956 2 18 734 19.00 29 54.00 138 30.00 480.0 7.10 
1968 10 7 1920 20.30 26 17.28 140 35.70 516.0 7.20 
1970 5 27 1205 6.00 27 12.90 140 7 .26 382.0 7.00 
1978 3 7 248 47.60 32 0 .30 137 36.54 439.0 7.07 
1972 12 4 1016 12.00 33 19.56 140 41.04 62.0 7.40 
1982 9 6 147 1.90 29 18.60 140 16.80 155.6 6.80 6 .80 

9 MARIANAS (20} 
1912 10 26 900 36.00 14 0 .00 146 0 .00 130.0 7.00 
1931 9 9 2038 26.00 19 0.00 145 30.00 180.0 7 .10 
1940 1 17 115 0 .00 17 0.00 148 0.00 80.0 7 .30 
1942 6 14 309 45.00 15 0.00 145 0.00 80.0 7 .00 
1940 12 28 1637 44.00 18 0.00 147 30.00 80.0 7 .30 
1945 7 15 535 13.00 17 30.00 146 30.00 120.0 7 .10 
1950 5 25 1835 7 .00 13 0.00 143 30.00 900 7.10 
1956 2 1 1341 46.00 18 45.00 145 30.00 370.0 7 .00 
1975 11 117 33.90 13 50.58 144 45.24 113.0 7 .10 
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NEV REGION 

DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dy HrMn Sec (+• N ,-• S ) (+• E ,-• W ) {km) ma M. 

9 RYUKYU (21) 
1905 6 2 539 42.00 34 0 .00 132 0 .00 100.0 7 .50 
1909 4 14 1953 42.00 24 0 .00 123 0 .00 80.0 7 .10 
1909 11 10 613 30.00 32 0 .00 131 0.00 190.0 7 .50 
1911 6 15 1426 0.00 29 0 .00 129 0 .00 160.0 8 .10 
1915 1 5 2326 42.00 25 0 .00 123 0.00 160.0 7 .30 
1919 6 1 651 20.00 26 30.00 125 0 .00 200.0 7 .10 
1926 6 29 1427 6.00 27 0 .00 127 0 .00 130.0 7.40 
1947 9 26 1601 57.00 24 45.00 123 0 .00 110.0 7.40 
1958 3 11 26 1.00 24 37.20 124 17.40 77.0 7 .20 

7 NORTH TAIWAN (22) 
1909 4 14 1953 42.00 24 0 .00 123 0.00 80.0 7 .10 
1910 4 12 22 13.00 25 30.00 122 30.00 200.0 7 .60 
1915 1 5 2326 42.00 25 0 .00 123 0.00 160.0 7 .30 
1947 9 26 1601 57.00 24 45 .00 123 0 .00 110.0 7 .40 
1959 4 26 2040 37.00 24 51.00 122 45.00 113.0 7 .50 
1963 2 13 850 4.50 24 30.00 122 6.00 67.0 7 .25 
1967 10 25 59 22.60 24 30.00 122 12.00 65.0 7.00 

2 LUZON (23) 
1930 12 2 1 1451 24.00 20 0.00 122 15 .00 170.0 7.00 
1938 5 23 821 53.00 18 0.00 119 30.00 80.0 7.00 

15 PHILIPPINES (24) 
1907 3 29 2046 30.00 3 0.00 122 0 .00 500.0 7 .20 
1918 2 7 520 30.00 6 30.00 126 30.00 120.0 7 .20 
1936 1 20 1656 19.00 6 0.00 127 0 .00 80.0 7.00 
1941 2 4 1403 12 .00 9 0 .00 124 0 .00 600.0 7.00 
1950 7 29 1646 2.00 2 30.00 127 0 .00 80.0 700 
1949 4 30 123 32.00 6 30.00 125 0 .00 130.0 7.30 
1955 3 31 1817 19.00 8 6 .00 123 12 .00 96.0 6.90 
1972 6 11 1641 0.90 3 56.40 124 19.08 325.0 7.40 
1966 9 8 2115 50.50 2 24.00 128 18.00 71.0 7 20 
1969 1 30 1029 40.40 4 48.30 127 26.22 70.0 7 10 
1970 1 10 1207 8 .60 6 49 .50 126 44.22 73.0 7.30 
1970 3 30 1646 45.60 6 47 .82 126 39.06 76.0 7 .10 
1975 7 10 1829 16.00 6 30.42 126 38.52 86.0 7 .00 
1976 11 7 1709 6.10 8 28.68 126 22.50 60.0 6 .90 
1984 11 20 815 16.23 5 10.02 125 7.44 180.7 7 .20 7 48 
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NEV REGION 

DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dy HrMn Sec ( +• N ,- • S) (+• £ ,-• W ) (km) ma Mw 

9 SULAWESI (25) 
1905 1 22 243 54.00 1 000 123 0 .00 90.0 7.80 
1907 6 25 1754 36.00 1 0.00 127 0 .00 200.0 7.50 
1928 8 12 808 50.00 1 0.00 127 0 .00 130.0 7.00 
1939 12 2 1 2 100 40.00 0 0 .00 123 0 .00 150 0 7 .80 
1941 9 17 647 57.00 0 -30.00 121 30.00 190.0 6 .90 
1942 5 28 101 48.00 0 0.00 124 0 .00 120.0 7 .40 
1948 1 28 347 21.00 -1 30.00 126 30.00 800 7.10 
1948 2 9 1454 22.00 0 0 .00 122 30.00 160.0 690 
1961 3 28 935 55.00 0 12.00 123 36.00 83.0 7.30 

3 BURMA (26) 
1906 8 31 1457 30.00 27 0.00 97 0 .00 100.0 6 .70 
1932 8 14 439 32.00 26 0.00 95 30.00 120.0 7 .00 
1954 3 21 2342 0 .00 24 30.00 95 0 .00 180.0 7 .40 

3 ANDAMAN (27) 
1914 10 11 1617 6.00 12 0.00 94 0.00 80.0 7 .20 
1916 7 27 1152 42.00 4 0.00 96 30.00 100.0 7.00 
1983 4 4 251 34.90 5 43.80 94 48.60 71.6 6.96 

3 SUNDA (28) 
1913 8 13 425 42 .00 -5 30.00 105 0 .00 75.0 7.30 
1943 11 26 2125 22.00 -2 30.00 100 0 .00 130.0 7.10 
1957 4 16 404 3 .00 -4 40.80 107 9 .60 546.0 7 .20 

6 JAVA (2Q) 
19 11 7 5 1840 6.00 -7 30.00 117 30.00 370.0 7 .00 
1916 9 11 630 36.00 -9 0 .00 113 0.00 100 0 7 .10 
1926 9 10 1034 29.00 -9 0.00 111 0.00 80.0 7 .00 
1937 8 11 55 54.00 -6 15.00 116 30.00 610.0 7 .20 
1943 7 23 1453 9.00 -9 30.00 110 0.00 90.0 7 .60 
1949 4 23 1115 39.00 -8 0 .00 121 0.00 80.0 7 .00 

19 TIMOR (30) 
1909 5 30 2101 18.00 -8 0.00 131 0.00 100.0 7 .10 
1914 7 4 2338 54.00 -5 30.00 129 0.00 200.0 7 .10 
1917 8 30 407 15.00 -7 30.00 128 0.00 100.0 7 .30 
1918 11 18 1841 55.00 -7 0.00 129 0 .00 190.0 7 .50 
1918 11 23 2257 55.00 -7 0 .00 129 0.00 190.0 7 .10 
1927 6 3 712 11 .00 -7 0.00 13 1 0.00 150.0 7 .20 
1931 3 28 1238 37.00 -7 0.00 129 30.00 80.0 7.20 
1934 6 29 825 17.00 -6 45.00 123 45.00 720.0 7.00 
1938 10 20 219 27.00 -9 0.00 123 0.00 900 7.30 
1944 3 22 43 18.00 -8 30.00 123 30.00 220.0 7 .20 
1950 11 2 1527 56.00 -6 30.00 129 30.00 50.0 7.40 
1954 2 20 1835 5.00 -6 45.00 124 30.00 580.0 7 .00 
1956 7 18 619 34.00 -5 4.20 130 15.60 128 0 720 
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NEV REGION 

DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dy: HrMn Sec ( +• N ,-• S) (+• £ ,- • W) (km} ma M• 
1957 3 23 512 3 1.00 -5 30.00 131 0 .00 1000 7.10 
1963 11 4 117 11 .40 -6 51.60 129 34.80 100.0 7 .80 
1964 7 8 1155 39.10 -5 30.00 129 48.00 165.0 7 .00 
1971 7 8 1907 7 .30 -7 1.86 129 41.76 92.0 7 .30 
1982 6 22 418 40.50 -7 20.34 126 2.58 450.0 7 .20 7.44 
1983 11 24 530 34.90 -7 33.00 128 15.00 157 1 7 .20 7.40 

14 NEW GUINEA (31) 
1936 6 10 823 21.00 -5 30.00 147 0 .00 190.0 7 .00 
1939 3 2 700 27.00 -4 0.00 143 0 .00 130.0 7 .00 
1943 12 1 604 55.00 -4 45.00 144 0 .00 120.0 7 .30 
1944 1 7 249 20.00 -4 30.00 143 30.00 120.0 7 .00 
1946 1 17 939 35.00 -7 30.00 147 30.00 100.0 7 .20 
1946 9 23 2330 0 .00 -6 0.00 145 0 .00 100.0 7 .10 
1950 2 17 2107 7 .00 -7 0.00 146 0 .00 180.0 7 .20 
1951 2 17 2107 7 .00 -7 0.00 146 0 .00 180.0 6 .90 
1959 11 19 1108 41.00 -5 30.00 146 0 .00 100.0 7 .00 
1961 1 5 1553 56.00 -4 6.00 143 0 .00 108.0 7.10 
1963 2 26 2014 10.00 -7 36.00 146 12.00 182.0 7.30 
1968 5 28 1327 18.70 -2 54.84 139 19.14 65 .0 7 .20 
1975 12 25 2322 21.70 -4 5.04 142 2.40 115 .0 6.80 
1980 7 16 1956 46.70 -4 27.36 143 31.26 81.9 7 .20 7 .26 

4 NEW BRITAIN (32) 
1910 9 7 711 18.00 -6 0.00 151 0.00 80.0 7 .20 
1923 11 2 2108 6.00 -4 30.00 151 30.00 50.0 7 .20 
1946 1 17 939 35.00 -7 30.00 147 30.00 100.0 7 .20 
1973 1 18 928 14.10 -6 52.08 149 59.58 43.0 6.80 

10 NEW ffiELAND (33) 
1912 9 1 410 0 .00 -4 30.00 155 0 .00 430.0 7.00 
1928 3 13 1831 52 .00 -5 30.00 153 0 .00 100.0 7.00 
1932 1 9 1021 42.00 -6 12.00 154 30.00 380.0 7 .20 
1941 9 4 1021 44.00 -4 45.00 154 0 .00 90.0 7 .10 
1943 12 23 1900 10.00 -5 30.00 153 30.00 50.0 7 .20 
195 1 5 21 827 20.00 -6 0.00 154 30.00 150.0 7 .00 
1950 7 29 2349 2.00 -6 30.00 155 0 .00 70.0 6 .90 
1950 12 4 1628 3 .00 -5 0.00 153 30.00 1100 7 .30 
1971 7 19 14 45.30 -5 41.28 153 48.00 42.0 7 .10 
1983 3 18 905 50.10 -4 51.60 153 30.60 69 9 7 .30 7.71 

5 SOLOMONS (34) 
1937 9 15 1227 32.00 -10 30.00 161 30.00 80.0 7 .20 
1950 7 29 2349 2.00 -6 30.00 155 0.00 70.0 6.90 
1955 10 13 926 49.00 -10 0.00 160 45.00 70.0 7 .10 
1969 1 5 1326 39.90 -7 58.50 158 54.54 71.0 7 .30 
1970 12 29 226 12.20 -10 32.82 161 24.18 72.0 6.80 
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DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo D:z: HrMn Sec ( + • N ,-• S) (+• E,-• W) (km) ma M• 

48 NEW HEBRIDES (35) 
1909 8 18 39 30.00 -22 0 .00 172 0 .00 100.0 7.20 
1910 3 30 1655 48.00 -21 0 .00 170 0 .00 80.0 7.10 
1910 5 1 1830 3600 -20 000 169 0 .00 80.0 7.10 
1910 6 1 555 30.00 -20 0.00 169 0 .00 80.0 7 .30 
1910 6 1 648 18.00 -20 0.00 169 0.00 80.0 7 .10 
1910 6 16 630 42.00 -19 0.00 169 30.00 100.0 7 .90 
1910 11 9 602 0.00 -15 0.00 166 0 .00 80.0 7 .50 
1910 11 10 1219 54.00 -14 0.00 166 30.00 900 7.10 
1911 10 20 1744 0 .00 -12 30.00 166 0 .00 160.0 7 .00 
1911 11 22 2305 24.00 -15 0 .00 169 0 .00 200.0 7.30 
1912 8 6 2111 18 .00 - 14 0 .00 167 0 .00 260.0 7.30 
1913 10 14 808 48.00 - 19 30.00 169 0 .00 230.0 7.60 
1913 11 10 2112 30.00 -18 0 .00 169 0 .00 80.0 7.20 
1913 11 15 527 6 .00 -23 0 .00 171 0 .00 150.0 7.10 
1915 1 5 1433 15.00 -15 0 .00 168 0 .00 200.0 7.30 
1919 8 3 1 1720 46.00 - 16 0 .00 169 0 .00 180.0 7.30 
1925 3 22 841 55.00 -18 30.00 168 30.00 50.0 7.40 
1926 6 3 446 56.00 -15 0 .00 168 30.00 60.0 7.10 
1928 8 24 2143 30.00 -15 0 .00 168 0 .00 220.0 7.00 
1933 1 1 848 39 .00 -14 45.00 168 0 .00 140.0 7.00 
1935 6 24 2323 14 .00 -15 45.00 167 45.00 140.0 7.10 
1935 8 17 144 42 .00 -22 30.00 171 0 .00 120.0 7.20 
1937 7 2 237 15 .00 -14 15.00 167 0 .00 80.0 7.00 
1939 4 5 1642 40.00 - 19 30.00 168 0 .00 70.0 7.00 
1939 8 12 207 27.00 - 16 15 .00 168 30.00 180.0 7.00 
1940 1 6 1403 24.00 -22 0 .00 171 0 .00 90.0 7.20 
1940 2 20 218 20.00 -13 30.00 167 0 .00 200.0 700 
H)-tO 9 19 18 19 48.00 -24 0 .00 171 000 80.0 700 
1942 1 29 923 44.00 -19 0 .00 169 0.00 130.0 7.00 
1944 10 5 1728 27.00 -22 30.00 172 0 .00 120.0 7.30 
1944 11 24 449 3 .00 -19 0 .00 169 0 .00 170.0 7.40 
1947 11 9 457 50.00 -22 30.00 170 0.00 50.0 7.00 
1949 7 23 1026 45.00 - 18 30.00 170 0.00 150.0 7 20 
1950 9 10 1516 8 .00 - 15 30.00 167 0 .00 1000 7.10 
1951 3 10 2157 29 .00 - 15 0 .00 167 30.00 130.0 7 .20 
1951 3 24 17 36.00 -10 30.00 166 0 .00 150.0 7.10 
1953 7 2 656 59 .00 - 19 0 .00 169 0 .00 223.0 7.40 
1957 12 17 1350 20.00 -12 22.20 166 43.80 120.0 7 20 
1960 3 8 1633 38.00 -16 30.00 168 3000 250.0 7 20 
1963 5 1 1003 20.20 -19 0 .00 168 54 .00 142.0 7 .10 
1964 7 9 1639 49.30 - 15 30.00 167 36.00 127 0 7.40 
1971 11 21 557 11.90 -11 49.02 166 3 1.92 115.0 7 40 
1972 2 14 2329 51.70 - 11 21.54 166 20.10 102.0 700 
1973 12 29 19 31.10 -15 702 166 53.76 47.0 7 20 
1978 5 1 1303 37 .10 -21 14.40 169 48.00 73.4 7.10 7 37 
1978 5 13 708 46.20 -14 31.26 167 19.14 180 4 6.80 6 80 
1981 7 6 308 24 .70 -22 15.60 171 43.80 58.3 7.30 7 5-t 
1984 4 6 2308 22 .30 - 18 54.18 168 51.00 175 0 6.80 6 80 

45 TONGA (36) 
1907 3 31 2200 36.00 -18 0 .00 -177 0.00 400 0 7 20 
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DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dv HrMn Sec (+•N,-· s} (+• £,-• W} (km) ma Ma 
1909 2 22 921 42.00 -18 000 -179 0 .00 550.0 7.60 
1909 8 18 39 30.00 -22 0 .00 172 0 .00 100.0 7.20 
1910 3 30 1555 48.00 -21 0 .00 170 0 .00 80.0 7.10 
1910 8 21 538 36.00 -17 0 .00 -179 0 .00 600.0 7.40 
1911 8 21 1628 55.00 -21 0 .00 -176 0 .00 3000 7.20 
1913 11 15 527 6.00 -23 0 .00 171 0 .00 150.0 7.10 
1915 2 25 2036 12.00 -20 0 .00 180 0 .00 600.0 7.10 
1916 7 8 934 30.00 - 18 0 .00 180 0 .00 600.0 7.10 
1919 1 1 259 57.00 -19 30.00 -176 30.00 180.0 7.70 
1919 8 18 1555 25.00 -20 30.00 -178 30.00 300.0 7.00 
1924 1 16 2138 0 .00 -21 0 .00 -176 0 .00 350.0 7.00 
1924 5 4 1551 43.00 -21 0 .00 -178 0 .00 560.0 7.20 
1927 4 1 1906 9.00 -20 0 .00 -177 30.00 400.0 7 .00 
1932 5 26 1609 40.00 -25 30.00 179 15.00 600.0 7.50 
1933 9 6 2208 29.00 -21 30.00 -179 45.00 600.0 7.00 
1934 10 10 1542 6.00 -23 30.00 180 0 .00 540.0 7 .20 
1935 7 29 738 53.00 -20 45.00 -178 0 .00 510.0 7 .10 
1935 8 17 144 42.00 -22 30.00 171 0.00 120.0 7 .20 
1937 4 16 301 37.00 -21 30.00 -177 0.00 400.0 7 .50 
1940 1 6 1403 24.00 -22 0.00 171 0.00 90.0 7 .20 
1940 9 19 1819 48.00 -24 0.00 171 0.00 80.0 7 .00 
1941 11 24 2146 23.00 -28 0.00 -177 30.00 80.0 7 .00 
1943 9 27 2203 44.00 -30 0.00 -178 0.00 90.0 7 .00 
1944 5 25 106 37.00 -21 30.00 -179 30.00 640.0 7 .00 
1944 10 5 1728 27.00 -22 30.00 172 0 .00 120.0 7 .30 
1947 11 9 457 50.00 -22 30.00 170 0.00 50.0 7.00 
1948 1 27 1158 28.00 -20 30.00 -178 0 .00 630.0 7 .00 
1949 7 23 1026 45 .00 -18 30.00 170 0 .00 150.0 7 .20 
1949 11 22 51 49.00 -28 30.00 -178 30.00 180.0 7 .10 
1950 12 10 1323 4 .00 -28 0 .00 -178 30.00 250.0 7.20 
1950 12 14 152 49 .00 - 19 15.00 -175 45.00 200.0 7.50 
1955 8 6 831 28.00 -21 0 .00 -178 000 360.0 7.00 
1956 5 23 2048 28.20 - 15 24.60 -178 43 .80 396.0 7.20 
1956 12 27 14 11.00 -23 30.00 -177 0 .00 240.0 7.00 
1957 7 14 623 52.00 -27 0 .00 -178 0 .00 150.0 7.00 
1957 9 28 1420 0 .00 -20 28.80 -178 30.60 549.0 7.20 
1959 9 14 1409 50.00 -28 40.20 -177 42 .60 73.0 7.30 
1967 10 9 1721 46.00 -21 6.00 -179 12 .00 605.0 7.10 
1970 1 20 719 51.20 -25 48.00 -177 20.94 82.0 7.20 
1972 3 30 534 50.00 -25 42 .00 179 36.00 479 0 7.00 
1972 5 22 2045 57.30 -17 41.34 -175 11 .34 227.0 7.20 
1977 6 22 1208 33.40 -22 52 .68 -175 54.00 59.1 7.60 8.04 
1980 4 13 1804 31 .90 -23 27.96 -177 17 .82 166.2 7 .30 7.57 
1981 7 6 0308 24.70 -4 27.36 143 3 1.26 81.0 7.10 7.26 

2 KERMADEC (37) 
1953 9 29 136 46.00 -36 54.00 177 6.00 287.0 7 .00 
1970 1 8 1712 39.10 -34 44.46 178 34.08 179.0 7 .00 

1 NEW ZEALAND (38) 
1942 8 1 1234 3.00 -41 0 .00 175 45.00 500 7.10 
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DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dy HrMn Sec (+'N,-'S} (+'E,-' W} (km} ma M. 

12 illNDU-KUSH (39) 
1909 7 7 2137 50.00 36 30.00 70 30.00 230.0 7.60 
1911 7 4 1333 26.00 36 0 .00 70 30.00 190.0 7.40 
1921 11 15 2036 38.00 36 30.00 70 30.00 215.0 7.60 
1922 12 6 1355 36.00 36 30.00 70 30.00 230.0 7.30 
1924 10 13 1617 45.00 36 0 .00 70 30.00 220.0 7.20 
1929 2 1 1714 26.00 36 30.00 70 30.00 220.0 7.00 
1937 11 14 1058 12 00 36 30.00 70 30.00 240.0 7.20 
1943 2 28 1254 33.00 36 30.00 70 30.00 210.0 7 .10 
1949 3 4 1019 25.00 36 0 .00 70 30.00 230.0 7.40 
1974 7 30 512 40.60 36 21.18 70 45.78 211 .0 7 10 
1983 12 30 2352 39.90 36 22.32 70 44.48 215.0 7.40 
1965 3 14 1553 6.60 36 25.20 70 43.80 205.0 7 .50 

1 ffiAN (40 ) 
1934 6 13 2210 28.00 27 30.00 62 30.00 80.0 7.00 

4 GREECE (41 ) 
1911 4 4 1543 54.00 36 30.00 25 30.00 140.0 7.00 
1926 6 26 1946 34.00 36 30.00 27 30.00 100.0 7.70 
1926 8 30 1138 12.00 36 45.00 23 15.00 100.0 7 .10 
1957 4 25 225 42.00 36 28.20 28 33.60 53.0 7.10 

2 RUMANIA (42) 
1940 11 10 139 9.00 45 45.00 26 30.00 150.0 7.30 
1977 3 4 1921 54. 10 45 46.32 26 45.66 94.0 7.20 7 .40 

1 SPAIN (43) 
1954 3 29 617 5.00 37 0 .00 -3 3600 640.0 7 .00 

Magnitudes are m8 for events occurred prior to 1975 and M. thereafter, 
where m8 =0.63M. +2.5 (Kanamori, 1983) 
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Table A.2: Large Shallow Focus Events 

NEV REGION 

DATE TJ:ME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dy HrMn Sec (+•N .-•s) (+• E .- • W) (km) M. M, 

7 COLOMBIA( I) 
1904 1 20 1452 6.00 7 0 .00 -79 0.00 0.00 7 .70 
1904 12 20 544 18.00 8 30.00 -83 0 .00 25.00 7 .60 
1906 1 31 1536 0.00 1 0 .00 -81 30.00 25.00 8 .70 
1934 7 18 136 24.00 8 000 -82 30.00 0.00 7 .60 
1942 5 14 213 18.00 0 45.00 -81 30.00 25.00 7 .90 
1958 1 19 1407 26.00 1 22.20 -79 20.40 0.00 7.70 7 .30 
1979 12 12 759 3.30 35.88 -79 21.48 24.00 8 .20 7 .60 

3 ECUADOR(2) 
1901 1 7 29 0 .00 -2 0 .00 -82 0 .00 25.00 (7.60) 
1953 12 12 1731 25.00 -3 24.00 -80 36.00 0 .00 7.40 
1970 12 10 434 38.80 -3 59.34 -80 43.44 25.00 8.10 

3 PERU(3) 
1940 5 24 1633 57.00 -10 30.00 -77 0 .00 0.00 7.90 
1942 8 24 2250 27.00 -15 0 .00 -76 0.00 0.00 8 .20 
1966 10 17 2141 57.00 -10 42.00 -78 36.00 10.00 8 .10 8 .00 
1974 10 3 1421 29.10 -12 15.90 -77 47.70 13.00 8 .10 7 .60 

2 ALTIPLAN0(4) 
1913 8 6 2214 24.00 -17 0.00 -74 0.00 25.00 7 .80 
1933 2 23 809 12.00 -20 0.00 -71 0.00 40.00 7 .30 

3 NORTH ClllLE(S) 
1918 12 4 1147 48.00 -26 0 .00 -71 0 .00 0 .00 7 .60 
1922 11 11 432 36.00 -28 30.00 -70 0 .00 25.00 8.50 830 
1966 12 28 0819 0 .00 -25 36.00 -70 44.50 23.00 7.70 6.90 

4 CENTRAL CHILE(6) 
1906 8 17 40 0.00 -33 0 .00 -72 0 .00 25.00 8.20 8.40 
1943 4 6 1607 15.00 -30 45 00 -72 0 .00 0 .00 7.90 
1971 7 9 0303 0.00 -32 30.00 -71 12.00 42.00 7.80 660 
1985 3 3 2247 7.20 -33 8 .10 -71 52.26 33.00 8 .10 7 .80 

4 SOUTH ClllLE(7) 
1928 12 1 406 10.00 -35 000 -72 0.00 25.00 8 .00 
1939 1 25 332 14.00 -36 15.00 -72 15.00 0 .00 7 .80 
1960 5 22 1911 17.00 -39 30.00 -74 30.00 0 .00 9 .50 8 .50 
1975 5 10 1427 38.70 -38 10.98 -73 13.92 6 .00 7.60 
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NEV REGION 

DATE TI.ME LATITUDE LONGITUDE DEPTH 1.-iAGNITUDE 
Year Mo Dy HrMn Sec (+• N ,- • S) (+•E ,- • W ) (km) M. M, 

4 RIVERA(D') 
1900 1 20 633 0.00 20 0 .00 -105 0 .00 25.00 (8 .10) 
1900 5 15 2012 0.00 20 0 .00 -105 0.00 25.00 (7 .50) 
1932 5 3 1035 50.00 19 30.00 -104 15.00 0.00 8 .20 8 .20 
1932 5 18 1012 10.00 19 30.00 -103 30.00 25.00 7 .80 7 .80 

14 MEXICO( D) 
1899 1 24 2343 0 .00 17 0.00 -98 0 .00 0 .00 (8 .20) 
1903 1 14 147 0 .00 15 0.00 -98 0 .00 25.00 (8 .10) 
1907 4 15 508 5 .00 17 0.00 -100 0 .00 25.00 7.80 8 .00 
1909 7 30 1051 54 .00 17 0 .00 -100 30.00 0 .00 7.40 7.40 
1911 5 7 1102 42.00 17 30.00 -102 30.00 25.00 8 .00 7 .70 
1928 5 17 319 27.00 15 15.00 -98 0 .00 25.00 7 .70 780 
1928 10 9 301 8 .00 16 0 .00 -97 0 .00 0 .00 7 .50 
1941 4 15 1909 55.00 18 0 .00 -103 0 .00 0 .00 7 .70 
1943 2 22 0000 0 .00 17 40.00 -101 9 .50 16.00 7 .50 7 .30 
1957 7 28 840 7 .00 17 4 .20 -99 9 .00 0 .00 7 .50 7 .50 
1978 11 29 1952 47.50 15 0 .50 -95 35.45 18.00 7 .50 7 .80 
1979 3 14 1107 16.30 17 48.78 -101 16.56 49.00 7 .50 7 .50 
1985 9 19 1317 47.30 18 11.40 -102 31.98 28.00 8 .10 8 .10 
1985 9 21 137 13.40 17 48.12 -101 38.82 31.00 7 .50 750 

6 CENTRAL AMERICA(lO) 
1898 4 29 1618 0.00 12 0 .00 -86 0 .00 0 .00 (7 .70) 
1902 4 19 223 0.00 14 0 .00 -91 0 .00 25.00 (8 .10) 
1902 9 23 2018 0.00 16 0 .00 -93 0 .00 25.00 (8 .20) 
1904 12 20 544 18.00 8 30.00 -83 0 .00 25.00 7 .50 
1942 8 6 2336 59.00 14 0 .00 -91 0 .00 0.00 7 .90 
1950 10 5 1509 31 .00 11 0 .00 -85 0 .00 0 .00 7 .70 

4 GREATER ANTILLES(ll) 
1899 6 14 1109 0.00 18 0 .00 -77 0 .00 0.00 (7.70) 
1943 7 29 302 16.00 19 15.00 -67 30.00 25.00 7 .70 
1945 8 4 1751 5.00 19 15.00 -59 0 .00 0.00 800 
1946 8 8 1328 28.00 19 30.00 -59 3000 25.00 750 

1 LESSER ANTILLES(l2) 
1900 10 29 911 0 .00 11 0.00 -66 0.00 25.00 (8 20) 
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NEV REGION 

DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dy HrMn Sec ( +• N .- • S) (+• £ ,-• W) (km) M. M, 

8 ALASKA( H) 
1899 9 4 22 0.00 60 0.00 -142 0.00 25.00 (8 .10) 
1899 9 10 1704 0.00 60 0.00 - 142 0.00 25.00 (7 .60) 
1899 9 10 2140 0.00 60 0.00 -140 0.00 0.00 {8.40) 
1900 10 9 1228 0.00 60 0.00 -142 0.00 25.00 (8 .10) 
1902 1 1 520 0.00 55 0.00 -165 0.00 25.00 (7 .60) 
1904 8 27 2156 6.00 64 0.00 -151 0.00 25.00 7 .70 
1938 11 10 2018 43.00 55 30.00 -158 0.00 25.00 8 .20 8 .30 
1964 3 28 336 14.00 61 2.40 -147 43.80 33.00 9 .20 8 40 

11 ALEUTIANS( IS) 
1901 12 31 902 0.00 52 0.00 -177 0 .00 25.00 ~7.60) 
1902 1 1 520 0.00 55 0 .00 -165 0 .00 25.00 7.60) 
1905 2 14 846 36.00 53 0.00 -178 0 .00 25.00 7.90 
1906 8 17 10 42.00 51 0 .00 179 0 .00 25.00 8 .20 
1907 9 2 1601 30.00 52 0.00 173 0 .00 25 .00 7 .80 
1929 3 7 134 39.00 51 0 .00 -170 0 .00 50.00 7.50 
1929 12 17 1058 30.00 52 30.00 171 30.00 25.00 7 .80 
1957 3 9 1422 27.50 51 18.00 -175 48.00 0 .00 8.10 
1965 2 4 501 21.80 51 18.00 178 36.00 40.00 8.70 8.20 
1975 2 2 843 39.10 53 6.78 173 29.82 10.00 7.40 
1986 5 7 2247 10.80 5 1 31.20 -174 46.56 33.00 8 .00 7 .90 

10 KAMCHATKA(l6) 
1899 11 23 949 0 .00 53 0 .00 159 0 .00 0 .00 (7 .70) 
1904 6 25 1445 36.00 52 0 .00 159 0 .00 25.00 7 .90 
1904 6 25 2100 30.00 52 0 .00 159 0.00 0.00 8 .00 
1904 6 27 9 0 .00 52 0.00 159 0.00 0.00 7 .90 
1915 7 31 131 24.00 54 0.00 162 0.00 0.00 7 .60 
1917 1 30 245 36.00 56 30.00 163 0.00 25.00 7 .80 
1923 2 3 1601 41 .00 54 0.00 161 0.00 25.00 8 .50 830 
1952 11 4 1658 26 00 52 45.00 159 30.00 25.00 9 .00 8 .20 
1959 5 4 715 42.00 52 30.00 159 30.00 60.00 7 .80 
1971 12 15 829 55.30 55 59.76 163 17.70 33.00 7 .50 

11 KURILES(l7) 
1900 12 25 504 0 .00 43 0.00 146 0.00 25.00 ~ 7 .60) 
1901 4 5 2330 0 .00 45 0.00 148 0.00 25.00 7.70) 
1915 5 1 500 0 .00 47 0.00 155 0.00 25.00 800 
1918 9 7 1716 13.00 45 30.00 151 30.00 25.00 8 20 
1918 11 8 438 0.00 44 30.00 151 30.00 25.00 7.70 
1935 9 11 1404 2.00 43 0 .00 146 30.00 60.00 7.40 
1958 11 6 2258 8.00 44 22.80 148 34.80 32 .00 830 810 
1963 10 13 0517 51.00 44 54.00 149 3600 20.00 8 50 8 10 
1969 8 11 2127 39.40 43 32.70 147 21.18 28.00 8 .20 7 80 
1973 6 17 355 2.90 43 13.98 145 47.10 48.00 7 .70 
1978 3 24 1947 50.70 44 14.64 148 51.72 33.00 7 .60 
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NEV REGION 

DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dy HrMn Sec (+• N ,-• S) (+'E .- • W) (km) M. Ml 

22 NORTHEAST JAPAN(l8) 
1897 2 7 736 0 .00 40 0 .00 140 0.00 0 .00 ~8. 10~ 
1897 2 19 2048 0 .00 38 0 .00 142 0.00 0 .00 8 .10 
1897 2 19 2348 0 .00 38 0 .00 142 0 .00 0 .00 (8.10) 
1897 8 5 12 0 .00 38 0 .00 143 0 .00 0 .00 ~8.50) 
1897 8 16 754 0 .00 39 0 .00 143 0 .00 0 .00 7.70) 
1898 4 22 2336 0 .00 39 0 .00 142 0 .00 0 .00 (8.10) 
1901 8 9 923 0 .00 40 0 .00 144 0 .00 25 .00 r .90) 
1901 8 9 1833 0 .00 40 0 .00 144 0 .00 25.00 8 .10) 
1905 7 6 1621 0 .00 39 30.00 142 30.00 25.00 7.80 
1923 9 1 258 36.00 35 15 .00 139 30.00 25.00 7 .90 8 .20 
1923 9 2 246 40.00 35 0 .00 139 30.00 0 .00 7.70 
1927 3 7 927 36.00 35 45.00 134 45 .00 25.00 7.60 
1931 3 9 348 50.00 40 30.00 142 30.00 0 .00 7 .80 
1933 3 2 1730 54.00 39 15 .00 144 30.00 25.00 8.40 
1938 11 5 843 21.00 36 45.00 141 45 .00 60.00 7.70 
1938 11 5 1050 15.00 37 15.00 141 45.00 60.00 7.70 
1938 11 6 853 53.00 37 15.00 142 15 .00 60.00 7.60 
1940 8 1 1508 21.00 44 30.00 139 0 .00 0 .00 7.50 
1952 3 4 122 43.00 42 30.00 143 0 .00 25 .00 8.10 8.30 
1968 5 16 48 55.40 40 50.40 143 13.32 7 .00 8.20 8.10 
1978 6 12 814 26.40 38 11.40 142 1.68 44 .00 7.50 
1983 5 26 259 59.60 40 27.72 139 6.12 24.00 7.80 7.80 

3 IZU-BONIN(l9) 
1923 9 2 246 40.00 35 0 .00 139 30.00 000 7.70 
1944 12 7 435 42.00 33 45.00 136 0 .00 25.00 8.10 8.00 
1953 11 25 1748 54.00 33 54 .00 141 30.00 33.00 7.90 

1 MARIANAS(20) 
1902 9 22 146 0.00 18 0 .00 146 0 .00 25.00 (7 .90) 

4 NANKAI(21') 
1899 11 24 1842 0 .00 32 0.00 131 0.00 0.00 (7 60) 
1899 11 24 1855 0 .00 32 0.00 131 0.00 0.00 (7 .60) 
1941 11 18 1646 22.00 32 0.00 132 0 .00 25.00 7 .80 
1946 12 20 1919 5.00 32 30.00 134 30.00 25.00 8 .10 8 .20 

3 RYUKYU(21) 
1901 6 24 702 0 .00 27 0 .00 130 0 .00 25.00 (7.70) 
1904 8 24 2059 54.00 30 0 .00 130 0 .00 25.00 7.70 
1938 6 10 953 39.00 25 30.00 125 0 .00 0 .00 7.70 

3 NORTH TAIWAN(22) 
1920 6 5 421 28.00 23 30.00 122 0 .00 25.00 8.00 
1922 9 1 1916 6.00 24 30.00 122 0 .00 0 .00 7.60 
1966 3 12 1631 20.60 24 12 .00 122 36.00 48.00 7.80 
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NEV REGION 

DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dy HrMn Sec (+• N,-• S) (+• E ,-• W) (km) Mm Ml 

3 LUZON(23} 
1897 8 15 1200 0 .00 18 0 .00 120 0.00 0 .00 (7 .70~ 
1901 12 14 2257 0 .00 14 0 .00 122 0.00 25.00 (7.60 
1934 2 14 359 34.00 17 30.00 119 0 .00 25 .00 7.60 

18 PlllLLIPINES(24} 
1897 5 13 1230 0.00 12 0 .00 124 0 .00 0 .00 (7 .70) 
1897 9 20 1906 0.00 6 0 .00 122 0.00 0.00 (8.40) 
1897 9 21 512 0 .00 6 0.00 122 0.00 0.00 (8.50) 
1897 10 18 2348 0.00 12 0.00 126 0.00 0 .00 (7 .90) 
1897 10 20 1424 0 .00 12 0.00 126 0.00 0 .00 (7.70) 
1901 12 14 2257 0.00 14 0.00 122 0.00 25.00 (7.60} 
1903 12 28 256 0 .00 7 0 .00 127 0 .00 25 .00 (7.60) 
1911 7 12 407 36.00 9 0 .00 126 0.00 0 .00 7.70 
1913 3 14 845 0 .00 4 30.00 126 30.00 25.00 7.90 
1918 8 15 1218 12.00 5 30.00 123 0 .00 25.00 8.00 
1924 4 14 1620 23.00 6 30.00 126 30.00 0 .00 8.30 
1936 4 1 209 15.00 4 30.00 126 30.00 0 .00 7 .80 
1943 5 25 2307 36.00 7 30.00 128 0 .00 0.00 7 .70 
1948 1 24 1746 40.00 10 30.00 122 0 .00 25.00 8 .20 
1952 3 19 1057 12.00 9 30.00 127 15.00 25.00 7 .60 
1957 9 24 821 5.00 5 30.00 127 30.00 0.00 7 .60 
1975 10 31 828 2.60 12 32.40 125 59.58 50.00 7 .40 
1976 8 16 1611 7.30 6 15.72 124 1.38 33.00 8 .10 7 .80 

7 SULAWESI(25) 
1899 9 29 1703 0 .00 -3 0.00 128 30.00 000 (7.60) 
1932 5 14 1311 0 .00 0 30.00 126 0.00 25.00 8 .00 
1938 5 19 1708 21.00 -1 0.00 120 0 .00 25.00 7 .60 
1948 3 1 112 28.00 -3 0.00 127 30.00 50.00 7.10 
1950 10 8 323 9 .00 -3 45.00 128 15.00 0 .00 7.40 
1965 1 24 11 12 .10 -2 24.00 126 0.00 6 .00 7 .50 
1968 8 10 207 4.30 1 25.38 126 13.32 33.00 7.50 

7 BURMA(26) 
1897 6 12 1106 0 .00 26 0 .00 91 0 .00 0 .00 (8 .50) 
1912 5 23 224 6.00 21 0.00 97 0 .00 25.00 8.00 
1918 7 8 1022 7 .00 24 30.00 91 0.00 000 760 
1931 1 27 2009 13.00 25 36.00 96 48.00 0 .00 7.70 
1946 9 12 1520 20.00 23 30.00 96 0 .00 0 .00 7.80 
1947 7 29 1343 22 .00 28 30.00 94 0 .00 0 .00 7 .50 
1950 8 15 1409 30.00 28 30.00 96 30.00 25.00 8 .60 

2 ANDAMAN(27} 
1941 6 26 1152 3 .00 12 30.00 92 30.00 0.00 7 .70 
1969 11 21 205 35.30 2 3.90 94 38.40 20.00 760 
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NEV REGION 

DATE TIME LATITUDE LONGITUDE DEPTH MAGNITUDE 
Year Mo Dy HrMn Sec (+•N,-• s) (+ • E,-• W) (km) M• M~ 

3 SUNDA(28) 
1903 2 27 43 0 .00 -8 0.00 106 0.00 25.00 (7 .90) 
1935 12 28 235 22 .00 0 0 .00 98 15.00 25.00 7 .70 
1943 6 9 306 22 .00 -1 0.00 101 0.00 50.00 7 .60 

1 JAVA{29) 
1ff77 8 19 608 55.20 -11 5.10 118 27.84 33.00 8 .30 8 .10 

2 TIMOR{30) 
1938 2 1 1904 18.00 -5 15.00 130 30.00 25.00 8.50 8.20 
1943 11 6 831 37.00 -6 0 .00 134 30.00 0 .00 7.70 

7 NEW GillNEA{31) 
1900 10 7 2104 0.00 -4 0 .00 140 0 .00 25.00 {7 60) 
1914 5 26 1422 42.00 -2 0 .00 137 0 .00 0 .00 8 .00 
1916 1 13 820 48.00 -3 0 .00 135 30.00 25.00 7 .50 
1926 10 26 344 41.00 -3 15.00 138 30.00 25.00 7 .60 
1935 9 20 146 33.00 -3 30.00 141 45.00 0 .00 7 .90 
1971 1 10 717 3 .70 -3 7.92 139 41.82 33.00 7 .90 
1ff79 9 12 517 51.40 -1 40.74 136 2.40 5 .00 7 .70 

4 NEW BRITAIN{32) 
1902 1 24 2327 0 .00 -8 0 .00 150 0 .00 25.00 (7 .60) 
1906 9 14 1604 18.00 -7 0 .00 149 0 .00 25.00 8 .10 
1945 12 28 1748 45.00 -6 000 150 0 .00 0.00 1 .10 
1947 5 6 2030 32.00 -6 30.00 148 30.00 0.00 7 .50 

6 NEW IRELAND(33) 
1916 1 1 1320 36.00 -4 0.00 154 0 .00 25 .00 7 .80 
1919 5 6 1941 12.00 -5 0 .00 154 0 .00 25.00 7.90 
1920 2 2 1122 18.00 -4 0 .00 152 30.00 0 .00 7.70 
1946 9 29 301 55.00 -4 30.00 153 30.00 0 .00 1 .10 
1ff71 7 14 611 29.10 -5 28.44 153 53.10 47.00 8 .00 7 .80 
1ff71 7 26 123 21.30 -4 56.40 153 10.38 48.00 8 .10 1 .10 
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NEV REGION 

DATE TIME LATITUDE 
Year Mo Dy HrMn Sec (+• N ,-• S} 

10 SOLOMONS(34) 
1900 7 29 559 0 .00 -10 
1931 10 3 1913 13.00 -10 
1931 10 10 19 53.00 -10 
1935 12 15 707 48.00 -9 
1939 1 30 218 27.00 -6 
1939 4 30 255 30.00 -10 
1975 7 20 1437 39.90 -6 
1975 7 20 1954 27.70 -7 
1977 4 20 2342 50.50 -9 
1977 4 21 424 9.60 -9 

11 NEW HEBRIDES(35) 
1900 7 29 559 0 .00 -10 
1901 8 9 1301 0 .00 -22 
1903 5 13 634 0 .00 -17 
1920 9 20 1439 0 .00 -20 
1934 7 18 1940 15.00 -11 
1950 12 2 1951 49.00 -18 
1973 12 28 1341 45.80 -14 
1980 7 8 2319 19.80 -12 
1980 7 17 1942 23.20 -12 
1985 11 28 349 54.10 -13 
1985 12 21 113 22.40 - 13 

8 TONGA 
1901 8 9 1301 0.00 -22 
1902 2 9 735 0.00 -20 
1917 5 1 1826 30.00 -29 
1917 6 26 549 42.00 -15 
1948 9 8 1509 11.00 -21 
1975 10 11 1435 15.00 -24 
1976 1 14 1647 33.50 -28 
1982 12 19 1743 54.80 -24 

2 NEW ZEALAND(38) 
1929 6 16 2247 32.00 -41 
1931 2 2 2246 42.00 -39 

4 lllNDU-KUSH(39) 
1907 10 21 423 36.00 38 
1911 2 18 1841 3.00 40 
1949 7 10 353 36.00 39 
1956 6 9 2313 51.00 35 

0.00 
30.00 

0 .00 
45.00 
30.00 
30.00 
35.40 

6.24 
53.40 
57.90 

0.00 
0 .00 
0 .00 
0 .00 

45 .00 
15.00 
27.84 
24 .60 
31.50 
59.22 
57.96 

0 .00 
0 .00 
0 .00 

30.00 
0.00 

53.64 
25.62 
7.98 

45.00 
30.00 

0 .00 
0 .00 
0 .00 
6.00 

LONGITUDE 
(+• E ,-• W} 

165 0.00 
161 45.00 
161 0 .00 
161 0 .00 
155 30.00 
158 30.00 
155 3 .24 
155 9 .12 
160 20.88 
160 43.86 

165 0 .00 
170 0 .00 
168 0 .00 
168 0 .00 
166 30.00 
167 30.00 
166 36.06 
166 22 .86 
165 54.96 
166 11 .10 
166 30.96 

170 0 .00 
-174 0 .00 
-177 0 .00 
-173 0 .00 
-174 0 .00 
-175 7 .14 
-177 39.42 
- 175 51.84 

172 15.00 
177 0 .00 

69 0 .00 
73 0 .00 
70 30.00 
67 30.00 

DEPTH 
{km} 

25.00 
. 25.00 

0 .00 
0 .00 

25.00 
25 00 
49.00 
44.00 
19.00 
33.00 

25.00 
25 .00 
25 .00 
25 .00 
25.00 
0 .00 

26.00 
33.00 
33.00 
33.00 
43.00 

25.00 
25.00 
0 .00 

25.00 
25 00 
9 .00 

33.00 
33.00 

0 .00 
25.00 

25.00 
0.00 
0.00 
0.00 

MAGNITUDE 
M. 

7.30 
7.40 

7 .60 

7 .90 

M~ 

(7 .90} 
7 90 
7.80 
7.60 
7.80 
800 
7 .60 
7 50 
7 .60 
7 .50 

(7.90) 
(8.20) 
(7.70} 
7.90 
8.10 
7.60 
7.90 
7.70 
7.70 
7.60 
7.60 

~8.20) 
7.60) 
7 .90 
8.40 
7 .80 
7 .70 
7 .90 
7 .70 

7.60 
7.80 

7 .70 
7.60 
7 .50 
7 50 
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NEV REGION 

DATE TIME LATITUDE 
Year Mo Dy HrMn Sec (+• N ,-• S} 

1 ffiAN(40) 
1945 11 27 2156 50.00 24 30.00 

2 GREECE( 41) 
1956 7 9 311 40.00 36 43.80 
1981 12 19 1410 50.70 39 14.58 

1 RUMANIA(42) 
1912 8 9 129 0 .00 40 30.00 

LONGITUDE 
(+• E,-• W} 

63 0.00 

25 48.00 
25 13.62 

27 0 .00 

DEPTH 
{km} 

25.00 

0.00 
10.00 

0 .00 

MAGNITUDE 
M. M~ 

8.00 

7 70 
7 .60 

7.70 

M. is taken from Ruff and Kanamori ( 1980) for great events, some events are taken from special studies 
on the events. 
M, is taken from Abe (1981) for events between 1904 and 1980; 
magnitude of events before 1904 are Gutenberg and Richter's (1956) magnitude corrected by- 0.2 units 

as suggested by Abe (1981). 
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A ppe ndix 2 

New focal mechanisms of intermediate-depth earthquakes were determined from 

first-motion data of long and short-period WWSSN records. The mechanism d iagrams 

in Figures Al and A2 are shown on an equal angle projection of the lower focal hemi

sphere. Closed circles are compressions and open circles, dilatations. Numbers 

correspond to events in Table 1.2. The asterisk next to the event date indicates that 

one or two of the focal parameters have been constrained by modeling of a few long

period P-waveforms for these events or by timing of (pP-)P and {sp-P) phases in 

short-period records to constrain the event depth. Figure A1 shows events that 

occurred from 1964 to 1972 and Figure A2, those events that occurred between 1973 

and 1978. 

Body-wave modeling of 14 intermediate-depth earthquakes are shown in Figures 

A3 to A12. In most cases the upper trace shows the P-wave data, unless it is indi

cated in the figure, and the lower traces are synthetic seismograms that are calculated 

by Kanamori and Stewart's {1976) method. We assume a half-space model with 

V p=7.8km/ s , V5=4.4km/ s and p=3.3g/ cm3 to determine the synthetic seismograms 

that include the direct and surface reflected phases. A simple trapezoidal function 

about 3 to 5 s long was used in all cases. The fault parameters and dep ths used to 

calculate the synthetic traces for each event are indicated in the corresponding figure . 

The asterisk next to the focal parameters in the figures indicate which parameters 

were varied in trying to fit the body-wave data. 
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JA N 28 .1964 AUG 5 ,1968 NOV.1 7, 1968 * DEC 17. 1968 • 

JAN 5 ,1969• SEP 29. >970 FEB 2 1, 1971 ~~ 8, 19 71 

MAY 8, 1971° oUN£ 11,197 1° JUNE 17, 1971 JULY8 ,19 71 

JLLY 19, 1971 SEP 16 , 1971 • /oiOV 2 1, 1971• NOV 24, 1971 

JAN 28, 1972 • F'EB 14 , 1972 • DEC 4 ,1972 " 

Figure Al: New focal mechanisms for intermediate-depth earthquakes that occurred 
from 1964 to 1972. See text for symbols 
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APR 3,1973 APR 24 , 1973 AUG 1,1973 

AUG 30, 1973 JAN 2, 1974 OCT 9 , 1974 • 

OCT 29. 19 74 'AAR 8 , 197!>" APR 9 ,1975 AUG 10,1975 

OCT 17 , 1975 • NOV I, 197!>• 

..UNE 3 . 1976• NOll 30, 1976 MAR 4 , 1977 AUG 3, 1978 

Figure A2: New focal mechanism for intermediate-depth events that occurred 
between 1973 and 1978. See Figure Al for symbols. 
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November 17, 1968 

~ALQ 
S-wave D=40° 

H-Az=314° 

60s 

December 17, 1 968 

(240°,60°*,90°) 
d = 172 km * 

( 46°,65°•70°*) d = 90 km * 

RN 
D= 104° 
Az=225° 

60s 

Figure A3 : Observed and synthetic seismograms for the November 17, 1968 and the 
December 17, 1968 earthquakes. The fault parameters, depth and body-wave used to 
calculate the synthetic seismograms are indicated. 
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November 21, 1971 
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Figure A4: Observed and synthetic seismograms for t he ovember 21, 1971 event. 
The synthetic t races were calculated for a s ingle source; however note that t he 
observed traces a re complex, probably indicating a double source. 
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September 16, 1971 
(220°,78°,-90°) d = 115 km * 
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Figure A5: Observed (upper) and calculated seismograms for the September 16, 1971 
earthquake . 
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June 11, 1971 
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January 8, 1972 
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d = 60 km * 60 s 

Figure A6: ? -waveforms for the events of June 11, 1971 and on Jan uary 8 , 1972. 
The focal parameters are ind icated on the figure for each event . 



- 279-

January 28, 1972 
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Figure A7: O bserved P-wave seismograms (upper trace) and synthetic seismogram 
for the January 28, 1972 earthquake. 
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June 9, 1973 

d = 70 km * 

Figure A8: P-waveforms of the June 9, 1973 event. Upper traces are data and lower 
traces are synthetic waveforms determ ined with the fault parameters shown. 
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October 9, 1974 
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Figure A9: Seismograms of the October 9, 1974 earthquake. The synthetic traces 
(lower) fit only the first part of the observations. Although this event is complex, it 
probably has two or more sources with similar focal mechanism, as suggested by 
inspection of the CTA record. 
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March 18, 1975 

d = 75 km * 
October 17, 1975 
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Figure AlO: Observed (upper) and synthetic seismograms for the events of :\larch 
18, 1975 and October 17, 1975. 
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November I, 1975 
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December 25, 1975 
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Figure All: P-wave data (upper traces) and synthetic seiSmograms for the 
November 1, 1975 and December 25, 1975 earthquakes . 
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June 3, 1976 
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Figure A12: Observed and synthetic (lower) traces for the June 3, 1976 event. T he 
focal parameters used in calculating the synthetics are indicated on the figure . 


