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DOUBLE SEISMIC ZONES: A FIRST ORDER FEATURE OF PLATE TECTONICS

Hitoshi Kawakatsu, Ph.D.
Stanford University, 1985

In this thesis, I study the seismicity of subducting slabs above 200 km depth in detail to

investigate the origin of double seismic zones and stresses in the subducting lithosphere.

The regional and temporal variation of seismicity along the northern Honshu arc, Japan, is
first studied using accurate focal depths and focal mechanism types. Out of more than 900
well-located earthquakes selected from the bulletins of the International Seismological Centre, I
determine the types of the focal mechanisms of ~ 210 events using P wave first motion data
reported from local stations. The main conclusions are: (1} the zone of large interplate thrust
earthquakes extends deeper (down to ~ 60 km) than those of other subduction zones (~ 40 km);
(2) in some areas, double seismic zones extend seaward beyond the so-called ‘aseismic front’ and
the overlap of the double seismic zone and interplate thrust zone creates a ‘triple seismic zone’;

(3) there appears to be a correlation between the state of stress accumulation at the interplate

thrust zone and the activity of earthquakes in the double seismic zone.

The seismicity of the northern Tonga arc, which has been regarded as the prototype of a
compressionally loaded slab, is studied next. A careful examination of major (m, >5.3)
earthquakes reveals a rather unexpected result: the presence of a double seismic zone between
depth of 70km - 200km. This discover& of the Tonga double seismic zone suggests that the
double seismic zone is a more general feature of subducting slabs in the intermediate depth

range than previously thought.

The seismic strain rate estimated from earthquake activity in the intermediate depth
range is of the same order as the strain rate expected from geometrical unbending of subducted
slabs, and much higher than that expected from thermo-elastic strain. Thus thermal stress
cannot be the main cause of the double seismic zone, while unbending of the subducting slab

can. Oceanic lithosphere bends above a depth of ~ 60 km when it subducts into the mantle.



The fact that the subducting lithosphere is almost straight in the mantle below a depth of
~ 200 km indicates that the lithosphere must therefore unbend in a depth range from ~ 60 km L ______ :}
to ~ 200 km to become straight below a depth of ~ 200 km. Plate tectonics, therefore, requires

the unbending of subducting slabs and the presence of double seismic zones at intermediate

depth range of subducting slabs,
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The aim of this thesis is to describe and explain the nature of earthquake activity (so-

called double seismic zone) in the intermediate depth range within the framework of plate

tectonices.

In the theory of plate tectonics, the zone of intermediate depth and deep earthquakes'
(Wadati, 1935; Gutenberg and Richter, 1954; Benioff, 1955) is considered the trace of
subducting oceanic lithosphere. Isacks and Molnar (1969, 1971) investigated the faulting
mechanisms of 204 intermediate depth and deep focus earthquakes globally, and found a
general parallel trend between one of t..he principal stress axes and the dip direction of the
Wadati-Benioff zone. I will refer to orientations of the stress axes in which the P or T axis is
paralle]l to the local dip of the slab as ‘down-dip compression’ or ‘down-dip tension’,

respectively, as used by Isacks and Molnar (1969, 1971).

Figure 1.1 (Isacks and Molnar, 1971) shows the variation of down-dip stress type as a
function of region and depth. They concluded that deep earthquakes (>300 km) were strongly
down-dip compressional, while intermediate-depth earthquakes were more variable. They also
suggested a correlation between the down-dip stress type at intermediate depths and the gross
nature of the distribution of seismicity as a function of depth. These observations led them to
the model shown in Figure 1.2, in which the stress distribution within slabs is determined by the
gravitational force acting on the excess mass within the slabs and the support from the viscous
mantle. They noted the imperfection of this model for intermediate depths, where down-dip
compression and down-dip tension earthquakes sometimes exist in close proximity, but did not

further investigate the possible cause of the model’s imperfection.

The discovery of double-planed seisrﬁicit.y at intermediate depths - i.e, a double seismic
zone - beneath Japan (Tsumura, 1873; Umino aﬁd Hasegawa, 1975; Hasegawa et al., 1978a,b)
based on the data from local seismograph networks brought a new view to the problem. The
two planes of this double seismic zone are separated by about 40 km at the shallow end (a depth
of ~ 80 km), and gradually merge at depth (~ 180 km) (Figure 1.3a). The focal mechanisms of
the upper and lower planes are characterized by down-dip compression and down-dip tension,
respectively {Figure 1.3b). Hasegawa et al. (1978b) showed that the upper plane appeared to

coincide with the upper boundary of the slab by measuring the difference between the arrival

11 will eall this 2 ‘Wadati-Benioff zone' in this thesis. Although this is not an attractive naming, it certainly should not
be called a ‘Beniofl’ zone, as is often done (for the argument, see Le Pichon et al., 1076 or Ustu, 1977).

O
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Figure 1.1. Global summary of the distribution of down-dip stresses in Wadati-Benioff zone
(after Isacks and Molnar, 1971). Open circles and closed circles represent earthquakes with
down-dip compressional and down-dip tensional axes, respectively. Crosses are the events
which have neither axis in the down-dip direction. For each region, the solid line represents the
seismic zone in a vertical section aligned perpendicular to the strike of the zone.
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Figure 1.2. A model (proposed by Isacks and Molnar, 1969, 1971) showing plausible distributions
of stresses within slabs where gravitational forces act on excess mass within the slabs. The
symbols are the same as in Figure 1.1. The size of the circle qualitatively indicates the relative
amount of seismic activity. In (a) the slab sinks into the asthenosphere, and the load of excess
mass is mainly supported by forces applied to the slab above the sinking portion; in (b) the slab
penetrates into stronger material, and part of the load is supported from below, part from
above; the stress changes from extension to compression as a function of depth. In (c) the entire
load is supported from below, and the slab is under compression throughout. In (d) a piece has
broken off. (Figure after Isacks and Molnar, 1969 and caption after Isacks and Molnar, 1971)
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Figure 1.3. (a) Double seismic zone beneath the northern Honshu arc, Japan (after Hasegawa et
al., 1978a). The precise determination of the microearthquake hypocenters using data from the
seismic network of Tohoku University revealed a clear separation of two seismic zones. The
figure is vertically exaggerated by a 2:1 ratio. (b) Composite lower hemisphere focal
mechanisms from the Tohoku Microearthquake Network at 10 km intervals for the upper and
lower planes of the double seismic zone. Numbers denote the percentage of inconsistent first
motions for the best solution. The dashed curve shows the dip of the subducting slab. The
black areas denote the range of solutions possible for the P-axis if five more stations are allowed
to be inconsistent additional to the best solution; white regions represent the same for the T-
axis. (Figure after Hasegawa and Umino, 1978 and caption after Fujita and Kanamori, 1981)
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times of precursors of the S¢S phase (ScSp ) and SeS itsell.

This discovery, combined with the earlier suggestions of the presence of a two-layered
seismic zone in the Kuriles (Sykes, 1966; Veith, 1974}, led to speculation that double seismic
zones are a general feature of Wadati-Benioff zones worldwide (Engdahl and Scholz, 1977).
Many attempts have been made to search for double seismic zones in other subduetion zones -

some have been successful and some have not.

Based on the results of previous workers, and compiling a large number (about. 2.5 times
the amount available to Isacks and Molnar, 1971) of focal mechanism solutions for intermediate
depth earthquakes, Fujita and Kanamori (1981) suggested that double seismic zones were not a
feature common to all subduction zones. They compared the stress state of the slabs at
intermediate depths with the arc-normal convergence rate and the age of subducting.lithosphere
(Figure 1.4). In their model, slow convergence rate and old age both make the stress state
relatively tensional compared to some equilibrium state, while a fast rate and young age make it
compressional. Noting that most double seismic zones had been observed only in subduction
zones with fast convergence rate and old lithosphere, they concluded that double seismic zones

existed only in slabs which were not dominated by tensile or compressive stresses.

Double seismic zones have been observed beneath Tohoku, Japan (e.g., Umino and
Hasegawa, 1975; Hasegawa et al., 1978a,b; Yoshii, 1979a), Hokkaido, Japan (Suzuki et al., 1983),
Kurile-Kamchatka (Veith, 1974; Stauder and Mualchin, 1976), eastern Aleutians {Reyners and
Coles, 1982; House and Jacob, 1983) and Peru {Isacks and Barazangi, 1977). Suggestions of
double seismic zones beneath the central Aleutians (Engdahl and Scholz, 1977) and Marianas

(Samowitz and Forsyth, 1981) are rather questionable (Topper, 1978; Engdahl and Fujita, 1981).

Previous global surveys of double seismic zones suyfer from the fact that the quality of
data different subduction zones varies too much to compare seismicity on the same basis. Fujita
and Kanamori (1981) made an attempt to do this by using only teleseismic data, but sampling
earthquakes for only -~ 20 years is not long enough to draw plausible conclusions concerning

where double seismic zones exist and where they do not.

The cause of the double seismic zones has also been discussed by many researchers but no
consensus has been reached as yet. Proposed mechanisms are: stresses associated with phase
changes (Veith, 1874), unbending of the slabs (Engdahl and Scholz, 1977; Jsacks and Barazangi,
1977; Tsukahara, 1977, 1980; Samowitz and Forsyth, 1981}, sagging of the plate (Yoshii, 1977;
Sleep, 1979), and thermo-elastic stresses (Goto and Hamaguchi, 1978, 1980; House and Jacob,
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1982).

Our understanding of the nature of seismicity of the subducting slabs at intermediate
depths has progressed significantly since the advent of the theory of plate tectonics. However,
there still exist problems to be solved regarding the nature of double seismic zones. In this
thesis, I will attempt to solve these problems from both observational and theoretical
considerations. My view of the subduction process here is essentially two dimensional and there
are many problems that cannot be treated as two dimensional. Nevertheless, if a simple view
can explain certain properties, it should be applied first. As I will show, double seismic zones
are actually simple manifestations of this two dimensional deformation. The goal of this thesis
is to demonstrate that the existence of double seismic zones is a logical and straightforward

consequence of the theory of plate tectonics.

Chapter 2 discusses a new aspect of a double seismic zone - the spatial and temporal
variation of its activity. The double seismic zone beneath the northern Honshu arc, Japan is
studied extensively. It will be suggested that some causal relations exist between the behavior
of the double seismic zone and the accumulated stress state at the thrust zone where large

earthquakes occur.

Chapter 3 presents the discovery of a double seismic zone beneath the Tonga arc, which
had previously been thought of as the prototype of a compressionally loaded slab. The
presence of a double seismic zone beneath the Tonga arc implies that a double seismic zone js a

persistent and general feature of all subducting slabs at the intermediate depths.

Chapter 4 discusses the origin of double seismic zones. Estimating the strain release rate
from earthquakes and the geometrical unbending strain rate of subducting slabs, I will suggest
that the unbending of subducting oceanic lithosphere at intermediate depths is the cause of
double seismic zones. By modeling the double seismic zone beneath Tohoku, Japan, I will also
show that the currently available flow law of ‘dry’ olivine does not properly describe the double
seismic zone. It will be suggested that some weakening mechanism is required, if the rheology

of ‘dry’ olivine determines the thickness of a double seismic zone.

In Chapter 5, based on observational and theoretical considerations, I will speculate on
where double seismic zones may exist. I will suggest that if better data become available,
double seismic zones should be seen in most subduction zones where deformation is taking place

in a two dimensional manner.

O
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CHAPTER I

TRIPLE SEISMIC ZONE ALONG THE JAPAN TRENCH
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Introduction

The discovery of the double seismic zone beneath trench-island arc systems, revealed by
detailed analyses of seismicity (Tsumura, 1973; Veith, 1974; Umino and Hasegawa, 1975;
Hasegawa et al., 1978a,b) has become a new aspect of our understanding of the subduction
processes (Engdahl and Scholz, 1977; Isacks and Barazangi, 1977; Goto and Hamaguchi, 1978;
Sleep, 1979; Yoshii, 1979a; Fujita and Kanamori, 1981; House and Jacob, 1982). Similarly, a
detailed analysis of the spatial and temporal distribution of earthquakes with focal mechanism
solutions and accurate hypocentral locations has the potential to contribute to our
understanding of subduction processes (e.g., the stress state in the slab, rheologic‘al properties of

the upper mantle at the subduction zone, the occurrence of large earthquakes, etc.).

Most work on the double seismic zone considered intermediate or deep events (>70 km).
The results of these studies have helped in understanding the stress state within descending
slabs and the rheological properties of the upper mantle around and within the slabs. They do
not, however, properly reveal the nature of the seismic coupling at the interface between the
two converging plates and its effect on the seismic activity and the stress state within the slabs,
Difficulties arise because for. shallower offshore earthquakes, hypocentral locations (especially
focal depths) are scattered and unreliable even for the data of local networks, and focal
mecha.nism solutions are available only for major (m, >5.5) earthquakes. In this chapter, the
main topic is the seismic activity at the uppermost part of the double seismic zone and at the
deeper (40-60 km)! part of the interface of two converging plates. A causal relation between
these activities will be suggested. Through this, information on the seismic coupling at the
plate interface and the forces which act on the slab at the uppermost edge of the Wadati-Benioff

zone is obtained.

Seno and Pongsawat (1981) made a detailed cross section of the seismicity and determined
focal mechanisms for events prior to the occurrence of, and in the vicinity of, the Mivagi-Oki
M, ==7.5 earthquake of 1978, northern Honshu, Japan. They studied the occurrence of moderate
size earthquakes near the interface between the two converging plates (30-150 km depth) to
determine the pattern of seismicity which might -be related to the occurrence of the large

earthquake. They used earthquakes with focal depths determined from depth phases and

VThe reader is cautioned that throughout this chapter, ‘deeper’ refers to the 40-60 km depth range, while elsewhere in
this thesis ‘deep’ events are >>300 km. Similarly, in this chapter, ‘deep thrust zone’ refers to interplate thrust events in
the 40-60 km depth range,

Q)
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decided the types of focal mechanism by using a method which allows a larger number of
earthquakes with my >4.0 to be analyzed. They found a triple-planed structure of seismicity
which will be called a triple seismic zone, at the seaward edge of the double seismic zone,
where the double seismic zone extends seaward beyond the aseismic front and overlaps with the
zone of low-angle thrust type earthquakes at the interface of two converging plates. They
related this to the stress concentration around the focal region of the Miyagi-Oki earthquake

prior to its occurrence,

In this chapter, I extend: their work in space to distinguish the regional and temporal
variation of seismicity along the subduction zone of the northern Honshu are, Japan. The
subduction zone is divided into four regions based on the pattern of occurrence of historical
great and large earthquakes. The differences in the seismicity of each region will be illustrated in
terms of the pattern of occurrence of both large and intermediate size earthquakes. It will be
proposeéi to separate the zone of low-angle thrust earthqiakes at the plate interface into two
parts: the shallow thrust zone (0-40 km), where great earthquakes (M, ~8.0) occur, and the deep
thrust zone (40-60 km), where large earthquakes (M, ~7.4) occur. The regional variation of
seismic activity at the seaward edge of the double seismic zone is discussed with regard to its
relation to the coupiing at the deep thrust zone. Another triple seismic zone is found in the
region ofishore of Fukushima prefecture immediately to the south of the region where Seno and
Pongsawat (1981) found the triple seismic zone. The possibility of a future large earthquake in
this region will be discussed on the basis of the seismic coupling at the deep thrust zone and

historical seismicity data.

Historical Seismicity

Historical and recent seismicity along the Japan trench represents typical subduction
seismicity. Although it is typical, there is a great variety of modes of seismicity. Historieally,
great (M, >7.8) or large (M, >7.4) earthquakes have recurred, but occurrence of these events
has never been uniform over the entire length of the arc. In this section, the historical
seismicity for great and large earthquakes is summarized. Characteristics of the historical
seismicity data will be related to the seismicity and focal mechanisms during the past few

decades along the Japan trench in a later section.
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From the local intensity distribution and many other sources of information including the
reports from the seismological bulletins of the Central Meteorological Observatory (formerly
Japan Meteorological Agency, JMA), Utsu (1979b, 1982) recompiled the epicentx;a.l location and
magnitude of all earthquakes, M >6 (in the rest of the chapter M denotes a magnitude
determined with respect to JMA magnitude scale), which occurred around Japan from 1885 to
1925. Combining his data with other earthquake catalogues (JMA, 1SS, ISC, PDE, Gutenberg
and Richter, 1954; Geller and Kanamori, 1977; Abe, 1981) yields a very good record of
seismicity of large earthquakes around Japan for about the last 100 years (1885-1980). Figure
2.1 shows the seismicity of large (M, >7.4) earthquakes along the Japan trench during this
period, and they are also listed in Table 2.1. The closed areas represent the focal regions of
large earthquakes. From the pattern of occurrence of these earthquakes, the subduction zone
along the Japan trench is divided into four sections, A, B, C, and D, as seen in Figure 2.1.
Because the subduction of the Philippine Sea plate along the Sagami Trough (Figure 2.1) makes
seismicity complex at the southernmost part of the arc, the region south of region D is not
included in this study. For similar reasons, the region north of region A, where the Kuril arc

meets the northern Honshu are, is not included in this study.

Region A

The 1968 M, =8.1 Tokachi-Oki earthquake, which is a great thrust type event (Kanamori,
1971a) occurred offshore of Aomori prefecture in this region. The rupture zone is shown in
Figure 2.1 as the enclosed area ‘a’ {the 2-day aftershock area based on preliminary
determination of epicenter (PDE) data). Studies of historical earthquakes (Utsu, 1974; Usami,
1975; Hatori, 1975) show that similar events have occurred in this zone very regularly since
1677: 1677, 1763, 1853, and 1968. Thus great earthquakes have been occurring in this zone
every ~ 80-100 years. In zone ‘a’ ’, immediately landward of zone ‘a’, relatively smaller but
still large (M, ~7.4) events occur often , e.g., in 1901 and 1945. Zone ‘a' is the rupture area

of the 1901, M =7.4, earthquake determined from tsunami data (Hatori, 1975).
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Figure 2.1. Summary of large offshore earthquakes along the Japan trench (1885-1980). The
subduction zone is divided into four segments from the occurrence of these events. Enclosed
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TABLE 2.1.  Large Earthquakes (1885-1880)

Magnitude
Latitude, Longitude,
Year °N °E Region M; M,
1896 36.5 141. D 6.6 - 7.4°
1896 39.5 144, B 6.8 8.6}
1897 38.1 141.9 C 7.4 -
1897 38.3 143.3 C 7.7° -
1901 40.6 142.3 A 74 -
1905 37.4 141.8¢ D 7.0 7.8
1915 38.3 142.9 C 7.5 7.6
1931 41.2 142.5 A 7.6 7.7
1933 39.2 144.5¢ B 8.1 8.5
1936 38.15 142.13 C 7.5 7.2
1938 36.58 141.34° D 7.0 7.6
1938 36.97 141.71°¢ D 7.5 7.7
1938 37.24 141.75¢ D 7.3 7.7
1938 37.33 142.18¢ D 7.4 7.6
1938 36.91 142.19¢ D 6.9 7.0
1945 41.00 142.07 A 7.1 7.1
1960 39.9 143.2 B 7.2 7.7
1968 40.9 143.4 A 7.9 8.1
1968 415 142.8 A 7.5 7.7
1978 38.15 142.22/ C 74 7.5

Epicentral locations are obtained from Utsu (1979b), JMA, ISS, and ISC for the periods 1885-
1925, 1926-1954, 1954-1963, and 1964-1980, respectively. M; represents JMA magnitude; for the
events before 1925, they are obtained from Utsu (1979b). M, denotes surface wave magnitude of
Abe (1981).

* Utsu (1980).

® Tsunami magnitude (M, ) (Abe, 1979).

¢ Utsu (1982).

“Kanamori (1971b).

* Abe and Tsuji (1976).

/ Seno et al. (1980).
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Region B

The tsunami generated by the 1896, M, =8.6 (tsunami magnitude, Abe, 1979), earthquake
caused a great disaster along the coast. This event is a low-frequency tsunami earthquake; the
magnitude determined from intensity distribution is only about 6.8 (Utsu, 1979b), although this
event has a seismic moment comparable to that of great earthquakes (Kanaﬁlori, 1972). The
1933 M, =8.5 Sanriku earthquake, which may have broken the entire lithosphere by normal
faulting (Kanamori, 1971b), occurred on the seaward edge of this region (zone ‘b’). In 1960 a
large earthquake (M, =7.7) occurred west of the previous two great events, The aftershock area
(zone ‘b' ') overlaps with the rupture zone of the 1968 earthquake. Utsu (1974) suggested that
there had been a possible overestimation of magnitude for the 1960 event. Both the size of the
rupturé area and the size of the generated tsunami show that this event is smaller than the two
Breat earthquakes which occurred in the adjacent regions: 1968 in region A and 1897 in region

. C. Two historical tsunamigenic earthquakes (869 and 1611) have been located in zone ‘b’ (Utsu,
1974; Usami, 1975; Hatori, 1975); however, the nature of faulting and precise locations are not

well known.

Therefore, region B is anomalous in the activity of great or large earthquakes; although
the 1896 earthquake may have been a thrust event, this region lacks typical great thrust type
_earthquakes for at least the past 200 years. The occurrence of the great normal fault type event
and the tsunami event suggests that the plate interface in region B is not coupled strongly. This

is also supported by the activity of smaller magnitude events, as will be shown later,

Region C

Zone ‘c’ is the rupture area of the 1897 M —7.7 earthquake determined from tsunami data
(Hatori, 1975; Aida, 1977). Historical data suggest that a similar event occurred in 1793 (Hatori,
1975; Aida, 1977; Seno, 1978). From tsunami analysis, Aida (1977) estimated the minimum
seismic moments of these two earthquakes to be 5.6x10% and 6.3 10% dyne-cm, respectivé]y,
corresponding to a magnitude M, (Kanamori, 1977} of 7.8. Zone ‘¢’ is known as a seismic gap
and considered as a possible site of a near-future great earthquake (Seno, 1979; Utsu, 1979a).
Smaller events often occur landward of this zone. In particular, the rupture zone of the 1978

Miyagi-Oki earthquake (zone ‘c’' *), which represents thrust faulting at the relatively deeper
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(30-60 km) interface of the two plates (Seno et al., 1980), has experienced large earthquakes
(M, ~7.4) about every 40 years at least since 1835: 1835, 1897, 1936, and 1978. Thus, the
activity for great and large earthquakes in this region is similar to that in region A; great
earthquakes recur in far offshore, and landward of this area large earthquakes occur more

frequently.

Region D

A series of five large earthquakes occurred in 1938; M, ranges from 7.0 to 7.7. Three of
these are of thrust type and two are of normal fault type (Abe, 1977). The rupture zone of this
series of earthquakes (Abe, 1977), which is indicated by ‘d’ in Figure 1, is located more landward
than those of great thrust type events in regions A and C. The 1905 M, =7.8 event is located in
the rupture zone of the 1938 events by Utsu (1979b). This event and the 1896 M, =74 event
have characteristics of low-frequency earthquakes (Utsu, 1980) because magnitudes determined
from the data recorded in Japan are much smaller than those determined at the teleseismic
stations (Utsu, 1979b). No historical earthquake is known to have occurred in the farther

offshore area in this region.

Deep and Shallow Thrust Zones

As mentioned earlier, the pattern of occurrence of great and large earthquakes changes
from region to region. Although it should be noted that the interpretation of the data
(especially the rupture zone) for historical earthquakes is biased by the data of recent large
events for which many pieces of information are available, the regional variation of seismicity of
large events along the northern Honshu arc can be summarized as follows: (1) decrease of great
earthquake activity from north to south, (2) the rupture zones of great earthquakes (M, ~8.0)
are located on the offshore landward side of the trench {the zones ‘a’ and ‘e’), (3) frequent
occurrence of large events (M, ~7.4) near the coast (the zones ‘a' ’, ‘¢’ ’ and ‘d’), and (4)
absence of great thrust type earthquakes and occurrence of a great normal fault earthquake and

a great tsunami earthquake in region B.

Based on the above observations, it is proposed here to divide the zone of thrust type

earthquakes into two parts: the shallow thrust zone where great (M, ~8.0) earthquakes occur,
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and the deep thrust zone, which is located more landward and where large (M, ~7.4)
earthquakes occur. The cross section of seismicity of recent moderate size earthquakes, shown in

a later section, defines the depth range of these two zones as 0-40 km and 40-60 km,

respectively.

It will be shown next that the pattern of occurrence of recent smaller size earthquakes
also changes fx;om region to region, reflecting the above-mentioned regionaliva.ria.tion of the
pattern of occurrence of great and large earthquakes. The nature of the shallow and deep thrust
zones and the double seismic zone will be discussed in detail in & later section in conjunction

with the recent seismicity and mechanism type.

Method of Analysis

Data

The earthquakes are selected from the International Seismology Centre (ISC) bulletins for
the period of 1964-June, 1978, and satisfy the following conditions: (1) events have focal depths
which are determined by the pP phase, and (2) events have not less than 20 P wave arrival time

observations.

For the events deeper than 50 km, those whose depths have a standard error of not more
than 5.0 km are also included. For the period 1964-1975, data are selected from Yoshii’s file,
EQ1, which includes events with the above conditions (Yoshii, 1979b). For the period 1976-
June, 1978, events are listed from the ISC bulletins. For region C the results of Seno and
Pongsawat (1981) and T. Seno {unpublished manuscript, 1982) are incorporated; thus the time
period treated is terminated at the occurrence of the June 12, 1978, Miyagi-Oki earthquake, as
in their study. It should be noted that region C of this study is not exactly identical with the
region they studied. With the above procedure there are more than 600 earthquakes with

minimum magnitude m;, ~4.0.

For submarine earthquakes, the depth determined from the pP phase by ISC is corrected
by taking account of the effect of the ocean water layer after Yoshii {1979a). This is because the
pwP phase (water reflection) is very likely to be misidentified as the pP phase (Fujita et al.,

1981) for these shallow submarine earthquakes. This will be discussed in more detail in a later
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section.

Focal Mechanism

Focal mechanisms of earthquakes which occurred in region D and are largg enough
(my >>5.4), are determined by the conventional method: the initial motions of P wave and
polarization angles of the initial hall cycles of 8 waves are read from film chips of the long-
period records at World-Wide Standard Seismographic Network (WWSSN) stations. When the
long-period data are insufficient, first motions of short-period P waves are used as a supplement.
P wave data recorded at the JMA stations and reported in the ISC bulletins are added to the
WWSSN data. The earthquakes for which new nodal plane solutions are determined are
summarized in Table 2.2, and their focal mechanisms are shown in Appendix B'. In this table,
mechanisms which were already determined from long-period data by previous workers are also

included.

In other regions, focal mechanisms for major events are compiled from previous studies
(Yoshii, 19792, b; Kanamori, 1971a; Sasatani, 1971; Stauder and Mualchin, 1976; Seno and
Pongsawat, 1981). Some of these were revised by Seno and Kroeger (1983) using body wave
synthetics, and their results are used for those events. Some of the focal mechanism solutions
obtained by Nakajima (1974) are used in regions A and B, although they were obtained from

short-period first motion data.,

The earthquakes {m, <5.5) for which it is not possible to produce reliable nodal plane

solutions from long-period data are classified according to the type of faulting, using the
following method of Seno and Pongsawat {1981). Assuming that there exist only three types of
faulting: low-angle thrusting, down-dip compression, and down-dip tension, the events are
classified into one of the above three types which is consistent with the P wave first motion data
reported in the ISC bulletins. P wave first motion data are taken from JMA stations with
epicentral distance less than 450 km, for which large amplitudes of first motions are expected.
Although the first motion data in the ISC bulletins are often found to be inconsistent for
teleseismic stations, they are reliable and consistent for local stations (see Figure 2.2). Figure

2.3 shows examples of the classification of focal mechanism types (see also Figure 5 of Seno and

Tin this thesis, an equal-area projection is always used to represent the focal spheres.
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D
May 25 1970 Feb. 11 1972

Apr. 23 1974

Jan, 20 1978

Nov. 26 1970

Figure 2.3. Examples of the classification of focal mechan
events classified into down-dip compression, down-

A, B, and E, see Table 3. Possible focal mechanis
at the bottom right.

ism types. C, T, and D denote the
dip tension, and thrust types, respectively. For
m diagrams of the above three types are shown
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Pongsawat, 1981). For this analysis only those events which are located more than 140 km
landward of the trench axis are used. This is because the hypocentral locations of the events
distant from the coast are less reliable, and this could cause a serious error in the computation
of the take-off angles. It is also difficult to determine the type of the mechanism for these
shallower earthquakes since most of the rays travel horizontally westward and they cover only
the edge of 2 focal sphere plot. The take-off angles are computed by assuming a sj)herically
symmetric, layered earth model with crustal structure obtained by seismic refraction studies
(Yoshii, 1979a; Asano et al., 1979). The possible errors in depth determination are taken into
account in the computation of the take-off angles. The focal mechanism types are determined

for 184 earthquakes in all.

For the earthquakes which cannot be classified definitely into one of the above three types,
a further weak classification is provided. Those events whose data are consistent with two of the
three types are classified into another category (see Table 2.3 and Figure 2.3). Although the
above procedure reduces the minimum magnitude of event that can be analyzed down to about

my ~4.0, there still are earthquakes which cannot be classified into any of the above groups.

Results

The results of the analysis are shown in Figures 2.4-2.7. The symbols ‘D’, ‘C?, and “T*
represent thrust type, down-dip compression and down-dip tension type events, respectively.
The larger symbols correspond to those events of which the nodal plane solutions are obtained
from long-period records. Symbols, ‘A’, ‘B’, and ‘E’ are summarized in Table 2.3. The cross

marks indicate the earthquakes which could not be classified into any group.

Map Views

Map views of the entire result and of each type of event are shown in Figures 2.4 and 2.5,
respectively. The landward edge of thrust type events, i.e., ‘D’ type events (Figure 2.5a), is
parallel to the trench axis and almost identical to the ‘aseismic front,” proposed by Yoshii
(1975). Yoshii (1975) proposed that the thrust type events did mot occur landward of the

aseismic front. Thus the results support this. Further, it is noted that the edge of ‘D’ type
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TABLE 2.3. Summary of Symbols.

Symbol Mechanism

low-angle thrust
down-dip compression
down-dip tension
DorC

CorT

TorD

HWe-—HOU
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1864 - June, 1878

el ] 1
138 140 142

|
144
Figure 2.4. Map view of the well-located earthquakes with focal mechanism types. Symbols

are summarized in Table 2.3. The larger symbols correspond to those events for which the
nodal plane solutions are obtained from long-period records.
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Figure 2.6. Cross sections of each region. Double seismic zones are seen in each region. The
seismicity just beneath the deep thrust zones in regions C and D are much more active than in
the other regions. The gap in region B is clearly seen in Figure 2.6b.
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Figure 2.7. Cross sections of the events which are classified into type ‘D, ‘C, or “T’. Triple
seismic zones are seen in the regions C and D. Note the lack of ‘C’ type event below 80 km in
region C,
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events is indented seaward in region B, where no large earthquake is known in historical time
(Figure 2.1). Type ‘A’ (‘D’ or ‘C’ type} events also show the same feature (Figure 2.5b) and this
suggests that most type ‘A’ events are actually of thrust type. The map view of compression
(‘C’) type events (Figure 2.5¢) also shows a variation of activity; they extend seaward of the
aseismic front in regions C and D. It should be also noted that the activity beneath the land
area of region C is very low. It is not proper to draw a strong conclusion from the map view of
tension (“I”) type events because the level of activity of this type of event is not as high as
other types of events; however, it seems worthwhile to note that a number of events occurred in
the offshore area well beyond the aseismic front {see Figure 2.5a for the location). Although
Yoshii (197 Qa) proposed that the aseismic front marks the edge of the double seismic zone along

the northern Honshu arc, Figure 2.5 shows clearly this is not true.

Cross Sections

To draw the cross sections, the center of the small circle of the Japan trench was located
at (40.15°N, 111.00°E), as determined by a least squares fit to the trench axis between 41°N
and 36°N. Figure 2.8 shows a cross section of seismicity and mechanism type in each region. In
Figure 2.7, only those earthquakes which could be classified into one of the three main types are

plotted.,

In region A, the overall seismicity level is very high, with a slight indication of the double
seismic zone deeper than 60 km (Figure 2.6a). ‘D’ type events are distributed from the shallow
zone near the trench to the 60 km depth. Although there is some seismicity immediately below
the deep thrust zome, it is much less active than that seen in regions C and D. Most. events
belonging to this activity did not provide- the information on the type of mechanism. It should
be noted that region A and the northern part of region B have experienced the great 1068
Tokachi-Oki earthquake, which is the only great earthquake within the time period of this
study. Therefore many shallow events should be considered the aftershocks of that event.
However, the plot without those aftershocks does mot basically change the pattern seen in

Figures 2.6a and 2.7a.

Region B shows an interesting feature: the presence of a seismic gap at the deep thrust
zone while activity in the shallow thrust zone is rather high. The same feature can also be

noticed in the map views of ‘D’ and ‘A’ type events (Figures 2.5a and 2.5b). The double seismic
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zone can be seen here as in other regions; however, it does not extend seaward beneath the deep
thrust zone. Both the seismicity at the deep thrust zone and immediately beneath the zone are

very low in this region. The nature of this gap will be discussed in detail later.

In region C, the double seismic zone which is characterized by ‘C’ and ‘T’ type events,
extends immediately beneath the deep thrust zone and forms a triple seismic zone (Figures 2.6¢
and 2.7¢). The 1978 M, =7.5 Miyagi-Oki earthquake occurred in the deep thrust zoné of region
C. The time period treated in this study is just until the cceurrence of this large event. Seno
and Pongsawat (1981) suggested that the triple seismic zone was one of the precursory
phenomena. The activity in the shallow thrust zone is low, which may reflect the gap in the
activity prior to a great earthquake in this region; the region has been monitored as one of the
possible areas of near-future occurrences of great earthquakes (Seno, 1979; Utsu, 1979a). The
other prominent feature is the lesser activity in the deeper part (>100 km) of the double seismic

zone in region C compared with that of other regions (Figures 2.5¢, 2.6¢, and 2.7¢).

Region D is characterized by the presence of a triple seismic zone and less activity in the
shallow thrust zone. It should be noted that the high density of distribution of the earthquakes
in the cross section (Figure 2.6d) is primarily because the width of this zone is about twice as

large as those of other regions.

Discussion

Depth Phases

It has been noticed that for submarine events, pP phases feported in the ISC bulletins are
often actually pwP phases, the reflection from the ocean surface (Mendiguren, 1971; Yoshii,
18792, b; Hong and Fujita, 1981; Fujita et al,, 1981). Detailed studies of body wave synthetics
with the local structure around the earthquake source {(Seno and Kroeger, 1983; Kroeger and
Geller, 1985) indicate that in many cases the reflection from the ocean surface (pwP phase) can
be as large as that from the ocean bottom (pP phase). Since for shallow events, the arrival of
the pP phase is much closer to the direct P phase and its amplitude is often smaller than that of
the pwP phase, the pwP phases are often misidentified as pP phases in the ISC bulletins.

Yoshii’s (1979a, b) method of depth correction, which is used in this study, therefore, seems to
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be proper. Fujita et al. (1981) showed that correcting the depth using pwP phases reduces the
depth error to less than 10 and 15 km for large and moderate size events, respectively, from the
analysis at the Aleutian trench. It is known that reported hypocentral locations determined by
the standard method have a better resolution along the Japan trench than in the Aleutian
trench (Barazangi and Isacks, 1979), and therefore the depth correction here gives more accurate
focal depths than those which Fujita et al. (1981) reported. Seno and Kroeger (1983)
determined precise focal depths for six moderate size events in the region studied using synthetic
seismograms. For five of them, the corrected pP-P depth was in agreement with the depth

determined by the synthetics within 4 km.

Triple Seismic Zone

The triple seismic zone is defined as the zone where the double seismic zone extends

seaward of the aseismic front and overlaps with the zone of thrust type events at the interface

of two converging plates‘ (Seno and Pongsawat, 19@1). As shown in the last section, triple
seismic zones were found in both regions C and D. The upper zone of the double seismic zone is
characterized by down-dip compression type (‘C’ type) events and the lower zone by the down-
dip tension type (“T” type) events. There is a separation of about 10 km between the thrust zone
and l‘O’ type events in Figures 2.7c and 2.7d. However, there is a possibility that the separation
between the thrust zone and the zone of down-dip compression type events is caused by the
inhomogeneity of the selection of earthquakes at a depth of 50 km. As described earlier, the
most earthquakes used are those whose depths are determined from pP-P time difference with
water depth corrections. These depths are often shallower than those determined routinely. For
the events deeper than 50 km, the evenﬁs determined routinely and having a small standard
error in depth are included. However, if the accuracy is not good enough, this variation of focal
depth determination could cause an artificial separation of one zome. Figure 3 of Seno and
Pongsawat (1981) suggests this possibility because this figure demonstrates that the depths of
the events at the deep thrust zone are mostly determined by depth phases while, in contrast,

those of down-dip compression type events are mostly from routine determination.

In order to examine whether the apparent separation of the deep thrust zcne and the ‘¢’
type zone is true, the events in region D which compose the triple seismic zone are relocated by
using a master event relocation technique. Six earthquakes which are relatively farge (ms >5.4)

and are expected to be better located are selected as the master events. Each event is relocated
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relative to the closest of the six master events. This is because relative relocation methods such
as the master event technique or the joint hypocenter determination technique seem to work
properly for only events which have nearly equal distances from the center of the arc at
subduction zones (Fujita et al., 1981). Figure 2.8 shows the result in a cross section. Large
symbols denote the earthquakes chosen as master events and medium size symbols represent
those relocated. The down-dip compression type events are still located about 10 lml1 beneath
the thrust type events. Although this does not completely eliminate the possibility of depth
bias, within the resolution of the data this result should be considered as strong evidence against

such a bias.

Figure 2.9 is the cross section of all the events which are classified into one of the three
main types. This clearly shows the presence of the double seismic zone and the triple seismic

zone at the seaward edge of the double seismic zone.

Seno and Pongsawat (1981) speculated that the triple seismic zone was caused by a stress
disturbance within the slab beneath the deep thrust zonme prior to the occurrence of a large
thrust event. Because the stress distribution within the slab is more or less continuous, the
similar stress pattern which can be seen in the double seismic zone should continue seaward of
the double seismic zone. However, because the stress there is less than the critical stress required
for triggering earthquakes, seaward continuation of the double seismic zone is not seen. At the
plate interface of the deep thrust zone where large earthquakes recur, coupling between the
plates at the rupture zone would produce a gradual stress buildup there which would approach
the strength of the zone just prior to the oceurrence of the large event. This stress buildup
would also load the slab near the rupture zone and disturb the preexisting stress pattern, which
could result in earthquakes within the slab fa.rl;her seaward of the double seismic zone and

beneath the deep thrust zone, resulting in a triple seismic zone.

In region B, neither activity at, the deep thrust zone nor a double seismic zone beneath the
deep thrust zone is seen. Historical seismicity data show that no large earthquakes are known
near the coast in this region for at least the past 200 years (Usami, 1975). This shows a distinct
contrast with the regions north and south of this zone where at least two large events occurred
near the coast in this century in each region (Figure 2.1). Thus, it is proposed that the deep
thrust zone in region B is totally aseiémic and the decoupling at the deep thrust zone, i.e., no
extra stress buildup, results in no extension of the double seismic zone beneath it. It is

interesting to note that the shallow thrust zone in region B also shows an aseismic character.

O

O
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Here at the trench, a great normal fault, the 1933 M, =8.5 Sanriku earthquake, occurred and a
large tsunami earthquake occurred farther landward in 1896. No typical great thrust type

earthquake has been known to oceur at the shallow thrust zone in this region.

An alternative explanation for the triple seismic zone seen in regions C and D is that the
unbending of the subducting lithosphere, which will be shown to be the cause of the double
seismic zone in Chapter 4, starts at a shallower depth there than in the other regions. In this
case the triple seismic zone is not a temporary but a permanent feature in these regions. It is,
however, still expected that the earthquake activity in the triple seismic zone is sensitive to the

stress state at the deep thrust zone.

The Possibility of a Large Earthquake in the Near Future

If the above hypothesis that the triple seismic zone is caused by the stress concentration
prior to the occurrence of a large earthquake is correct, the presence of the triple seismic zone in
region D suggests the existence of a stress concentration around the deep thrust zone and a
possible near-future occurrence of a large earthquake in the deep thrust zone of this region. Abe
(1977) stated that there has been no large earthquake in this region for the last 800 Years except
one series of five large earthquakes in 1938, and that a large portion of the relative plate motion
is taken up by aseismic slip. However, this is probably incorreet. Utsu (1979b) located the 1896
M,=7.4 and the 1905 M,=7.8 event in this zone (see Figure 2.1). Both events show
characteristics of low-frequency earthquakes which occurred in the deep thrust zone. The
magnitude determined from the intensity distribution in Japan is much smaller than that from
teleseismic stations, which suggests that these events are low-frequency earthquakes {Utsu,
1980). They did not cause large tsunamis; which suggests that their foei were deep. If historical
large earthquakes in this region have the same character, it is likely that those events were
overlooked in the ancient literature. Therefore this region, especially the deép thrust zone,

should not be considered aseismic.

The possibility of occurrence of a large earthquake near the coast in region D has already
been discussed by Mogi {1979) on the basis of a seismicity gap seen there for the past few
decades. Mogi (1979) pointed out that a £ap in activity for earthquakes whose magnitudes were
greater than 5.6 for the past 30 years could be seen near the coast in the rupture zone of the

large events in 1938, He also noted that the epicenters of large earthquakes tended to migrate to
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the south along the northern Honshu are and argued that there was a possibility of a migration
of large events to the south from the region off Miyagi prefecture which ruptured in 1978.
Katsumata and Yamamoto (1982) also noted seismic potential in the rupture zone of the 1938
events because the seismic activity has been very low in this zone since 1960. Thus the triple
seismic zone seen in this zone may provide another line of evidence for the possibility of

occurrence of a large earthquake in the near future off Fukushima prefecture (region D).

Another possible precursor to the Miyagi-Oki earthquake is the absence of down-dip
compression type events in the deeper ‘part of the double seismic zone (>100 km) in region C
(Figures 2.4, 2.5¢, 2.6¢, and 2.7¢). Strong coupling prior to the large earthquake could sustain
the rest of the slab in the asthenosphere, thus creating a down-dip tensional stress field in the
slab. This could counteract the preexisting down-dip compressional field in the upper plane of

the double seismic zone, which would reduce the number of ‘C* type events.

In region D, successive cross sections cdvering 5-year intervals (Figure 2.10) reveal a
tensional stress feature in the slab during the latest interval (Figure 2,10¢). This is consistent
with the idea of current strong coupling at the deep thrust zone. Reyners and Coles (1982) and
House and Jacob (1983) made a similar argument regarding the eastern Aleutian arc; the former
explained the observed down-dip tension in the upper zone of the double seismic zone as a result
of the coupling at the thrust zone in the Shumagin gap, and the latter explained the
predominance of the T-type events in the eastern half of the eastern Aleutian arc by the seismic
coupling in the thrust zone. Thus the degree of seismic coupling at thrust zones appears to play
an important role in defining the stress field in the subducting slab at intermediate depths (80-
200 km) on a relatively short time scale in contrast to the effects of tectonic features (e.g., age
of the slab, convergence speed, etc.). This suggests the possibility of detecting the current degree
of seismic coupling at the thrust zone by studying the stress pattern in the slab at intermediate
depth. It is also important to include the possible perturbing effects of shallow coupling on
deeper seismicity for studying the relative forces acting on the descending slabs. Since our
knowledge about the state of stress within the slabs is obtained from the source mechanisms of
carthquakes that occurred in the past two decades (e.g., Fujita and Kanamori, 1981), any short

term temporal effects could significantly affect our interpretations.

In region A, the extension of the double seismic zone seaward beyond the aseismic front
cannot be seen clearly. The seismic activity immediately beneath the deep thrust zone is lower

than those of regions C and D. Therefore, although there have not been large earthquakes for



-86-

Reglion D
64-68
a o T T I T T T I T
D
o
i ") i
c EJ c
[ TC T
100 F ¢ ! .
C T
— : -
c
200 i 1 1 l 1 | ! ]
89-73
b o a I T | I T T T
0
- po -
wo Ec ¢
c
100 . 6ty _
[
200 | | ! | | ! | |
74-78
C o T I I I I T I l
Bo™®
TT TTT
100 = c c T.r ; -
c
T T
- c -
200 | [ l | | ] I I
400 300 D0 100 0]

Figure 2.10. Successive cross sections of seismicity in region D in 5-year intervals. (a) 1964-
1968. (b) 1969-1973. (c) 1974-1978. There are fewer compressional events and more tensional
events in the latest interval than the two earlier ones.
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about the last 40 years, there is no evidence of phenomena precursory to a large earthquake in
this region. The possibility of a near-future large earthquake in the deep thrust zone of region

A may be very small.

Deep Thrust Zone

It has been proposed in the chapter to characterize the subduction seismicity along the
northern Honshu are in terms of the shallow and deep thrust zones and the double seismic zone.
Figure 2.11 shows a schematic characterization of this activity. The shallow thrust zone (0-40
km} is where great thrust type earthquakes occur regularly ( 100-year interval). The deep thrust

zone {40-60 km) is characterized by the frequent occurrence of large thrust earthquakes.

The most recent deep thrust earthquake is the June 12, 1878, Miyagi-Oki earthquake.
Seno et al. (1980} gave a depth of 27.8 km for the main-shock, referring to the data of 2 local
network. The focal depth is redetermined by synthesizing long-period P waves, using a
technique developed by Kroeger and Geller (1985), which allows to include the effect of local
crustal structure around the source. Since the rupture process of the main-shock is too
complicated to allow the application of body wave synthetics, the depth of the foreshock which
occurred 8 minutes before the main-shock is determined. The depth of the foreshock was
determined as 35 km. Because the focal depth of the main-shock is a few kilometers deeper than
that of the foreshock and the rupture propagated westward (Seno et al., 1980), the Miyagi-Oki
earthquake must have ruptured the thrust zone deeper than at least 35 km, i.e., the deep thrust
zone. The depth obtained by Engdahl et al. (1979) using short-period depth phases is consistent

with this result.

Although the physical difference between the shallow thrust zone and the deep thrust zone
is not clear, the phase change of basalt/gabbro to eclogite in the crust of the oceanic plate may
be responsible for the change of sliding characteristics at the 40-km depth of the plate interface,
as proposed by Ruff and Kanamori (1981). Although they contended that no large thrust type
earthquake occurred beneath a depth of 40 km, this is clearly not the case for the northern

Honshu arc.
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Conclusions

Regional variation of seismicity along the northern Honshu arc was studied in detail along
with the types of focal mechanism. It is proposed to separate the interface of two converging
plates into the shallow thrust zone (0-40 km) and the deep thrust zone (40-60 km). The regional
variation of the seaward edge of the double seismic zone was found; in some regions, the double
seismic zone constitutes a triple seismic zone with the overlapping deep thrust zone. The
subduction zone was segmented into four regions A, B, C, and D from north to south, and each
region was characterized by different activity in those thrust zones and the double seismic zone.
Triple seismic zones were observed in regions C and D, where large historic earthquakes are
recorded in the deep thrust zone. No triple seismic zone was observed in region A, although
large earthquakes have occurred there historically in the deep thrust zone. In region B, there is a
gap in activity for historic large and recent smaller earthquakes in the deep thrust zone. There
the double seismic zone does not extend beneath the deep thrust zone. It is suggested that this
variation of activity is related to spatial and temporal variation of the degree of the seismic
coupling at the deep thrust zone. In regions C and D, the triple seismic zones may be caused by
the stress buildup prior to the occurrence of large interplate earthquakes at the deep thrust
zone. In region C, the large event has already occurred in 1978, and in region D, the occurrence
may be in the near future. In region A, the low activity within the slab beneath the deep thrust
zone may indicate the low level of the stress buildup in this zone. The aseismic character of the
deep thrust zone in region B indicates that the seismic coupling is quite weak in this zone, and
this lis consistent with the lack of activity within the slab beneath the deep thrust zone in this
region.

It is shown that the fine structure of the seismicity at the uppermost part of the Wadati-
Benioff zone provides a key to understanding the seismic coupling at the plate interface,
especially at the deep thrust zone. This may also give us information on the subduction process,

stresses within the slab, and driving forces of plates.

O

)
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New Data

New data (June, 1978 - 1980) have been analyzed since the publication of the paper by
Kawakatsu and Seno (1983) which is substantially equivalent to the above. The result from the

newly analyzed data are summarized below.

Figures 2.12 and 2.13 show the map view and the cross sections of the seismicity in this
two and a half year time period. Since the time interval is very short, nothing conclusive can be
stated. In region A, the shallow thrust zone is relatively quiet, Compared to region C, the
intraplate seismicity in region D is very high. In particular, the T-type (and B-type) event
activity beneath the deep thrust zone is continuously high from the previous time period (Figure
2.10c}. Thus, the high stress built up at the deep thrust zone, which causes this down-dip

extensional stress field, appears to exist.
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Figure 2.12. Map view for the new data.
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Cross sections for the new data.
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Introduction

Because of the large number of deep and intermediate earthquakes, the subduction zone
along the Tonga-Kermadec arc has drawn much attention from seismologists. For example, in
the early days of the development of the theory of plate tectonics, Barazangi, Isacks, Oliver and
their coworkers (e.g., Oliver and Isacks, 1967; Barazangi et al., 1972) used the transmission of
short-period S-waves to delineate the existence of a high velocity and low attenuation zone, and

showed it coincided with the zone of deep and intermediate earthquakes.

The seismicity of this area has been also studied extensively by researchers at Cornell
University. The most recent and complete summary of the seismicity can be found in Billington
(1980). After selecting well-located earthquakes, she concluded that the thickness of the
Wadati-Benioff zone is about 40km. In the intermediate depth range (70-300km), the stress
state inferred from earthquake focal mechanisms indicates strong down-dip compression and
down-dip tension in the Tonga and Kermadec subduction zones, respectively (Isacks and
Molnar, 1971; Billington, 1980, Fujita and Kanamori, 1981). The activity of deep earthquakes
under the Tonga arc is extremely high and the stress state is strongly down-dip compressional.
Richter (1979) and Giardini and Woodhouse (1984) attributed this to the failure of the slab to

penetrate into the lower mantle.

Therefore, all previous work on the seismicity of the Wadati-Benioff zone under the Tonga
arc suggests that the stress pattern of the intermediate depth part of this slab is strongly down-
dip compressional. In this chapter, however, by carefully examining earthquake focal
mechanisms and locations, I will show that there is a double seismic zone beneath the Tonga
arc. Although there are more down-dip compressional events than tensional events in the
double seismic zone, the compressional stress (6r strain) transmitted from below 200 km depth
does not seem to completely overprint and erase the preexisting stress (or strain) feature of a
double seismic zone. This discovery of a Tonga double seismic zone suggests that the double
seismic zone is a more general and persistent feature of subducting slabs in the intermediate
depth range than previously thought and that careful studies of seismicity of other Wadati-

Benioff zones will probably reveal other as yet undiscovered double seismic zones.
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Data

Depths of earthquakes are, in general, the least well constrained parameter of reported
(ISC or PDE) hypocenters. The relative epicentral location of earthquakes in small areas can, on
the other hand, usually be well determined. Therefore, as in the previous chapper, it is essential
to have accurate depth estimates in order to study the detailed seismicity of shallow and
intermediate depth earthquakes in subducting slabs and in order to determine the possible

existence of a double seismic zone.

We use three different data sets (listed in Appendix C). The first set consists of events for
which the focal mechanisms are determined by P-wave first motions and S-wave polarizations.
The depth of these events is constrained by either checking the WWSSN seismograms by myself
or pP-P time differences reported in the ISC bulletin. These events will be denoted by the list

number in the table preceded by ‘F” in the rest of this chapter.

The second data set conmsists of the events for which Harvard Centroid Moment Tensor
(Dziewonski et al., 1981, Dziewonski and Woodhouse, 1983) solutions are available. The
Harvard catalog is nearly complete for shallow events with M, >6.5 and deeper events
(h>80km) with my, >5.5 after 1977. Their best double couple solutions are used. Since the

moment tensor is determined from body-wave wave-form inversion (for large events, surface

- 'waves are also used), the depth of these events are reliable. The PP-P depths reported by ISC

and Harvard centroid depths are usually the same within a few kilometers, For. the crucial
down-dip tensional events, which may be located in the lower plane of a double seismic zone,
however, I checked the depths using WWSSN long period seismograms (Figure 8.5 and
Appendix E). For some events, the CMT solutions are also compared with the WWSSN first
motion data. Both tests suggest that Harvard CMT solﬁtions are sufficiently reliable in both
depth and earthquake mechanism for the purpose of this study (Appendix E). These events will
be denoted by H.

These two data sets include most of the intermediate depth events (350km >h>60km)
with m, greater than 5.5, for which focal mechanism solutions are available in the Tonga-

Kermadec region.

The events of the third data set are selected from ISC bulletins from 1971 to 1979 under
the following conditions; more than 30 observations of P arrivals and depth determined from

pP-P time difference. From 1964 to 1970, events are added from Billington’s file (Billington,
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1980). Only events with pP-P depth between 70 km and 250km are selected from her file. The
events of this data set will be called ‘depth constrained ISC events’ and will be plotied as
background seismicity. In order to keep the consistency of the epicentral parameters, the:

epicentral locations reported by the PDE are used consistently for the events of all data sets.

Seismicity
Map View

All the depth constrained ISC events are plottedl in Figure 3.1 with tectonic features in the
Tonga-Kermadec area. The numbers in figure indicate the orientation of great circles
connecting a point on the trench and the pole of the arc. The azimuth of these great circles is
measured clockwise from north at the pole of the arc. The pole of the arc is located at
20.6° N ,102.8° E, so that the 100 km iso-depth contour under the Tonga arc of Isacks and
Barazangi (1977) is 90 degrees distant away from the pole, The pole of the arc is thus chosen to
best describe the seismicity in the Tonga region and may not be appropriate for the Kermadec
region. The broken line denotes the trench. The lines perpendicular to the strike of the trench
are drawn every degree from azimuth 109° to 129°. The lines parallel to the strike of the are
are at distances of 87.5° and 92.5° from the pole. It is well known that there is a complication
in the geometry of the subducting plate (e.g., Isacks and Barazangi, 1977; Billington, 1980},
possibly due to the subduction of the Louisville ridge, which also complicates the study of

seismicity in this area.

Figure 3.2 shows the map view of the seismicity of the Tonga-Kermadec area. All the
events for which earthquake focal mechanisms are available are plotted. Although the purpose
of this chapter is primarily to study events shallower than 200 km, some of the interesting

features of the deeper seismicity will nevertheless be summarized here.

For the events deeper than 350km, planar seismicity associated with nodal planes of
earthquakes, for which focal mechan_isms are obtained, has been identified (Billington, 1980;
Giardini and Woodhouse, 1984). Using CMT solutions, Giardini and Woodhouse (1984) showed
that large scale shear failure due to shortening of the slab might be taking place and interpreted

it as evidence for the slab not being able to penetrate into the lower mantle.

O
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Figure 3.1. Map view of the general seismicity of Tonga-Kermadec area. The depth
constrained ISC events are plotted. The broken line represents the trench. The lines
perpendicular to the trench are parts of the great circles which pass through the pole of the are
and the numbers denote the azimuth of the great circles. The azimuth of these great circles is
measured clockwise from north at the pole of the arc. Two lines parallel to the strike of the
trench are at distances of 87.5° and 92.5° from the pole.
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Figure 3.2a. All the events for which focal mechanisms are available are plotted on the map
view. The lower hemispheres of the focal spheres are shown for intermediate depth (60 - 200
km) events.
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Figure 3.2b. The principal axes of focal mechanisms of the events grouped into ‘a’, ‘b’, ‘¢’

, ‘b, ‘e, and
‘d’ in Figure 8.22 are shown. The closed circles and open circles denote compressional and

tensional axes respectively and the great circles indicate the direction of the dip of the siab.
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A similar but more distinctive feature can be found between 17° S and 22° S. As seen in
Figure 3.2, a group of events denoted by ‘a’ shares very similar focal mechanisms with down dip
compression. The depths of these events are between 210 km and 240 km and they clearly line
up horizontally, when seen from a direction perpendicular to the strike of the trench {Figure
3.3a). The origin of these earthquakes is not clear, but there seem to be two possibie
explanations. The first is that there is a large scale shear motion oceurring due to the
shortening of the slab, as has been observed in the deep seismicity. The second explanation
considers the earthquakes are due to the elevated phase change of olivine to spinel within the
descending slab. Giardini (1983) showed that the OMT solutions of three of these events
deviate from a simple double couple mechanism. Therefore it may be possible that for some
unknown reason, the phase change is taking place at a very high rate in this area and causing
this group of earthquakes. From observation of P-wave arrival residuals at a local station (AFT),
Goto (1984) also suggested an anomalous high velocity feature around this depth range.
Solomon and U (1975) also showed a similar feature in the same area, using teleseismic P-wave

arrival residuals.

The events of group ‘b’ show a similar mechanism pattern (i.e., down dip compression) to
those of ‘a’ except event F47, which has a significant strike slip component. In general this
region is still highly down dip compressional, which is consistent with the high activity observed

below.

The pattern of groups ‘c’ and ‘d’ is more complicated, but compression axes stay in a
rather small area on the focal sphere while T axes are scattered. These events probably
represent a transitional stress state (i.e., down-dip compressional in Tonga to down-dip tensional
in Kermadec) of this area. The geometry of the descending plate (Figure 3.1) in this area shows

lateral bending, and the deformation in this area appears to be very complicated.

Cross Sections

Figures 3.3 are the cross sections of seismicity plotted parallel to the strike of the
subduction zone. In Figure 3.3a, all the events which occurred in the subducting slab and for
which focal mechanisms are availabie, are plotted. For events shallower than 350 km, closed
circles, open circles, and crosses denote events which are consistent with down-dip compression,

down-dip tension or neither, respectively. In Figure 3.3b, all the depth constrained ISC events

O



-55-

100 ° e

* O
® X
.E....o .zox xx X e
X
o8 ® X
Caey - # 0 o

300 — ¢ *x o

o e ® ] o ®
° * !
.
. 'Y
500 L sy el
E ‘. -50 o ¢
- " . 'o‘.... b
= L e . l !
= .
[
Q. b
% o?ao{‘.:": I:’ .OO%.ljoeo:B‘ I .g.. . n.' "‘ ° ;"o. '
R BT e ey
100 =& 8, o0 Tie., s, . .
..': ......0.0 :': ° . .o. ¢ ‘ ‘.': : & - .
.t. :...:". .".:f“.,-.'. 3': v * e® & @
300 v 7 e '
‘o, .:.:. : i * » * )
*e * L ! ,. *
500 - TR 1 :
[ .': * "'o *
.. L] ‘ L ) . [T .
}. '.:.;d. . LI 4 .
' l{:. . ¢
| . | | f

110 115 120 125 -
azimuth (de g)

Figure 3.3. Cross sections parallel to the strike of the trench. The vertical exaggeration is 2. (a)
All events which occurred within the subducting slab are plotted. For events shallower than 350
km, focal mechanism types are indicated; Open circles and closed circles denote down-dip
tensional and down-dip compressional events, respectively. Crosses are the events which show

neither of those mechanisms. Note the horizontal line-up of events of group ‘a’. (b) Depth
constrained ISC events.
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are plotted.

The number of events with crosses increases in the region between Tonga and Kermadec,
and this manifests the transitional strain feature discussed above. General seismic activity in

the intermediate depth range decreases from north to south.

Figures 3.4 show the cross sections of seismicity projected onto planes perpendicular to the
strike of the trench. The large circles correspond to the events with focal mechanisms and small
ones correspond to the depth constrained ISC events. Focal mechanisms are presented as

equal-area projections of the near-side hemisphere of the focal sphere.

Between azimuths 109° and 116°, most events have focal mechanisms of plane strain (or
stress} between depth 50 km and 200 km and show either down-dip tension or compression type
mechanisms, except event H21. The geometry of the plate (Figure 2 of Isacks and Barazangi,
1977) also shows that this region has a rather simple plane geometry. North of azimuth 109°
(~ 17.5°8), the end of the subduction zone results in hinge faulting, introducing more
complicated stress and strain structure in the slab. South of azimuth 116° (~ 24.5°8), the
lateral bending of the slab near 26° S prevents a simple two dimensional view of the subduction
process. In the Kermadec region, seismic activity is too low to further investigate the
seismicity in this area using teleseismic data. In the remainder of this chapter, therefore I
investigate only the seismicity of the descending slab between azimuths 109° and 116° and

assume that the two dimensional view is an appropriate approximation.

Double Seismic Zone in Tonga

It has been believed that the stress state of the intermediate depth range of the subducting
slab under the Tonga arc is strongly down-dip compressional (Isacks and Molnar, 1971;
Billington 1980; Fujita and Kanamori, 1981). Isacks and Molnar (1971) state ‘a compressional
siress 18 lransmitied through nearly all parts of the slab’ Even after the discovery of a clear
double seismic zone in Japan (Hasegawa et al., 1978a, b), neither Billington (1980) nor Fujita
and Kanamori (1981) suggested the‘ possibility of the presence of a double seismic zone in
Tonga, although they identified one event which shows down-dip tension at a depth of 186km
(event F41). However, as seen in Figure 3.3a and Figures 3.4, there exist several down-dip

tensional events under the Tonga arc and they occur in the lower most portion of each seismic

O
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zone. These features suggest the possibility of a double seismic zone under the Tonga arc. Since
finding down-dip tensional events is the key to identifying a double seismic zone in this area,
where many down-dip compressional events have already been identified, we first examine these

newly identified down-dip tensional events.

Down-dip Tensional Events

The difficulties for identifying shallow (<70 km) down-dip tensional events come from the
fact that their focal mechanisms are similar to those of shallow angle thrust faulting events,
which are very common in subduction zones, and that the reported depth estimates are not
reliable for this depth range. For example, comparing first motion P-wave waveforms, Seno and
Kroeger (1983) found that most of the events that were previously thought to be normal
faulting between the Japan trench and the double seismic zone, are actually shallow angle thrust

events. Therefore it is important to analyze waveforms of those shallow events.

The Harvard catalogue contains three shallow (~ 60km) down-dip tensional events, H2
(depth=61km), H26 (57km), and H49 (70km). Since all the surface reflections are automatically
included in the inversion process, their focal depth estimates are reliable except for the
shallowest events (Dziewonski et al., 1983). In Figure 3.5, the depth of the event H26 is checked
by comparing first motion of WWSSN long period records and synthetic seismograms at some
stations. Synthetic seismograms are calculated by using the program developed by Kroeger and
Geller (1985). PREM (Dziewonski and Anderson, 1981) was used for the structure and the
source was located at a depth of 60km. The early part of the seismogram is best fitted by
h=60km and the later part by a slightly greater depth, suggesting that the shear wave velocity
structure in this area is slightly slower than the average value. This supports the reliability of
the depth estimates of CMT solution (se.e' also Appendix E) and confirms that f;his event is an

intra-plate down-dip tensional event.

The depth of the event H2 (June 22, 1977} is controversial {Giardini, 1984). Although the
OMT solution gives the depth of 61km, the solution obtained just from body wave converges to
130 km depth (Giardini, 1984). Aftershock distribution suggests that the rupture extended
down to a depth of 166 km (Silver and Jordan, 1983). From pP-P readings, Talandier and Okal
(1979) estimated the focal depth to be shallower than 50 km. The generation of tsunamis
indicates that the rupture reached the surface and the excitation of overtones of normal modes
suggests the source has to be deeper than 100 km (Okal, 1984, personal communication). The

rupture process seems to be very complicated, but at least there must be a major rupture
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extending deeper than the depth give by the CMT solution. Although the CMT depth is used
here, it probably gives the shallowest estimate of this large normal faulting event

(M, =1.4X10% dyne em).

Search for a Double Seismic Zone

The presence of the above mentioned shallow (~ 60 km) down-dip tensional events and
two deeper down-dip tensional events (F41 and F72) shows that there are down-dip tensional
events in this region, where down-dip compressional stress had been thought to dominate the
whole slab and that more likely these two different kinds of earthquakes make up a double
seismic zone. Although all the events for which focal mechanism can be determined have been
already studied, there are still severa] more earthquakes for which, by using P-wave first motion

and S-wave polarization of WWSSN records, it is possible to determine focal mechanism types.

Figure 3.6 shows the lower hemisphere of the focal sphere of the events for which the type
of mechanism can be determined. Large and small circles represent P-wave first motion data
from long and short. period WWSSN seismograms, respectively. Events TI, T2, and T3 are
classified as down-dip tensional type and events C1, C2, C3, C4, and C5 are classified as down-

dip compressional type.

Figure 3.7 summarizes all the results. The closed circle and open circle denote down-dip
compressional events and down-dip tensional events, respectively, The smaller circles denote
the events for which the type of the focal mechanisms are determined. It is clear that all the
compressio.nal events are consistently located above all the tensional events and they constitute

a double seismic zone.

Relocation

Relative errors in routine epicentral estimates (e.g., ISC, PDE) are believed to be much
smaller than errors in absolute coordinates {e.g., depth). It is, however, not appropriate to use
the reported standard deviations as true values of the relative errors in the epicentral
parameters. This is because the set of stations used to locate each event is different and because

errors due to the differences between the assumed earth structure and the real structure enter
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T1 aug 12,1966 T2 aug 29,1972

T3 mar 26,1977 C1 aug 25,1968

Figure 3.6. Events for which only the type of focal mechanism can be determined (Table C.5).
First motion data from long and short period WWSSN records are plotted on the focal sphere.
The large and small circles correspond to long and short period data respectively,
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C2 nov 11,1974 C3 may 5,1975

C4 feb 22,1978 C5 may 27,1980

Figure 3.6. continued.
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into the location process differently from station to station and event to event.

In order to investigate the possibility that the separation of the two seismic zones seen in
Figure 3.7 is fortuitous, a relative relocation of the events is performed. The result below

supports the presence of the double seismic zone.

Data

) !
Earthquakes are selected from the ISC bulletin from 197 to 1979 with the following
conditions: (1) depths between 60 km and 200 km constrained by pP-P phase; (2) more than 30

P arrival observations; and (3) azimuth between 107° and 117°.

The first condition assures that the least well constrained parameter is constrained by pP-
P time. The estimates of station residuals will therefore be more reliable than those obtained
without depth constraints. The second ecriterion is needed to obtain reliable statistical error
estimates. In total, 46 earthquakes were selected, including thirteen events for which ejther

focal mechanism or focal mechanism type is determined.

Relocation Procedure

The relocation procedure is similar to those done by Vieth (1974) and Samowitz and
Forsyth (1981). The purpose is, however, slightly different. The purpose here, as mentioned
above, is to obtain proper relative error estimates of epicentral parameters, so that the apparent
separation of the two seismic zones can be tested. Detail of the relocation is given in Appendix

D and only a brief description is given here.

Only the P-wave arrival times reported at station distances between 30° and 100° are
used for relocation. There are 440 stations in total. For the‘ﬁrst step, all 46 events are
relocated with the depths fixed by the PP-P depths. ISC locations are used as the starting
guesses. After the first step, the stations which have arrivals from more than i0 earthquakeslare
selected. There are 113 stations left at this stage. The travel time corrections for these stations
are determined by least square fit of the residuals to 2 linear function of distance between the
stations and earthquakes. Some of the examples of the station residuals and the travel time

correction are shown in Figure 3.8.
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Figure 3.8. Examples of station arrival time residuals and the distance dependent station travel
time corrections. Open circles and crosses denote residuals after the first and the second step of
the relocation, respectively. Solid straight line is the travel time correction for the station,

estimated from the open circles by a least square method.
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For the second step, travel times are first adjusted by using the travel time corrections
estimated in the first step. Relocation was then performed for each event separately using only
the arrivals from those 113 stations. Each station was weighted inversely proportionally to its
residual variance estimated in the previous iteration. Although this procedure can be repeated

until convergence, it was stopped at the second iteration. Further iteration does not change

error estimates significantly,

Result

Figure 3.9 compares the results of relocation at each step. After the second step, Figure
3.9¢ clearly shows the separation of the two zones. The horizontal bars denote the estimated
90% confidence intervals from student-t statistics and the distance of separation exceeds error
bars significantly. In Figure 3.9d, the ten events for which mechanism types are assigned are
plotted together with other relocated events. Both down-dip compression and tension events are
located consistently on the upper and the lower plane of the double seismic zone, respectively,
The error estimate here does not include the error introduced by the fact that all the
earthquakes (located in a 700 km long zone parallel to the trench) are plotted on the same cross
section. Therefore what is important is that the down-dip compressional events are still located

consistently above the down-dip tensional events even after the relocation,

The two zones becomes closer after the relocation, but this is expected for the following
reason. The effect of the variation of thermal structure within the slab (e.g., Sleep, 1973) on
body wave travel times is not considered in the relocation process (Engdahl and Fujita, 1981;
Fujita et al, 1982). As pointed out by Engdahl and Fujita (1981) this effect can be as significant
as the station correction itsell. However, ignoring this effect tends to move the locations of the
events of the lower plane (i.e., down-dip tensional) to the dip direction of the slab relative to the
events of the upper plane (see Figure 10 of Fujita et. al., 1982). When the depth is constrained
in the location process, this causes the horizontal migration of events in the lower plane toward
the upper plane. If the two planes remain separated after the relocation, iﬁ indicates ‘the

separation of two planes is actually greater than that shown.

In Figures 3.10 a, b, and ¢, the cross sections of the narrower (~ 300 km wide) section are
plotted to show that the apparent separation of the two seismic zones cannot be attributed to

the way the data are plotted.



wy00T

0S
_

‘uonyRINI 981y Y3 39V (q) "wonyeso] HGI (WS () -uoneoopel jo symsey -g'g aunSiyg

0

0S-

00T

05

0

0S5~

-74 -
I

051

1dap

O0TZ

(w))

0S




-75-

001

"$IU343 ad4y [euolsuay dIp-umop aq) JAGQE PaYRIO] [[19S I8 FJUAD jeuoissaadwos dip
-Umop 243 1By 230N “sadAy wsiueydaw [220] Y)im j[nsal [BUY SN, (P) "sousness 1-quapnjs woiy
S[EALIIUL 2IUSPYUOD %506 OUSP SIBq [JUOZLIOY YT, "UOKEIN] Puodas ayy 191y (9) 'g'g aunS £

0S5 0 0S- 007 0S O 05—

] | | [ | _
%
o il
o .
o 1 -
° .. Il....' .P...
° -
N o
«?® i
2 — e .
o ° - -
° ° —— —
‘e ‘s
° -
0 .® . T
_ J | _ [ |

0S1

00T

0S



S0

100

150

a

109-112

-76 -

C

113-116

S0

-50

111-114

0 50

100

100

Figure 3.10. More results of the relocation. Cross sections between (a) azimuth 109° to 112°,
(b) 111° - 114°, {c) 113°. Note that the down-dip compressional and the down-dip tensional
events are still located in the upper and lower edge of the seismic zone in each cross section.
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Discussion

Figures 8.11, 3.12, and 3.13 summarize the results of this chapter. Both the earthquake
focal mechanisms and the results of the relocation in the previous section support the existence
of the double seismic zone. The cross section parallel to the strike of the trench between
azimuth 108° and 117° (Figure 3.11) shows some regional variation. Although the double
seismic zone between azimuth 114° and 116° is unquestionable, there is a lack of down-dip
tensional and down-dip compressional events in the region between azimuth 111.5° and 114°,
and in the region between 110° and 111.5° » Tespectively. It is probably due to the sampling
problem. If local network data in this area had been available, with which smaller events could
be detected, both zones would probably have been seen. The temporal variation of seismicity
due to the state of stress at the thrust zone can also cause similar effects, as shown in the
previous chapter. What is important is that both down-dip tensional events and down-dip

compressional events occur where they are expected to occur if there is a double seismic zone.

As noted earlier and seen in Figure 3.11, there are many down-dip compressional events
directly beneath the double seismic zone. The deeper part of this slab is also known to be the
most active of all the subduction zones in the world. {e.g., Giardini and Woodhouse, 1984).
Thus, it is reasonable to think that no other slab has stronger support from below 200 km
depth than the intermediate depth part of the slab in Tonga. Although there are more down-
dip compressional events than down-dip tensional events, the presence of the double seismic
zone in Tonga is clear. This suggests that in any currently observed subducting slab,
compressional stress or strain (either due to inability of the slab to penetrate into the lower
mantle, or the strong viscous resistance to the subduction in the mesosphere} transmitted from
below 200 km depth cannot overprint completely and erase the preexisting stress feature of a

double seismic zone.

The discovery of this double seismic zone, and the nature of deep earthquake activity
beneath it, suggest that double seismic zones are a very common and persistent feature of
subducting slabs and that there may be many other undiscovered double seismic zones in the

other subduction zones. This will be discussed further in Chapter 5,
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ON THE ORIGIN OF DOUBLE SEISMIC ZONES
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Introduction -

Several mechanisms hayé been proposed for the origin of double seismic ZOnes: stresses
associated with phase changes (Veith, 1974), unbending of the slab {Engdahl and Scholz, 1977;
Isacks and Barazangi, 1977; Tsukahara, 1977, 1980; Samowitz and Forsyth, 1981), sagging of the
plate (Yoshii, 1977; Sleep, 1979), and thermo-elastic stresses (Goto and Hamaguchi, 1978, 1930,
House and Jacob, 1982). In this chapter, by estimating the seismic strain rate from intermediate
depth earthquakes and the geometrical unbending strain rate of the subducting slabs, I suggest
that simple geometrical unbending of subducting slabs with brittle-plastic rheology (Tsukahara,
1980) is sufficient and most appropriate to explain the origin of double seismic zones. Also, by
modeling the double seismic zone beneath Tohoku, Japan, I investigate what constraint the

presence of a double seismic zone can place on the properties of the descending lithosphere.

Proposed Mechanisms

Phase Change

Veith (1974) rather qualitatively suggested that the olivine-spinel phase transition could
cause tensional earthquakes within the slab after the transition. However, he did not particularly
specify the cause of the compressional events in the upper plane. It is also hard to believe that
the phase transition can be raised as shallow as 60 km depthk. Thus, unless our current
knowledge about this phase transition or the thermal state of the subducting slabs is completely
wrong, it is unlikely that this can be the main cause of the double seismic zones, as suggested by

Fujita and Kanamori (1981).

Sagging

Yoshii (1977) and Sleep (1979) proposed the ‘sagging’ of the subducted slab as a
mechanism. In the sagging model, supported by the strength of the lithosphere at the top and
by the high viscosity mesosphere from below, the slab sags in the low viscosity asthenosphere.
Sleep (1979) further estimated the viscosity of the mesosphere using the presence of the double

seismic zone as a constraint. However, the presence of the Tonga double seismic zone described
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in this thesis seems to indicate that sagging cannot be the direct cause of the double seismic
zone. The compressional strain transmitted from below the double seismic zone inferred from
high deep earthquake activity (e.g., Giardini and Woodhouse, 1984} would probably overprint
and erase any preexisting strain field solely due to sagging of the slab. As will be discussed
later, sagging (or equivalently, the flow pressure normal to the dip of the slab at the base of the
low viscosity zone; Yokokura, 1981) is one of the mechanisms that could unbend the subducting

lithosphere.

Thermo-Elastic Stress

Goto and Hamaguchi (1978, 1980} and House and Jacob (1982) proposed the stress due to
thermo-elastiéity as the cause of double seismic zones. Although the stress distribution of their
models seems to resemble that of double seismic zones and although they find stresses high
enough to cause earthquakes, their treatments are essentially elastic. The strain rate expected
from the thermal expansion of the slabs is 1078~ 107174-! (House and Jacob, 1982). As I will
show later, this strain rate is a few orders of magnitude smaller than the unbending strain rate.
It will be shown that even in the apparently straight portion of the slab, the strain rate can
easily be on the order of 10775~ 10"%:-!, Therefore the thermo-elastic stress cannot be the

main cause of the double seismic zone.

Geometrical Unbending

Engdahl and Scholz (1977), Isacks and Barazangi (1977), Tsukahara (1977, 1980), and
Samowitz and Forsyth (1981) proposed unbending of the slab as the cause of double seismic
zone. Although some of the earlier models are unrealistic and qualitative, I will show that an
unbending model can readily explain the double seismic zone. Further, following Tsukahara’s
(1980) formulation, I will indicate that studies of mechanical properties of double seismic zones,
which have not been seriously investigated compared to those of the bending of the oceanic
plate in the outer rise regions (e.8, Goetze and Evans, 1979; Chapple and Forsyth, 1979;
Forsyth, 1980), can give some new independent information about the rheological and thermal
properties of the oceanic lithosphere. The advantages of studying double seismic zones are that
we can better study the seismicity in some areas (e.g., beneath Tohoku, Japan) than in bending

regions, and that strain rates are reasonably well constrained,
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Strain Rates within the Subducting Slabs

In regions such as subduction zones, where large scale deformation is taking place rapidly,
what properly describes the state of the deformation is the strain rate, rather than the stress. In
Figure 4.1, the principal stress (and strain) axes of the earthquakes which make up the Tonga
double seismic zone are plotted with respect to the direction of the dip of the slab. As expected
from the presence of the double seismic z20ne, except for a few events, either the compression or
the tension axis of each earthquake is located near the dip direction of the slab. Furthermore,
the second axes are clustered around a direction perpendicular to the slab. This suggests that a
plane strain type deformation is occurring within the vertical plane perpendicular to the strike
of the trench. A similar conclusion can be drawn from Appendix B of Fujita and Kanamori

(1981), for subduction zones where double seismic zones are known to exist.

In this section, assuming that the deformation is occurring in a two dimensional manner,
order of magnitude estimate of the seismic strain rates and the geometrical unbending strain

rates of the intermediate depth part of the slabs are made.

Setsmic Strain Rate

Following Richter (1979), the rate of the seismic moment release of intermediate depth (70
km < depth<(150 km) earthquakes is estimated from events with m; between 5.0 and 5.5, for
which the seismic catalog (PDE) is assumed to be relatively complete (see Figure 4.2). The
depth range is chosen to avoid possible bias due to errors in depth estimates (particularly for
shallow thrusting events). For events smaller than 5.0, there is a detection problem and for the
events larger than 5.5, there is a sampling problem (due to the short time window) and a

problem due to the saturation of the body-wave magnitude scale (Geller, 1978; Richter, 1979).
As the empirical relation between seismic moment (M,) and body wave magnitude (my)
for intermediate depth earthquakes (50 km -200 km), I use the following equation,

log M, (m, y=1142.4m, (4.1)

where M, is given in units of dyne-em. This is obtained rather arbitrarily within the error bar
of the least square fit to moment-magnitude relation of the CMT solutions and it slightly

underestimates moments from magnitudes (Figure 4.3). Abe (1982) obtained
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Figure 4.1. The principal stress axes of the events which make up the Tonga double seismic
zone are plotted on a lower hemisphere projection. Closed and open circles denote compression
and tension axes, respectively. The great circle corresponds to the dip of the slab.
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log N

4 5 6 7
Mb

Figure 4.2. Frequency-magnitude relation for all the earthquakes between depths 70 km~ 150
km. Data are from PDE from 1964 to 1983. The circles are the number of events with m, in
0.1 unit range{N (m;))- Asterisks represent total number of earthquakes with m, greater than
the indicated value. The line has a slope of 1. Note the departure from this line above

my ~ 5.5 and below 5.0, suggesting the saturation of the m, scale and the incompleteness of
data, respectively,
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Figure 4.3. Moment versus magnitude relation of CMT solution {depth 50 - 200 km). The line
corresponds to equation (4.1). Unit of seismic moment is dyne ‘em . Magnitude obtained from
PDE is converted to a moment using the line.
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log M, =10+2.4mp, where mp is body wave magnitude measured from amplitudes in the
period range 3~ 15 sec. . On the average, mp is larger than m, by ~ 0.7, Therefore, (4.1)
underestimates the moment by a factor of 5 compared to Abe’s formula, which seems to
overestimate the moment slightly . Figure 4.3 compares (4.1) to the CMT solution for the depth
range 50 - 200 km. Giardini (1984) obtained a slightly different formula using a similar data set.
Using (4.1), the total seismic moment released by earthquakes with m, between 5.0 and 5.5 is
first estimated by using
5.5

M, (5.0-5.5) = 250 M, (m, )N(m5 » (4'2)

mr-:

where N (m,) is the number of events with magnitude my . Assuming the empirical relation

between magnitude and frequency,
logN (m, j=a —-bm, (4.3)
where b = 1, the total seismic moment can be expressed as

14 Yoy l4m,
M, (s.05.5) = 10"1** 371077, (4.4)
6.0

It is then possible to extrapolate the total moment release estimate up to a certain maximum

size of earthquakes (Smith, 1976),

Mmar Mimes

1.4
M, (6.0-my ) = E Mo(m‘]N(m‘) = 101k 10M4™
5.0 50
Pimar I.4m‘ 5.6 1.4m$ ’
=M, 055 >, 1074/ 3710 = ap M, 605 - (4.5)
5.0 50

O, i 5.6, 29, 146, and 740 for my,,,, = 8, 6.5, 7, and 7.5, respectively. Therefore under all
these assumptions, once we -k}n;;;v (ord ';;suume) a maximum size of earthquake that ean oceur in a
certain area, it is possible to calculate the total seismic moment release for events with m, > 5.0
from the seismic moment release of events with 5.0=<m, <5.5. The effect of excluding events

with my <5.0 is negligible, since magnitude enters into (4.4) as a power of 10.

Figures 4.4 show the magnitude distribution of earthquakes in the depth range 70-150 km
for each subduction zone. Data are from PDE in the time period 1964-1983. Using the method
described above, total seismic moment release within slabs between 70 km and 150 km depth is
estimated for each subduction zone. Average seismic moment release rates for the intermediate

part of subducting slabs per unit surface area are then estimated by,
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M, (,,,m“)(a‘ync em fkmPyr ) = M, (6.0-m,,,,, / (LWT), (4.6)

where L, W, and T are the length along the dip between 70 - 150 km depth, the width of
trench, and the total time period (20 years in this case) respectively. Corresponding seismic

strain rates (¢, ) are obtained from
é' (mimu) = Mo (mbmu )/(2H' p)’ (4‘7)

where H, and p are the thickness of the seismic zones (~ 40km) and rigidity
(~ 7:10"dyne /em?), respectively. Here strain rates are uniaxial along the dip of the slab and
earthquakes are assumed to occur on planes dipping 45° to the dip of the slab. Chapple and
Forsyth (1979) used a similar approach for bending earthquakes in the outer rise region. Table
4.1 summarizes the parameters used for various subduction zones. The poles of the arcs are
estimated from the distribution of the earthquakes between depth 125 km and 175 km by least
square fit and the lengths of the trenches are estimated using these poles for each subduction

ones.

Table 4.2 summarizes the estimated strain rates. The quantities in the parentheses are the

estimated M, (5.0-5.5) based on the total number of earthquakes between m, 5.0 and 5.5,
5.6
NGosey= 2 Nm)
5.0

instead of (4.2). The diflerences between the two numbers (before and in parentheses) are the

simplest measures of the assumption (4.3) in the magnitude range 5.0 - 5.5.

Quantification of earthquakes is a difficult problem, particularly for small earthquakes.
Furthermore, the assumptions which have been made may not hold. The values obtained in
Table 4.2 should thus be considered no better than magnitude of order estimates. It is also safe
to interpret the variation among the different subduction zones as indicative of the error of this

kind of analysis.

For the subduction zones where double seismic zones are observed, average seismic strain
rates range from 1.0~ 8.1X10'7s~! and 0.3~ 21X10%:~! for m,,,. = 6.0 and 7.0,
respectively. myme, = 6.0 is a fairly small estimate of the maximum size of intermediate depth
earthquakes. Therefore, any mechanism which is proposed to explain the presence of double

seismic zones must be able to produce strain rates on the order of ~ 107!,

The maximum thickness of double seismic zones beneath Tohoku is ~ 40 km (Figure 1.3a).

Assuming that both seismic zones are equally active, the maximum thickness of each seismic
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TABLE 4.1. ARC PARAMETERS

Arc Pole Radius Left Right Dip Length

(lat., long.) (deg.) End Point End Point  (deg.) (km)

Alaska 65.0, 1804 12.7 63.3, 209.5 57.0, 201.0 45 855
Aleutians 65.0, 1804 12.7 7.0, 201.0 52.9, 173.0 55 1990
Northern Bonin 6.4, 75.1 65.4 33.5, 140.0 30.0, 1405 50 391
Southern Bonin 6.4, 75.1 65.4 30.0, 1405 25,0, 1410 60 557
Central America 294, 2823 19.3 11.3, 2745 174, 2647 50 1238
Japan 37.9, 113.1 21.1 40.5, 1413 36.2, 140.0 30 476
Java 36.2, 120.8 47.7 -8.0, 124.0 -6.0, 106.0 60 2020
Kamchatka 57.8, 1289 17.1 57.0, 160.0 48.5, 1575 50 879
Northern Kurils 57.8, 1289 17.1 48.5, 1575 45.0, 1625 45 485
Southern Kurils 57.8, 128.9 17.1 45.0, 15625 44.0, 1470 40 385
Tonga 224, 80.1 110.2 -16.0, 185.6 -24.0, 183.6 55 912
Kermadec -22.4, 1599 21.1 -25.0, 183.2 -36.0, 178.0 62 1333
Lesser Antilles 13.9, 285.1 13.2 18.0, 208.0 12.0, 299.0 45 669
Marianas 17.3, 139.1 6.3 22.5, 143.0 12.5, 143.0 70 1303
New Hebrides -1.7, -1579 36.8 -21.0, 1700 -11.0, 166.0 70 1191
Northern Ryukyu 35.5, 116.3 12.3 33.5, 1335 28.2, 1310 70 549
Southern Ryukyu 35.5, 116.3 12.3 28.2, 131.0 23.3, 1250 45 702
Scotia. -580, -31.8 30 -55.6, 3317 -60.6, 3323 50 598
Sumatra 33.2, 159.9 65.0 -6.0, 105.0 8.0, 94.0 70 2047

O
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TABLE 4.2. SEISMIC STRAIN RATES
Arc M, (s.0-55) €r0.0 €70
10%dyne em Jkm2yr 1071751 1071551

Alaska 0.9 (0.7) 2.9 0.7
Aleutians 0.3 (0.3) 1.0 0.3
Northern Bonin 0.5 (0.7) 1.6 0.4
Southern Bonin 0.1 (0.2) 0.3 0.1
Central America 1.7(1.8 55 1.4
Japan 09 ;0.7} 2.9 0.8
Java 1.8 1.6% 5.2 1.4
Kamchatka 0.8 (1.0 2.6 0.7
Northern Kurils 1.2 (1.1) 3.9 1.0
Southern Kurils 2.1 gl.'}') 6.8 1.8
Tonga 2.5 2.5} 8.1 2.1
Kermadec 1.6 (1.6 5.2 14
Lesser Antilles 0.1 $0.0) 0.3 0.1
Marianas 1.3 (1.4) 4.2 1.1
New Hebrides 2.7 (2.8) 8.8 2.3
- Northern Ryukyu 0.2 (0.3) 0.6 0.2
Southern Ryukyu 0.7 (0.7 2.3 0.6
Scotia 3.3 {2.4} 10. 2.8
Sumatra 2.1 (1.9) 6.8 1.8
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zone is ~ 20km. Considering that fault planes dip 45° with respect to the dip of the slab (i.e.,
one of the principal axes is down-dip, Figure 4.1), the maximum length of the earthquake fault
is ~ 30 km. The fault area of 30X30 km? corresponds to a seismic moment of
10%°~10%" dyne -cm for a stress drop of 1 ~ 10 MPa (Kanamori and Anderson, 1975) and to a
magnitude of 6.25 ~ 6.67 from (4.1). It is reasonable to think that the maximum magnitude

Mymas 15 ~ 6.5 and that seismic strain rate is ~ 107!% 1,

Geometrical Unbending Strain Rate

Oceanic lithosphere bends above a depth of ~ 60 km when it subducts inte the mantle.
The fact that the subducting lithosphere is almost straight in the mantle below a depth of ~
200 km indicates that the lithosphere must unbend in a depth range from ~ 60 km to ~ 200
km to become straight. Figure 4.5 schematically shows this effect. Knowing the geometry of
the slab, its thickness, and convergent velocity, and assuming a steady state of subduction, it is

possible to estimate this unbending strain rate.

The unbending strain rate is proportional to the rate of change of the curvature and thus
a function of the third derivatives of the surface geometry of a subducting plate. Thus, it is
almost impossible to measure it accurately from the geometry of the slab observed from
seismicity. It is, however, still possible to estimate the order of magnitude of an average

unbending strain rate.

Figure 4.6 shows a bending-unbending model of subducting lithosphere. The lithosphere
starts bending downward at the trench (T) and increases its curvature until it reaches the point
of maximum curvature (Sg). Then it starts unBénding and the curvature decreases until the
point (5;) beyond which it is straight. Assuming constant unbending, the rate of geometrical

unbending (), which is the change of curvature, is given by
- 4K 2
1= —— = 20:-60)/(s -5 )", (4.8)

where « is the curvature, & measures distance along the surface of the plate and # is the dip
angle. Since it is impossible to locate points Sy and &, precisely from seismicity, I assume that
unbending starts at the depth of 60 km and ends at the depth of 150 km. From a variety of
published cross sections of seismicity (mostly from Isacks and Barazangi, 1977), geometrical

unbending rates are thus calculated (Table 4.3).
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Figure 4.5. Schematic illustration of descendin

g plates with unbending (solid line) and without
unbending (dashed line). After Tsukahara (1980)
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Figure 4.6, Bending and unbending model of a subducting plate.
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TABLE 4.3. GEOMETRICAL UNBENDING STRAIN RATES (60 km -150 km depth)

Arc slab dip (deg.) &,—8, unbending rate strain rate!
60 km 150 km (km) (10 km9) (10715 sec™!)
Aleutians 29 53 134 4.6 2.8
Northern Bonin 39 55 120 4.0 2.6
Southern Bonin 42 65 109 6.6 4.2
Central America 44 74 102 10.0 6.2
Japan 28 32 173 041 0.26
Java 30 58 130 5.7 3.6
Kamchatka 37 48 130 2.1 1.8
Northern Kurils 37 46 132 18 1.1
Southern Kurils 37 46 143 18 1.0
Tonga 37 52 126 34 2.2
Kermadec 44 64 110 5.8 3.6
Marianas 40 67 110 7.6 4.8
New Hebrides 58 70 99 4.1 2.6
Northern Ryukyu 44 66 109 6.6 4.2
Southern Ryukyu 38 83 114 6.8 4.2

! Convergence rate = 10 cm/yr and plate thickness = 100 km are assumed.
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Assuming that the subduction process is steady state, it is possible to convert geometrical
unbending rates into strain rates. Following Tsukahara (1980), a rectangular coordinate system
is used as shown in Figure 4.6. When the lithosphere is deformed by pure unbending, the

distribution of the uniaxial strain rate in the dip direction (i.e., direction of y-axis) is given by
& (z) = Ae(zy -2 )/H, (4.9)

where H is the thickness of the lithosphere and x=z, represents the neutral plane. Ac is the
difference of the uniaxial strain rate at the upper surface of the plate and that at the lower

surface, and related to the unbending rate as follows.
In bending models of a thin plate, the difference between the uniaxial strain at the top
surfz.xce of the plate and that at the bottom one is
Ae=H/R = xH, (4.10)
where R and & are radius of curvature and curvature. It follows that

d(8e) _pdr _ds de p_ yo.g, (4.11)

Ae=—g di dt ds

where V is the convergence velocity and ~ is the unbending rate. Taking the thickness of the
plate (H) as 100 km and the thickness of the seismic portion of the plate as 40 km, the average

bending strain rate within the seismic portion of the lithosphere is

40

€, =¥ Ae 100,

(4.12)

Within the seismic portion of the lithosphere, some of this unbending strain is released by
earthquakes and the rest is released aseismically. In the lower portion of the plate, the

temperature is so high that all the bending strain is released aseismically.

The average strain rates for different subduction zones are listed in the last column of
Table 4.3, where the convergence velocity is set equal to 10 cm/yr. They are on the order of
1078571, These values exceed the seismic strain rate with Mymee = 6.0 (¢, (.0) estimated in the
previous section by two orders of magnitude and are comparable to €,(7.0) Thus the strain rate
expected from a simple geometrical unbending is comparable to that of intermediate depth

earthquakes and can explain the double seismic zone.

It is often claimed that the geometry of the deeper portion (say, between 100 km - 200
km) of double seismic zone is apparently straight and that the unbending strain rate should be

thus small (e.g., House and Jacob, 1982). It is, however, easy to show that even an apparently
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straight part of a slab can have an unbending strain rate of 10-7~~10-1%5-1,

Let us take an average unbending strain rate (¢5) equal to 105!, From (4.11) and

(4.12), the corresponding unbending rate is
v=26¢ /(VH,) ~ 1.6X107km2 - (4.13)

where H, (40 km) is the thickness of the seismic portion of the slab and V = 10 cm/yr. From
(4.8), this unbending rate gives a change of the dip to be 0.045° between two points 100 km
apart on the slab surface along the dip direction. It is rather obvious that we cannot detect
such a small rate of change c.>f the dip angle (0.045° /100km )} from seismicity, It is even
impossible to detect a change of 0.45° /100km , which corresponds to an unbending strain rate of

107% !, In other words, even an apparently straight portion of the slab can easily have an

unbending strain rate of 1017~~10"1%5-1,

The stress distribution expected from this unbending strain is the same as that of double
seismic zones (i.e., downdip compressional in the upper layer and downdip tensional in the lower
layer). It is shown above that the strain rate due to this unbending is on the order of 1071551
and is large enough to account for all the strain energy released by earthquakes, while the
strain rate due to thermal expansion (107%~107"7s-1; House and Jacob, 1982) is too small.
Unbending of the subducting plate is required as a natural consequence of the theory of plate
tectonics. Therefore, it is quite natural to think that the strain resulted from this unbending,
which has to be released somehow, is partly released by earthquakes and causes double seismic

ZONes.

Modeling a Double Seismic Zone

Considering the plastic-brittle property of the material composing the lithosphere,
Tsukahara (1980) modeled the essential feature of double seismic zones by a simple geometrical
unbending of the subduecting plate. In this section, using his formulation I investigate what

constraint the presence of a double seismic zone can put on the subduction process.
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Brittle-Plastic Rheology

Figure 4.7 (Figure 3 of Tsukahara, 1980) schematically shows the idealized model of
brittle-plastic rheclogy. It should be noted that the term ‘brittle’ fracture here represents any
kind of instantaneous failure that could be detected as an earthquake. When the strain rate is
small and the expected steady state stress (¢} is smaller than the strength of the material (o, ),
deformation occurs aseismically (line A). When the strain rate is so large that the expected
steady state stress exceeds the strength of the material, fracture occurs (B). In this case,

deformation occurs both seismically and aseismically. The average stress in this case is fixed at

the strength of the material.

For the plastic flow law, I use the formula of power law creep of olivine summarized by

Kirby (1983},
¢=A o) ezp ((E* + PV")/(RTY)), (4.13)

where P, R, and T are pressure, universal gas constant, and absolute temperatﬁre,

respectively. A, n, E*, and V* are material constants and are given by,
P ¥

logpA = 4.8 +1.2 Ain s7'MPes™ _ (4.14a)
n =35 +06 (4.14b)
E® =533 £ 60 kJ/mol (4.14¢)
V' = (17 +4) X10°° m*/mol. (4.14d)

The range of differential stresses over which this power-law constants apply is 10 to 500 MPa.

The average strength of the lithosphere ‘(i.e., apparent stress in the lithosphere) has
always been a point of controversy. Tsukahara (1980} chose it to be 5~ 20 MPa and Samowitz
and Forsyth (1981) 500 MPa. Here, it is treated as a variable.

Distribution of Strain Rate

Only the strain rates due to pure unbending of a thin plate will be considered. When

there is uniform uniaxial additional strain (e.g, strains due to so-called ridge push or slab pull

In the rest of this chapter, stress & always refers to the unjaxial differential stress @y — o'y, where oy and Oy
are the maximum and minimum principal stresses, respectively.
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Figure 4.7. Schematic illustration showing the idealized deformation with fracture and plastic
flow. o,, 0,, A7, and 7, denote average strength, stress due to steady state plastic plow, stress
drop of earthquakes, and maximum strength, respectively. (A) o, <ryyy, (B) Op > Trmax. After

Tsukahara (1980).



- 104 -

forces), the reader should refer to the discussion in Tsukahara (1980). The strain rate field is

given by (4.9). The neutral plane, = z, can be obtained from the balance equation,

o(z) dz = 0, (4.15)

D"ﬁ

where o(z ) is the uniaxial unbending stress and can be calculated from (4.13) as & function of
the strain rate. When the value exceeds the strength (o, ) of the material, it is set equal to o, .
Thus if Ae in (4.12) (or the average unbending strain rate, ¢, ) is specified, and if 7' (z) and
P(z) are known, it is possible to calculate the strain field, ¢, (z ) and the stress field, o(z) to

satisfy (4.9}, (4.13), and (4.15).

Model

Figure 4.8 shows the temperature profile of the model of the subducting lithosphere. It is
calculated by the finite difference scheme discussed by Minear and Toksoz (1970) and
implemented by N. H. Sleep. His program incorporates an induced corner flow in the mantle
wedge above the slab and entrained flow in the vicinity of the slab and thus predicts a lower
temperature field within the slab than his previous models (e.g., Sleep, 1973; Fujita et al., 1981).
The current version has been used by Creager and Jordan (1984) and Nieman et al. (1984) to
predict the travel time anomalies due to the slab structure. The thermal constants are chosen
to be comparable to those of the sea floor spreading model (Parson and Sclater, 1977) {e.g., the
thermal diffusivity is 0.88 X 107® m?2/s). The oceanic lithosphere subducts at a thermal age of
100 Ma (calculated by error function with a mantle temperature of 1370° C') with a velocity of
105 km/Ma and a dip angle of 0.5 radian. The computation is terminated ~ 7 Ma after the
initiation of subduction. These values are chose;ﬁ such that the model mimies the subduction

zone beneath Tohoku, Japan, where the nature of the double seismic zone is best known.

The stress and strain fields were modeled along the three profiles (depths at the slab
surface are 50km, 100km, and 150km) perpendicular to the slab dip (lines A-A' , B-B' , and C-
C' in Figure 4.8). Figure 4.9 shows temperature, hydrostatic pressure, and strain rate profiles.
The thick, medium, and thin lines correspond to A-A' , B-B' and C-C' , respectively. The
difference of strain rate at the top and the bottom of the slab, Ac is given by 107181, 107101,
107571 for A-A' , BB', and C-C' , respectively. These numbers are chosen because the
number of earthquakes beneath Tohoku apparently decreases by one order of magnitude

between depth of ~ 60 km and ~ 110 km (Figure 6 of Anderson et al., 1980).
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Figure 4.8. Temperature model for the subduction zone beneath Tohoku, Japan. (A-A' ) slab
surface depth 50 km, (B-B' ) 100 km, (C-C' } 150 km.
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Figure 4.9. Distributions of temperature (a), hydrostatic pressure (b), and uniaxial unbending
strain rate (c) perpendicular to the dip of the slab. Thick, medium, and thin lines correspond to

lines (A-A' ), (B-B' ), and (C-C' ) in Figure 4.8.
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The result is shown in Figure 4.10. Positive stress corresponds to downdip compression,
and negative stress corresponds to downdip tension. The first, second, and third rows
correspond to the result for A-A' , B-B' |, and C-C' respectively. In the second and third
columns, the temperature fields are increased by 100° C and 200° C, respectively. Results of two
different sets of parameters for (4.13) are shown. The thinner line in each box represents the
stress distribution obtained from parameters in (4.14). The thicker lines are the results from
parameters with which the viscosity takes the lowest value within the error given in (4.14). The
strength of the slab is set equal to 50 MPa. Parameters which give the highest viscosity within

the error in (4.14) apparently gives viscosity so high that the whole slab (~ 100 km thick)

becomes seismic.

Although the basic stress distribution of a double seismic zone (i.e, downdip compression
in the upper part and downdip tension in the lower part) is consistently reproduced in the
models (as expected from the unbending model), the thickness changes from one model to
another. This suggests that the careful examination of double seismic zones may put some
constraints on the properties of the subducting slab. The temperature distributions in Figure
4.9 do not vary much among the different profiles. The thicknesses of the brittle failure zone
(i-e., the thickness of the double seismic zone) in Figure 4.10 does not change in each column

because the effect of pressure on viscosity cancels out the effect due to the change of strain

rates,

The seismicity beneath Tohoku (e.g., Figure 1.8a; Hasegawa et al., 1978a) shows that the
thickness of the double seismic zone stays almost constant down to a surface depth of ~ 100
km, as predicted by the model. The lower plane is almost straight throughout the double
seismic zone, which is also consistent with the model (i.e., the temperature profile does not
change much along the dip in the lower portion of the slab; Figures 4.8 and 4.9a). The upper
plane of the double seismic zone, on the other hand, starts bending (although it does not
necessarily mean the plate itself is bending) toward the lower plane at a depth of ~ 100 km and
they converge around ~ 180 km. This feature is not represented in the model, and it may mean
that the upper portion of the slab tends to get heated faster than the temperature mode!
predicts. Since the mantle temperature is held constant in the numerical modeling, this may
suggest that the temperature of the mantle beneath Japan is relatively higher than that of the
mantle beneath the Pacific ocean. In the second and the third column of Figure 4.10, in order
to see the effect of temperature change, profiles are uniformly increased by 100° C' and 200° C,

respectively. The thickness of the double seismic zone changes significantly. This suggests that
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the temperature is one of the essential factors controlling the double seismic zone.

In the present model, the temperature of the outer edges of the double seismic zone
(critical temperature, T,, above which o, with a given strain rate is too small to cause
earthquakes) is related to the strength of the slab through (4.13), where T = T, and oy = 0,.
Figure 4.11 shows this critical temperature as a function of depth with give strain rate and the
strength. The thick lines are obtained by using the values in (4.14) and thin lines surrounding
them represent the possible error given in (4.14). It shows that at the current level of
knowledge of the rheology of the lithosphere, even if the strain rate and the strength are known
precisely, from observations of the location of the lower edge of the double seismic zone, it is
only possible to predict the temperature within an error of ~ + 100° C'. It also shows the
significant effect of the strength on the critical temperature and the lesser significance of strain
rates. On the other hand, this means that if the temperature structure can be constrained by

other means (e.g., petrologically), it is possible to constrain the strength of the lithosphere.

Figure 4.12 shows the relation between the strength and the critical temperature at a
depth of 80 km, where the lower plane of the double seismic zone in Tohoku appears to start.
Strain rates are the-highest around this depth and probably on the order of 1071% ~v 10714 41,
The thick and thin lines represent the same as in Figure 4.11. The thickness of the double
seismic zone beneath Tohoku is ~ 40 km. This corresponds to the isotherm of ~ 600 ® ' or less
in the temperature model in Figure 4.9. A critical temperature of 600° C' at a depth of 80 km
predicts an unrealistic value for the strength of the lithosphere (not shown in Figure 4.12). Ata
depth of 80 km, the effect of heat conduction from the surrounding mantle is small and the
thermal structure of the inside of the slab is almost static and similar to tha.tl of the oceanic
lithosphere at the trench. The thermal structure of the oceanic lithosphere is fairly well known
{Parsons and Sclater, 1877}. Although tﬁeir estimate of the error bar for each parameter is
large, it is primarily due to the coupling among the parameters and does not necessarily mean
the thermal structure is uncertain. In fact, the observed data are well predicted by the model
and the error appears to be small. Therefore, the temperature model in this depth range should
be reliable and probably is not wrong by more than 100° C (N. H. Sleep, personal
communication, 1985). From bending earthquakes in the outer rise region in Tonga, Wortel
(1982) estimated this critical temperature to be 580+70° ¢ at a depth of ~ 45 km. Data on
earthquakes occurring near oceanic trenches, compiled by Chen and Molnar (1983) also appear
to suggest 600° for the critical temperature. Even taking the highest estimate of the critical

temperature to be 700° C' and the lowest estimate of viscosity, the strength still has to be
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Figure 4.11. Critical temperature as a function of depth with given strain rates and strength.
Strain rates are set equal to (a) 1075 and (b) 107% 1. Thick lines are for the average values
in (4.14) and the thin ones surrounding them show the error bar in (4.14).
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bigger than 500 MPa. This implies either that the lithosphere can sustain a differential stress
higher than 500 MPa without having earthquakes, or that the olivine flow law of (4.13) and

(4.14) is not appropriate for the lithosphere.

Since the olivine flow law of (4.13) and (4.14) is that of ‘dry’ olivine, it is possible that
neglecting the effect of water causes this high computed strength for the lithosphere. Neither
the flow law for ‘wet’ olivine nor the water content in the lithosphere at depths is well known
(Kirby, 1983). Thus it is not possible at this stage to determine whether or not the existence of

a double seismic zone requires that high stresses exist in the lithosphere.

It is also possible that the flow law obtained on the laboratory scale (both in time and
space) is not applicable to géologic scale phenomena (e.g, McNutt and Menard, 1982). Figure
4.13 shows the relation between the yield strength and activation energy, @ = E " +PV" for
two different critical temperatures. If the strength of the lithosphere is on the same order as the
stress drop of earthquakes (~ 10 PMa), Figure 4.13 implies that the activation energy has to be
less than ~ 400 kJ/mol. Since the activation energy is expected to be more than 600 kJ /mol in
{4.14) at a depth of 80km, this suggests that the flow law obtained in laboratories may be
seriously in error when a.pplfed to geologic scales. Brittle behavior of rock {or lithosphere) may
be scale dependent (due to inhomogeneities) and this would change the flow law for the semi-
brittle regime (or brittle-ductile transition; Kirby, 1980). Thus, both strength and activation
energy could be much smaller than the values obtained from laboratory experiments for the
semi-brittle regime. Estimating the bending moment of oceanic lithosphere following Goetze
and Evans’ (1979) formulation, McNutt and Menard (1982) suggested that the activation energy
was significantly less than 420 kJ/mol (Kirby, 1983; dotted line in Figure 4.13). This value also

predicts a relatively low yield strength (<50 MPa) at the lower edge of the double seismic zone.

The stress field calculated here is an instantaneous stress field and neither the variation
along the dip of the slab nor that in time is considered. The subducting slab with a strain rate
of 107! and a velocity of 100 km/Ma moves 3 km in the dip direction to obtain a strain of
107, If the average critical strain of 10"5~10™, obtained from shallow earthquakes (Tsuboi,
1933; Kanamori and Anderson, 1975; Rikitake, 1976), is applicable for intermediate earthquakes,

it is, therefore, not necessary to consider the variation in time and in space.

The stress field model in Figure 4.10 does not show the spatial gap between the upper and
the lower plane of the double seismic zone observed in seismicity. Since the unbending strain

rate is always largest at the outer edges of both the compressional and the tensional seismic

O
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Figure 4.13. Yield strength as a function of activation energy with T, = 600° ¢ and 700° C.
Thick and thin lines are results with strain rates 107451 and 10715, -1, respectively,
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zones in the model, more earthquakes are expected to occur in the outer regions than inside.
Rupture should also tend to initiate at the edges where the strain rate is high. Since
hypocentral locations are usually those of the initial point of rupture (as opposed to the
centroid), they are expected to be located in the outermost region of both seismic zones. These

features should result in further apparent separation of the two seismic zones.

Therefore it is possible to explain a double seismic zone as the result of unbending of the
subducting slab. Although the current level of knowledge of the rheology of the lithosphere
does not constrain the temperature structure, the possibility of such an approach in the future is
shown. The applicability of the ‘dry’ olivine flow law of (4.13) and (4.14) for the lithosphere is

seriously called into question.

‘What Unbends the Slab ?

I have so far concentrated just on the geometrical (and kinematical) part of the problem
and made no dynamical considerations. A question still remains unsolved: wh.at unbends the
slabs in the mantle? The answer probably varies from one subduction zone to another and I
only list the possible mechanisms. (1) Pressure due to the mantle flow (e.g., Yokokura, 1981;
Hager and O’Connell, 1978): Large scale mantle flow exerts forces normal to the slab. As
mentioned earlier, sagging (Sleep, 1981) is essentially the same as this, because the normal force
due to the mantle flow is, on the first order, proportional to the viscosity and the viscosity
increases in the mesosphere. (2) Gravitational forces: Even without the flow pressure, the
gravitational force itself unbends the slab when the slab dips too steeply (e.g., Marianas). (3)
Overriding plate push: When an overriding plate is moving toward the trench, the slab tends to

maintain a shallower dip angle, resulting in unbending.
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After the early suggestions of the possible presence by Sykes (1966) and Tsumura (1973),
double seismic zones have been found beneath Tohoku, Japan {e.g., Umino and Hasegawa, 1975;
Hasegawa et al., 1978a,b; Yoshii, 1979a), Hokkaido, Japan (Suzuki et al, 1983), Kurile-
Kamchatka (Veith, 1974; Stauder and Mualchin, 1976), eastern Aleutians (Reyners and Coles,
1982; Hause and Jacob, 1983), Peru (Isacks and Barazangi, 1977) and Tonga (this thesis).
Suggestions of the possibilities beneath the Adak network (Engdahl and Scholz, 1977} and
Marianas (Samowitz and Forsyth, 1981) are rather questionable (Topper, 1978; Engdahl and
Fujita, 1981; Fujita and Kanamori, 1981).

Considering the results in the previous chapters, I will now discuss and speculate

concerning where double seismic zones can exist.

What Controls the Stress States?

Compiling the focal mechanisms of ~ 250 intermediate depth earthquakes in the world,
Fujita and Kanamori (1981) suggested that the age of the slab and the arc-normal convergence
rate are the two major factors which control the stress state within the slab and the presence of
a double seismic zone. Figure 1.4 is taken from Fujita and Kanamori (1981), in which they
compared these two factors to the percentage of in-plate compressional events. Although the
general effects of these two factors on the intermediate depth stress are as they. describe, force
balances and the dynamics of the subduction process are probably much more complicated, and
it is questionable whether their line of argument can be applied to all of subduction zones in the
world. It seems more appropriate to apply it to local problems {Forsyth, 1975; Shiono et al.,
1980).

If the stress state of the slab is dominated by downdip compression (or downdip tension) in
the intermediate depth range where unbending is taking place, it means that there is an
additional uniaxial compressional (or tensional) strain whose magnitude is equal to or more than
that of the maximum unbending strain. The average unbending strain rates between depths of
60 km and 150 km are estimated to be on the order of 107®s~). Therefore, a uniaxial strain
rate of 107'%~! due to some force other than unbending is required for the slab to be totally

compressional {or tensional) and not to have a double seismic zone.

O
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A uniform uniaxial compressional (tensional) strain rate of ~ 107184~ corresponds to a
shortening (elongation) of ~ 5%, when the slab subducts 160 km along dip with a velocity of 10
em/yr. If this occurs, the slab would probably start either buckling (for compression) or necking
(for tension) and would result in highly localized deformation. This is not océurring in most
subduction zones, since seismicity shows that most slabs are smoothly continuous (except below
Fiji and south America). Therefore neither compressional nor tensile stresses appears to
completely dominate the stress state of the slab in the intermediate depth range where
unbending is taking place and thus double seismic zones should exist in most subduction zones
where deformation is taking place in a two dimensional manner. In other words, unbending
strain rates dominate the deformation of slabs and the state of stress in the intermediate depth
range and additional uniaxial strains simply shift the neutral stress plane of 2 double seismic

zone higher or lower depending on their sign.

‘Where are Double Seismic Zones ?

Based on the above discussion, I speculate that double seismic zones should be found in
most subduction zones. The observation of double seismic zones has been hampered by the lack
of high quality local networks in most subduction zones and the fact that the time span of
reliable observations of earthquake focal mechanisms is too short. In this section, utilizing Fujita
and Kanamori’s (1981) classification of subduction zones, the nature of the seismicity observed

at present will be discussed in the light of the preceding argument.

Old end Faat Slabs

It is shown in the previous chapter that the thickness of a double seismic zone is strongly
influenced by the thermal structure of the slab. It is well accepted that the thickness of oceanic
lithosphere increases with its age (e.g., Parson and Sclater, 1977). Fast subduction also tends to
keep the slab colder than the surrounding mantle. Therefore, the seismic zones (defined by
some critical temperature) of old and fast slabs are expected to be thick. Most of the
subduction zones where the presence of double seismic zones is known (Tohoku, Kuriles,
Kamchatka, Tonga) are in this category. This seems to reflect the fact that the seismic zones

are thick in these area - the thicker the seismic zones, the easier the double seismic zones can be
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found.

Young and Slow Slabs (Stress Segmented ¢)

Fujita and Kanamori (1981) pointed out that slabs in in this category (Ryukyu, Aleutians,
Scotia) had thin seismic zones and that it became easier for tensile or compressive stresses to
dominate short segments of the slab with no single segment exhibiting both. They called these
slabs ‘stress segmented’, because short segments in close proximity show different stress states.
Both in Ryukyu and Scotia, earthquakes studied from teleseismic data exhibit tersile and
compressional stress features in the northern and southern parts, respectively, without spatial

overlapping (Shiono et al., 1980; Forsyth, 1975).

The explanation of Fujita and Kanamori (1981) is certainly attractive and probably true
to some extent, but uniaxial strain rates of the order of 107%™ are still required for either
tensile or compressive stresses to completely dominate the stress fields there. Therefore, 1
suggest that tensional and compressional earthquakes are actually located in the lower and
upper edges of seismic zones , respectively, and that if reliable data for smaller earthquakes

become available, double seismic zones will be found.

House and Jacob (1983) showed a similar ‘stress segmented’ feature in the eastern
Aleutians from teleseismic data, while Reyners and Coles (1982) and Hauksson et al. (1984)
indicate the presence of a double seismic zone beneath the Shumagin Islands, which is located in
the eastern edge of the area studied by House and Jacob (1983), from the data of a local
network. This seems to support my interpretation of ‘stress segmeﬁtation’. If. should be noted
that the composite focal mechanism solutions of the earthquakes of the double seismic zone
beneath the Shumagin Islands exhibit a rather puzzling feature; the polarity of the stress state
within the upper plane of the double seismic zone reversed within few years (Reyners and
Coles, 1982; Hauksson et al., 1984). Since there was no major deformation in this time period,

it is quite puzzling and certainly I have no explanation for it.

The seismicity beneath the Adak network {central Aleutians) is also puzzling. Engdahl

and Scholz (1977) suggested the presence of a double seismic zone but the detailed study by

Topper (1978) seems to deny the possibility and to show a single seismic zone. Since the data
are obtained from a local network, a double seismic zone should show up if indeed one exists.

Focal mechanism solutions show the predominance of a strike slip component, indicating that
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the slab is neither strongly in compression nor tension zlong the dip (Topper, 1978). The only
possible explanation for these features is that lateral deformation is dominating the mode of

deformation in the slab, and the simple two dimensional view is not applicable.

Compressional or Tensional Slabs

In the deeper part of a double seismic zone (below ~ 100 km), the unbending strain rate
can be lower (10717~1071%1), - There, it may be possible for either compressional or tensile
stresses to dominate the stress field without causing buckling or necking, and to erase the
preexisting double seismic zone. The activity of deep (>>300 km) earthquakes in Tonga is the
highest and the compressional stress (or strain) is expected to be transmitted upward more than
anywhere else in the world. The presence of the double seismic zone in Tonga, therefore, seems
to indicate that the compressional stresses are not dominating the stress field of the intermediate
part of the slab anywhere in the world at present. On this basts, I suggest that a double seismic
zone exists beneath the Izu-Bonin arc (Ogasawara in Figure 1.4), where the general seismicity so

far known is similar to that of Tonga (Fujita and Kanamori, 1981).

There is no evidence that tensile stress is not dominating the entire slab below ~ 100 km.
So, the final question would be whether there are double seismic zones in the slabs where only
~tensional events are found. It is probably possible for the slabs beneath the Kermadec Islands
and the New Hebrides to be tensional, because the slabs appear to be short and no strong
resistance from below is expected. In these areas, the gravitational slab pull force may
dominate and make slabs totally downdip tensional. Even in these cases, the shallower parts,
where the unbending strain rate is higher than 107851, would still exhibit double seismic zones,

uniess the slabs are really starting to break off.

Samowitz and Forsyth (1981) suggested the presence of a double seismic zone beneath the
Marianas. Although there may be one, it is difficult to accept their result as evidence. After
relocating earthquakes by a similar procedure to that employed in Chapter 3 (but without
constraining depths), they found three events for their lower plane of the double seismic zone.
They could determine the focal mechanism for only one of those three events, which is downdip
tension as expected for the lower plane. ISC, however, reports a pP-P depth of 69 km for the
event (event 3 in their Figure 8) and this is 25 km shallower than the depth estimated from

their relocation. This suggests that all three events located in the lower plane can actually be
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part of the upper plane and there may not be a double seismic zone. Although Fujita and
Kanamori (1981) classified the slab beneath the Marianas as tensional, the focal mechanism
solutions seem to suggest that lateral deformation may be dominating, reflecting the large

curvature of the arc and there may not be a double seismic zone beneath the Marianas.

Fujita and Kanamori (1981) classified slabs beneath the South America continent as
tensional. Isacks and Barazangi (1977), however, reported a double seismic zone beneath Peru
where unbending of the slab is actually observable. A group of events studied by Malgrange
and Madariaga (1983) in north-central Chile also indicates the possibility of the presence of 2
double seismic zone there. The observable amount of unbending beneath Scuth America is
probably due to the fact that the overriding plate (i.e., South American continent) is advancing
toward the trench with a high velocity (~ 3cm/yr) as suggested in the previous chapter as one
of the cause for unbending. This may be also resulting the dominance of tensional stress

generally observed in this area.

From the preceding discussion, I suggest that double seismic zones should be observed in

most subduction zones where deformation is mainly taking place in a two dimensional manner.

Concluding Remarks

The unbending strain rate, suggested as the cause of the double seismic zone in this thesis,
is large, and it is expected to exist within all subducting slabs, if they are straight at some
depth in the mantle. This strain due to unbending has to be released by some mechanism, and
if it is released by earthquakes, a double seismic zone results. Throughout this thesis, I have

tried to show that this is what is really happening in subducting slabs at intermediate depths.

At the end of this thesis, I would like to mention that the double seismic zone is a first
order feature of the theory of plate tectonics. The fact that the oceanic plate subducts into the
mantle, keeping its planar shape as indicated by a2 Wadati-Benioff zone, requires that there is a
double seismic zone in the mantle. I hope that readers of this thesis now remember the time

when they first learned about plate tectonics and saw the earthquakes in the Wadati-Benioff

ZOne, saying,

O
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‘Plate tectonics !
Wadati-Benioff zones !l ...

Oh! There must be a double seismic rone 1’

Certainly I did not.
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APPENDIX A

LIST OF EARTHQUAKES IN CHAPTER IT

Origin time and epicentral locations are from ISC bulletins. pwP denotes a depth
corrected for a water depth. Classifications of mechanism types are given in Table 2.3, ¥
represents events which could not be ¢lassified into any of these categories, Focal mechanism
solutions are available for events with ‘0’ and ‘1°. pwP depths are taken from Seno and Kroeger

(1983) for events with ‘0’. Only focal mechanism types could be determined for events with 2’
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origin depth # of mech
year mo day time lat  long ISC pP  pwP ) sths type region
1964 1 8 3 45 324 37.05 140.54 88.0 0. 0, 0. 20 b D
1964 1 25 22 48 545 36.65 141.04 53.0 0. 0. 4.6 35 a D
1964 1 26 12 5 51.7 40.70 140.86 122.0 0. 0. 4.8 34 ¢2 A
1864 1 28 0 2 32.5 40.43 141.61 114.0 0. 0. 4.4 27 b A
1964 2 5 11 30 16.9 36.47 141.02 54.0  53. 51. 5.6 246 d1 D
1964 2 7 12 58 53.1 39.85 14286 380 39.0 35.0 5.7 202 42 B
1964 2 14 6 56 1.4 36.84 142.04 37.0 25,0 158 4.8 91 D
1964 3 3 19 37 3.4 37.07 141.31 62.0 0. 0. 4.4 4] e D
1964 3§ 6 2 36 36.3 40.99 142.57 37.0 150 8.0 4.9 96 ? A
1964 3 25 2 43 23.0 36.45 141.09 52.0 38.0 36.2 5.1 133 1t D
1964 4 16 1 4 295 36.99 142.90 60 320 129 5.2 200 D
1964 4 17 2 B8 25.7 36.52 140.74 63.0 0. 0. 4.9 93 e D
1964 4 29 10 43 2.2 40.93 140.81 125.0 0. 0. 4.2 23 ¢2 A
1964 5 3 1 54 34.5 40.20 142.03 71.0 660 66.0 4.7 101 ¢2 A
1964 5 8 23 53 21.5 40.19 142.37 84.0 400 38.0 4.8 9% 7 A
1964 5 21 19 3 13.0 37.19 14159 54.0 0. 0. 0. 52 g D
1864 5 24 19 27 86 37.50 141.39 75.0 0. 0. 4.2 47 b D
1964 5 30 14 30 44.9 36.23 141.99 41.0 4.0 370 5.7 290 d1 D
1964 6 20 16 59 10.9 40.23 14231 57.0 41.0 390 4.9 g2 ? A
1964 8 7 B 5 1.8 37.40 14154 55.0 0. 0 4.4 64 a D
1964 8 19 20 3 19.7 39.14 141.87 109.0 0. 0 3.9 23 t2 C
1964 8 19 20 3 19.7 39.14 141.87 109.0 0. 0 3.9 23 2 C
1964 9 24 17 59 525 40.07 142.14 85.0 0. 0 3.9 39 b A
1964 10 15 4 49 34.4 3646 140.75 56.0 0. 0. 0. 20 a D
1964 10 22 9 54 383 36.72 141.20 51.0 43.0 423 4.8 129 =a D
1964 10 30 19 34 31.1 3887 141.72 68.0 0. 0 4.0 22 ¢2 C
1864 11 11 19 17 1.0 3821 14015 140.0 0. 0 4.3 3B b D
1964 11 14 5 56 45.1 36.54 140.62 69.0 0. 0 4.9 112 42 D
1964 11 21 7 58 23.1 37.77 141.34 76.0 0. 0 4.1 30 b D
1964 11 23 18 55 32.4 36.56 140.94 58.0 0. 0. 4.8 54 e D
1964 12 20 13 31 55.2 37.38 141.61 480 400 389 5.1 il6 a D
1964 12 20 23 14 44.1 36.50 140.61 67.0 0. 0. 4.6 41 =a D
1965 1 23 21 51 14.0 36.69 14097 57.0 0. 0. 5.2 111 a D
1965 2 16 12 24 9.3 38.87 14201 55.0 0. 0. 5.4 211 d1 C
1965 2 21 22 28 27.4 3747 139.69 133.0 0. 0. 4.6 61 ¢2 D
1865 3 13 20 56 7.2 3851 142.13 54.0 0. 0. 5.0 40 a C
1965 3 14 12 4 143 37.09 141.22 53.0 0. 0. 4.5 38 d2 D
1965 3 16 16 46 16.1 40.75 142.96 36.0 29.0 250 5.8 202 do A
1965 3 29 10 47 384 40.73 14285 41.0 32.0 26.0 6.1 302 41 A
1965 4 5 2 13 17.7 39.68 141.08 106.0 0. 0. 4.1 24 ¢2 B
1965 4 21 22 52 46.5 37.87 141.78 65.0 0. 0. 4.4 45 b D
1965 4 27 2 18 23.3 38.50 142.21 51.0 0. 0 4.8 28 a C
1965 4 28 16 33 7.8 40.41 14124 96.0 0. 0. 4.3 33 ¢2 A
1965 5 12 0 28 19.0 37.79 135.05 173.0 0. . 4.0 33 2 D
1965 7 12 11 21 41,1 40.37 141.90 68.0 0. 0. 4.1 29 e A
1965 7 31 7 36 28.0 36.10 14242 15.0 340 134 5.0 130 - D
1965 8 14 11 39 29.2 40.81 141.34 98.0 0. 0. 4.7 53 7 A
1965 9 10 19 25 52.6 37.36 14120 77.0 67.0 66.6 5.1 164 ¢2 D
1965 9 17 12 59 17.9 36.36 141.42 550 35.0 295 5.0 135 =& D
1965 9 17 13 20 59.5 36.41 141.36 55.0 36.0 316 5.3 174 a D
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2

8
17
18

2

8
12

origin
time

22
18
21
59
42

8
37
53
54

7

0
41

0
51
27
38
43
43
25
34
43

8
39
51
39
21

7
46
58
35
22
14
19
31

)
45
22
58
b9
26
35
50
34

6
42
36
59
36

5
30

38.8
36.5
19.3
20.8
38.2

14
13.3
32.9
14.7
25.1
52.5
57.8
30.8
211
53.0

4.5
22.3
39.2

3.5
38.3
16.8
12.5
17.3
55.8
21.6
35.8
59.5
23.8
56.1
19.4
46.3

8.9
55.3
16.4
51.6
49.4
177
26.8
31.5
211
22.7
13.2
43.3
15.3
17.5
10.0
22.0
38.5
59.0
40.5

lat

36.36
36.31
36.35
36.49
36.35
36.44
39.65
39.63
36.61
36.35
36.45
36.97
39.69
37.11
36.50
36.68
38.54
36.66
36.70
41.01
36.55
39.82
38.22
38.06
38.37
39.01
36.32
36.44
39.29
37.09
40.26
37.60
37.55
40.43
39.77
37.25
37.19
36.88
38.33
38.22
41.34
37.84
38.17
36.48
38.30
38.26
40.15
36.58
37.08
38.39
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long

141.41
141.45
141.38
141.28
141.37
141.37
143.32
143.33
141.08
142.06
141.08
141.05
141.04
139.10
140.63
141.07
142.10
141.06
140.27
141.29
140.93
141.68
139.67
141.69
141.87
142.51
141.48
141.84
141.29
140.73
140.08
141.51
141.48
142.50
141.28
141.35
141.08
141.05
142.20
142.26
140.12
141.46
142.18
140.78
141.72
142.11
142.47
140.47
141.23
142.02

ISC

45.0
46.0
41.0
57.0
47.0
45.0
25.0
25.0
55.0
39.0
55.0
61.0
106.0
172.0
66.0
63.0
48.0
52.0
92.0
127.0
57.0
81.0
153.0
77.0
55.0
33.0
48.0
28.0
102.0
95.0
177.0
86.0
59.0
41.0
99.0
74.0
59.0
55.0
39.0
40.0
169.0
94.0
43.0
60.0
62.0
56.0
52.0
69.0
60.0
75.0

depth
pP

38.0
32.0
37.0
0.
39.0
47.0
32.0
30.0
41.0
36.0

pwP

32.5
26.9
31.9
0.
33.9
43.0
24.0
22.0
39.9
224

5.4
b4
6.1
4.8
48
5.8
5.3
5.4
B.b
4.7
4.9
4.6
4.8
4.0
5.1
5.0
5.1
5.6
4.7
4.2
4.6
4.6
4.2
5.0
4.9
4.7
4.7
5.2
4.2
4.3
4.4
4.1
5.3
4.7
4.7
4.3
5.5
4.3
5.9
4.7
4.5
4.3
4.5
4.5
4.3
48
4.7

4.3
5.3

# of

stns

169
200
344
69
63
306
187
182
213
83
51
71
54
28
128
103
138
244
86
40
bl
47
37
117
79
52
65
166
64
67
46
20
155
100
43
32
222
20
396
68
41
33
71
38
49
101
95
26
70
179

mech
type

region

olvivh NeYolvNol=E-NeYolvivAvE:. I RviwvivEvi. AvivisNoNoRel - Ruvi JuivislvivivinRviviviviellvivivivlviw

O



- 125 -

origin depth # of mech
year mo day time lat long ISC pP  pwP my stns type region
1967 8 17 14 31 56.2 39.36 142.43 89.0 870 840 4.6 88 t2 B
1967 8 19 12 14 21.0 40.85 14358 368.0 410 34.0 5.0 94 A
1967 9 19 3 28 56.4 37.38 141.75 400 330 365 4.8 103 a D
1967 10 10 6 47 0.4 36.65 141.12 50.0 44.0 43.3 4.8 107 a D
1967 11 1 19 17 22.8 37.17 141.45 54.0 440 436 4.9 116 a D
1967 11 4 13 26 47.6 37.39 141.71 43.0 410 395 5.5 300 di1 D
1967 11 19 12 7 0.4 36.47 141.17 480 420 398 5.7 309 di D
1967 12 30 2 27 52.3 3824 142.06 57.0 0. 0. 4.9 52 ¢2 C
1968 1 2 11 46 1.3 40.15 141.03 115.0 0. 0. 4.3 37 2 B
1968 1 5 8 22 40.7 36.75 140.37 93.0 0. 0. 3.9 38 ¢2 D
L1968 1 9 15 38 16.2 36.96 140.05 133.0 0. 0. 4.5 46 t2 D
1968 1 18 23 36 23.5 41.08 142.67 59.0 0. 0. 4.6 65 7 A
1968 1 23 19 16 30.6 40.70 142.83 50.0 41.0 350 4.8 Y A
1668 2 25 20 0 31.4 37.63 141.51 65.0 63.0 623 5.4 225 a D
1968 3 4 12 7 33.3 36.63 140.91 56.0 0. 0. 4.0 22 d2 D
1968 3 17 O 33 32.4 39.31 141.76 68.0 0. 0. 4.2 35 ¢2 B
1968 3 22 20 34 44.0 37.49 14247 80 210 170 5.3 189 D
1968 4 6 18 28 4.2 37.74 141.04 78.0 0. 0. 4.1 31 c2 D
1968 4 7 2 47 425 38.39 141.75 58.0 51.0 51.0 4.9 94 e C
1968 4 7 10 59 32.6 36.49 140.60 61.0 0. 0. 0. 26 d2 D
1968 4 21 8 34 386 3868 142.99 33.0 200 200 5.4 293 do C
1968 4 22 21 40 40.8 36.57 140.90 61.0 68.0 678 4.3 53 e D
1968 4 26 13 21 11.1 37.38 141.63 49.0 450 43.0 5.2 164 a D
1968 5 1 8 43 444 38.65 143.22 13.0 240 18.0 5.4 243 di1 C
1968 5 1 19 12 53.3 40.87 14268 15.0 19.0 12.0 4.9 149 d2 A
1968 5 16 0 48 57.0 40.86 143.38 9.0 8.0 1.0 6.1 381 di A
1968 5 16 1 4 55.0 41.00 143.22 200 340 270 5.7 66 A
1968 6 16 1 4 550 41.00 143.22 20.0 340 270 5.7 656 A
1968 5 16 4 15 47.0 4063 142.73 59.0 0. 0. 4.5 71 7 A
1868 5 16 5 44 38.0 40.43 143.75 14.0 30.0 19.0 4.7 107 A
1968 5 16 7 28 3.9 40.22 143.34 36.0 28.0 220 4.7 93 A
1968 5 16 8 19 59.0 41.03 14284 440 430 418 5.0 119 ? A
1968 5 16 8 46 40.8 40.82 14330 380 350 280 4.9 121 A
1868 5 16 13 52 41.1 40.20 143.58 0. 31.0 230 3.1 31 A
1968 5 16 14 3 20.0 39.80 142.70 0. 41.0 370 5.3 33 ° B
1968 5 16 16 21 53.0 89.82 143.70. 250 230 180 49 84 A
1968 5 16 17 21 51.8 41.11 142.57 420 39.0 335 4.7 80 ? A
1968 5 18 18 43 21.6 40.78 142.15 60.0 55.0 52.0 5.8 309 d2 A
1968 b5 18 20 12 34.2 40.70 142.06 87.0 0. 0. 4.2 22 1 A
1968 5 16 21 25 58.1 40.89 143.18 46.0 380 31.0 4.9 131 A
1968 5 16 21 28 28.1 40.51 143.44 0. 33.0 26.0 4.7 27 A
1968 5 16 22 56 b55.0 39.89 143.57 21.0 260 18.0 4.4 35 A
1968 5 16 23 51 36.4 39.60 143.29 40.0 30,0 220 4.7 56 B
1968 5 17 0 24 283 40.26 142.71 62.0 0. 0. 4.2 68 t2 A
1968 5 17 2 42 51.0 40.57 142.60 500 520 47.0 43 20 ¢t A
1968 &5 17 4 36 30.0 39.32 143.10 490 33.0 25.0 4.5 o4 B
1968 5 17 5 19 34.8 39.68 143.39 200 310 230 4.7 111 B
1968 &5 17 6 24 33.2 39.15 143.58 22,0 29.0 160 4.9 149 B
1968 5 17 10 42 44.3 39.69 143.46 18.0 350 27.0 5.3 261 B
1968 5 17 13 59 52.9 40.27 143.25 340 230 170 4.5 44 A
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1968
1968
1968
1968
1968
1968
1968
1968
1968
1968
1968
1968
1968
1968
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1968
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day

17
17
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17
17
17
17
18
19
19
20
20
20
20
20
20
20
22
23
24
24
25
25
26
26
27
28
28
28
30

14
16
18
18
19
22
23
15

origin
time

53
2
3

17

48

36

17

33

19

16

31

16

37

35

15

53

31

29

56
6

34

52

19

41

59

17

30

34
o
4

58

31

46

21

45

44

38

41

17

38

44
8

23

48

23

29

23

52

48

10.3
24.1
44.0

7.1
57.0
13.0
12.8
45.7
30.2
47.5
45.4
19.9
23.0
41.8
17.6
31.3
50.0
26.9
20.0
23.4
23.0
56.2

1.2
40.8
14.8
55.1
19.9
52.0
39.3
20.4
12.9
49.3
46.1
24.6
55.6
34.0
42.9
49.4
26.0
13.0

7.0
53.4
52.5
58.7
20.1
12.0
18.8

0.6
54.1

lat

39.65
40.59
38.94
39.68
39.67
40.65
40.28
40.72
36.80
40.51
40.20
40.09
40.22
39.22
40.61
40.40
40.61
40.27
40.25
40.91
40.65
40.16
40.72
40.17
40.69
40.40
40.98
37.75
40.91
40.72
38.33
40.22
36.87
40.63
40.94
40.67
40.17
39.47
39.25
39.36
39.40
39.51
39.50
39.30
39.43
39.20
39.50
39.20
39.36
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leng

143.65
144.08
143.30
143.07
143.19
143.80
143.31
143.20
141.70
143.21
142.42
143.91
143.93
143.27
142.78
143.84
142.50
142.34
143.75
143.11
143.94
143.17
143.37
142.34
143.43
141.95
142.98
141.89
142.00
142.25
141.84
142.34
140.19
142.40
142.28
143.76
142.35
142.89
142.99
142.86
142.50
143.04
143.07
143.05
143.08
143.29
143.10
142.95
142.84

ISC
26.0

35.0
26.0
25.0
17.0
34.0
47.0
36.0
35.0
54.0

4.0
37.0
39.0

3.0
36.0
50.0

5.0
27.0
12.0
26.0

54.0
43.0
55.0
38.0
56.0
60.0
60.0
58.0
48.0
130.0
75.0
53.0
10.0
52.0
31.0
32.0

. 89.0

37.0
26.0
29.0
47.0
20.0

23.0
40.0

depth

27.0
32.0
26.0
24.0
26.0
30.0
31.0
27.0
35.0
44.0
48.0
28.0
28.0
33.0
42.0
31.0
38.0
44.0
26.0
23.0
28.0
30.0
28.0
44.0
39.0
49.0
42,0

64.0
66.0
56.0
48.0
73.0

30.0
50.0

31.0°

30.0
32.0
20.0
29.0
20.0
28.0
27.0
24.0
22.0
28.0
30.0

pwP

17.0
15.0
20.0
18.0
19.0
19.0
25.0
20.0
31.3
37.0
45.0
13.0
13.0
24.0
36.0
18.0
35.0
42.0
15.0
22.0
13.0
25.0
21.0
42.0
32.0
49.0
35.0

61.0
63.0
55.0
46.0

69.0

20.0
48.0
25.0
23.0
26.0
25.0
22.0
22.0
21.0
20.0
15.0
15.0
21.0
24.0

my

4.9
5.1
43
5.4
4.8
5.0
5.0
4.9
4.6
5.2
4.7
5.5
4.0
46
43
5.3
4.4
5.5
4.9
5.7
4.6
5.4
5.1
4.9
4.8
4.5
4.5
4.2
4.5
4.3
4.4
5.5

4.7
4.5
4.9
4.4
6.0
5.2
5.0
4.4
5.2
5.1
5.1
4.8
4.4

5.3
4.7

# of

stns

133
195
32
238
95
165
95
94
85
233
101
238
95
74
31
119
54
295
125
331
80
249
104
124
84
31
38
26
35
32
34
249
23
109
26
138
68
378
95
97
30
111
115
150
66
62
48
205
99
125

mech
type

d2

do
d2
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R - -
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-
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origin depth # of mech
year mo day time lat  long ISC pP  pwP m, stns type region
1968 6 12 19 38 43.4 39.23 142.81 380 310 240 4.6 39 B
1968 6 12 19 48 29.1 39.37 14291 340 31.0 250 4.3 40 B
1968 6 13 0 4 596 39.53 143.07 13.0 250 180 53 203 B
1968 6 13 0 42 15.2 39.29 14285 350 300 240 4.7 112 B
1968 6 13 1 42 55.7 39.47 143.13 36.0 270 20.0 4.6 64 B
1968 6 13 2 5 420 3951 142.94 130 220 160 52 246 B
1968 6 13 11 56 21.1 3924 143.09 15.0 190 120 5.3 228 B
1968 6 13 14 56 15.1 39.50 143.00 18.0 21.0 15.0 5.1 146 B
1968 6 13 21 10 34.9 39.43 142.97 220 820 26.0 55 275 B
1968 6 14 0 46 10.0 39.54 14270 59.0 250 21.0 4.7 80 b B
1968 6 14 1 36 38.6 39.48 142.77 400 320 27.0 4.5 37 B
1968 6 14 3 18 17.2 39.48 142.83 0. 31.0 25.0 5.0 185 d2 B
1968 6 14 6 5 3.5 8944 14273 340 26.0 20.0 4.6 79 B
1968 6 14 11 52 38.3 3936 142.93 240 280 220 54 224 2 B
1968 6 15 3 31 16.4 39.43 142.88 8.0 18.0 120 5.3 196 B
1968 6 17 16 56 12.5 40.19 143.84 1.0 29.0 16.0 5.4 204 A
1968 6 17 18 57 29.9 38.74 143.60 0. 34.0 220 4.9 208 C
1968 6 18 8 56 27.3 39.53 14182 75.0 0. 0. 4.4 65 ¢2 B
1968 6 19 1 38 17.1 39.51 143.04 29.0 310 24.0 5.3 205 B
1968 6 20 8 15 8.8 40.12 142.33 59.0 450 43.0 4.3 66 a A
1968 6 22 1 12 33.3 4031 14368 29.0 190 150 56 283 dO A
1968 6 25 23 33 15.9 3960 143.57 20 300 200 51 178 B
1968 6 27 17 11 57.6 40.22 142.39 540 470 440 47 101 a A
1968 6 28 14 23 59.7 4043 14359 170 270 180 48 107 A
1968 6 30 14 48 39.5 3882 14270 350 220 17.0 4.9 126 C
1968 7 5 11 28 13.0 38.54 142.14 44.0 46.0 44.0 6.0 380 d1 C
1968 7 7 13 16 12.3 39.45 142.84 9.0 220 16.0 5.0 144 B
1968 7 8 0 18 40.2 40.80 143.28 420 340 270 4.7 95 A
1968 7 8 3 53 34.2 41.03 141.87 720 0. 0. 4.5 80 e A
1968 7 9 8 6 9.0 39.50 142.90 380 340 280 45 115 B
1968 7 12 0 44 37.3 3954 143.20 0. 300 220 5.8 382 B
1968 7 12 1 30 32.0 39.62 143.10 290 280 210 42 30 B
1968 7 12 3 56 24.0 39.59 143.28 10 270 19.0 5.6 321 B
1968 7 18 11 20 57.8 40.28 14372 200 300 200 46 128 A
1968 7 23 12 5 50.0 39.40 142.90 1250 230 17.0 3.9 22 B
1968 7 23 18 9 18.2 39.93 14351 23.0 27.0 200 48 115 A
1968 7 23 23 2 37.1 40.33 14341 230 240 17.0 53 218 A
1968 7 24 16 25 45.1 40.19 14245 51.0 460 43.0 4.3 35 a A
1968 7 28 14 3 37.6 40.79 142.47 53.0 510 46.0 4.7 74 a A
1968 8 8 4 55 9.5 3640 14150 360 370 311 55 276 di D
1968 8 16 10 39 16.7 3857 143.39 0. 2290 130 54 285 d1 C
1968 8 25 9 7 29.7 40.09 143.37 140 270 220 55 262 A
1568 8 25 9 13 481 40.05 143.37 270 22.0 17.0 5.4 160 A
1968 8 30 2 44 53.5 40.04 14281 430 360 320 51 176 d2 A
1968 8 31 16 45 26.0 39.83 143.66 30 270 180 4.7 88 A
1968 9 3 7 1 353 3793 141.88 650 770 75.0 5.2 167 t2 D
1968 9 15 10 50 13.4 40.87 14330 260 320 9250 54 268 A
1868 9 20 13 53 36.1 40.69 14361 280 290 200 4.8 95 A
1968 9 24 3 34 46.0 40.30 143.70 40 310 210 5.2 169 A
1968 9 24 4 46 1.5 40.31 143.80 10.0 27.0 16.0 5.1 120 A
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origin depth # of mech
year mo day time lat  long ISC PP  pwP my stns type region
1968 10 14 9 11 26.0 3838 142.22 470 420 39.0 5.2 170 a C
1968 10 17 13 28 24.0 3940 14198 63.0 580 580 4.5 84 a B
1968 11 6 1 28 44.7 40.29 143.76 170 280 17.0 4.6 75 A
1968 11 7 9 19 6.5 40.18 142.31 55.0 b3.0 51.0 5.5 186 d2 A
1968 11 11 14 41 15.1 40.12 143.25 31.0 460 41.0 5.5 135 A
1968 11 12 14 4 33.9 40.09 142.70 430 410 37.0 5.1 146 a A
1968 11 13 18 41 47.2 40.17 14265 400 46.0 42.0 5.6 300 d2 A
1968 11 17 12 59 9.8 39.71 143.24 36.0 300 220 4.7 129 B
1868 11 18 6 2 32.1 37.36 14159 55.0 41.0 399 4.9 78 a D
1668 11 23 5 22 12.8 40.15 142.35 57.0 45.0 43.0 4.5 8l a A
1968 11 24 21 20 59.9 40.30 142.39 490 46.0 43.0 5.9 344 di A
1968 11 28 7 0 9.1 4015 14247 540 450 420 5.1 169 a A
1968 11 30 18 13 18.5 40.22 142.31 56,0 480 46.0 4.3 4] = A
1968 12 21 12 58 14.0 4066 143.82 260 30.0 19.0 4.8 107 A
1969 1 1 15 35 17.0 4012 14238 60.0 46.0 44.0 4.5 70 ? A
1969 1 14 16 2 0.6 37.53 14159 580 480 47.3 5.0 104 a D
1968 2 14 13 29 12.3 39.43 143.15 0. 320 25.0 4.4 45 B
1969 2 17 7 29 8.1 8750 140.87 96.0 830 830 4.8 97 2 D
1969 3 8 10 20 9.9 4135 139.71 1740 180.0 1782 5.5 230 el A
1969 3 10 15 52 45.1 36.46 140.69 63.0 0. 0. 4.2 35 1 D
1669 3 16 15 54 16.7 3857 14283 33.0 350 30.0 5.5 274 10 C
1969 3 16 15 57 40.5 3852 142.7t 49.0 46.0 41.0 5.2 54 C
1969 3 16 16 B7 7.3 4097 143.14 41.0 290 22.0 4.4 65 A
i969 3 21 3 5 93 40.37 143.81 140 220 100 5.5 163 A
1969 4 9 12 57 24.8 36.84 139.77 117.0 109.0 109.0 5.5 263 1 D
1969 4 15 17 30 53.0 39.86 143.58 50 240 16.0 54 228 A
1969 4 17 4 56 13.0 39.66 143.58 11.0 16.0 7.0 5.1 163 B
1968 4 19 1 23 215 37.93 141.81 59.0 46.0 45.0 4.6 566 a D
1969 4 19 15 18 9.3 40.74 142.27 62.0 640 61.0 4.7 82 a A
1969 4 25 21 35 22.7 35.81 14323 36.0 31.0 24.0 4.6 65 B
1969 5 2 20 40 105 40.95 143.16 44.0 53.0 46.0 4.8 109 A
1969 5 2 22 45 440 40.18 142.45 57.0 480 450 4.9 117 =& A
1969 5 13 14 19 43.5 36.44 140.72 69.0 0. 0. 5.3 119 =2 D
1969 5 16 2 14 15.7 39.75 141.73 88.0 0. 0. 4.0 28 1 B
1968 5 20 6 39 0. 3837 14169 710 0. 0. 4.3 50 ¢2 C
1968 5 20 14 21 49.8 40.99 14188 73.0. 0. 0. 4.4 41 e A
1966 35 22 9 36 41.0 3826 143.26 220 230 13.0 4.6 65 C
1969 5 22 11 40 49.7 36.52 140.57 67.0 0. 0. 4.6 53 a D
1969 5 28 22 25 38.1 40.11 142.02 63.0 0. 0. 4.7 37 e A
1969 6 6 15 48 8.4 3655 141.19 62.0 0. 0. 0. 26 e D
1969 6 10 16 41 39.7 88.70 141.61 73.0 0. 0. 0. .30 b C
1969 6 12 7 41 21.3 40.37 143.78 4.0 260 140 5.2 215 A
1969 6 20 6 41 5.8 3852 14200 810 810 £0.0 5.3 193 b C
1969 6 20 15 37 49.6 40.81 142.19 580 620 59.0 5.5 233 d2 A
1969 6 23 &5 57 8.5 37.31 14162 520 400 389 5.1 154 =a D
1969 7 14 15 55 54.5 39.91 14356 340 320 24.0 4.5 55 A
1969 7 21 19 44 125 3950 143.19 220 250 18.0 5.0 122 B
1969 7 23 13 14 35.0 37.35 141.62 490 440 429 5.4 217 a D
1969 8 5 18 34 32.5 37.59 140.71 121.0 109.0 109.0 5.1 129 12 D
1969 & 21 13 21 55.4 36.42 141.03 51.0 51.0 49.2 4.5 69 a D
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origin depth # of mech
year mo day time lat  long ISC pP  pwP my stns type region
1968 8 23 6 39 25.0 39.76 144.23 0. 38.0 12.0 5.2 187 A
1969 8 24 4 50 11.1 39.86 144.23 0. 33.0 7.0 4.4 26 A
1869 8 24 22 3 96 3962 144.00 0. 89.0 71.0 5.2 186 B
1969 9 24 1 36 43.2 37.43 140.72 880 0. 0. 3.6 20 ? D
1969 10 18 1 14 1.0 39.29 141.46 119.0 114.0 114.0 5.4 258 t1 B
1969 10 30 O 5 89.8 3754 140.16 1580 152.0 152.0 5.0 163 1 D
1969 10 31 7 0 133 37.10 14219 39.0 36.0 287 5.1 188 D
1969 11 2 3 30 246 36.41 140.61 62.0 0. 0. 0. 21 42 D
1969 11 15 17 50 19.5 36.62 141.17 51.0 0. 0. 4.4 46 a D
1969 12 12 1 13 14.7 40.19 143.80 0. 30.0 18.0 5.1 178 A
1870 1 4 20 42 13.0 39.01 14237 610 56.0 52.0 4.5 Bl b C
1970 1 8 18 37 33.5 37.08 141.15 67.0 0. 0. 4.0 32 a D
1970 2 4 10 17 485 36.47 14074 64.0 0. 0. 4.9 96 d2 D
1870 2 15 4 1 354 37.41 141.32 69.0 580 576 4.5 110 2 D
1970 2 25 7 56 582 40.04 142.89 460 45.0 41.0 5.0 122 A
1970 3 7 18 52 223 37.10 141.54 49.0 43.0 41.9 5.0 113 b D
197¢ 3 89 O 50 29 3961 143.45 g0 17.0 8.0 5.2 217 B
1970 3 23 0 20 55.1 40.18 140.31 147.0 145.0 145.0 5.5 288 ¢l B
1970 3 28 7 33 56.5 41.10 141.76 72.0 0. 0. 4.7 32 1t A
1970 4 1 14 23 246 3978 14191 750 67.0 67.0 5.8 303 ¢l B
1970 4 12 8 54 17.6 38.87 140.82 137.0 130.0 130.0 4.8 114 ? C
1870 4 14 6 28 51.1 40.48 14359 170 19.0 10.0 4.7 103 A
1970 4 16 15 19 1.0 38.22 141.75 67.0 53.0 53.0 4.2 49 b C
1970 5 4 22 10 16.3 39.74 14228 52.0 0. 0. 4.7 B4 e B
1970 5 5 2 37 56.4 40.11 142.35 59.0 460 440 4.2 53 1t A
1970 5 25 16 15 34.0 37.08 141.20 62.0 0. 0. 4.6 77 ¢2 D
1970 5 27 19 5 37.9 40.29 142.98 180 16.0 11.0 5.7 336 A
1970 5 27 22 35 489 4024 143.08 2006 30.0 25.0 5.6 268 A
1970 5 27 23 56 38.8 40.33 143.02 25.0 30,0 250 5.4 247 A
1970 8 7 17 53 46.7 4036 142.11 64.0 57.0 56.0 4.4 44 a A
1970 6 20 2 24 253 40.21 143.31 30.0 30.0 240 5.1 123 A
1970 7 11 14 28 15.3 36.52 140.62 63.0 0 1] 5.2 155 d2 D
1970 7 17 9 21 7.0 40.8% 141.85 98.0 0. 0 4.5 38 1 A
1970 7 27 11 4 476 36.44 141.26 63.0 0. 0. 0. 30 ¢2 D
1970 8§ 1 19 6 30.7 40,07 14235 54.0 0 0. 4.3 21 ? A
1970 8 30 12 4 39.5 40.26 142.33 54.0 0. 0 44 49 1 A
1970 8 30 22 55 187 39.73 142.17 81.0 0. 0. 0. 27 2 B
1970 9 14 9 44 54.0 38.77 142.27 46.0 46. 43. 5.6 361 d1 C
1970 9 15 5 39 49.0 3880 142.14 57.0 49.0 47.0 45 39 a C
1870 10 18 3 37 53.2 38.79 142.30 50.0 44.0 41.0 4.2 41 a C
1970 10 21 1 14 523 40.14 142.78 420 440 40,0 4.7 i09 ? A
1970 10 26 19 22 278 39.96 141.61 81.0 G. 0. 4.2 39 a B
1970 11 1 20 21 41.3 39.64 14120 123.0 117.0 117.0 4.9 112 2 B
1970 11 26 20 42 38.4 37.58 141.38 63.0 0. 0. 0. 23 b D
1970 12 18 3 16 11.8 40.21 142.168 58.0 0. 0. 0. 21 ? A
1970 12 20 21 19 56.7 3929 141.90 71.0 0. 0. 0. 44 2 B
1971 1 6 6 4 227 3644 141.09 540 43.0 412 5.4 242 a D
1971 1 20 21 2 45.7 3647 14111 520 0. 0. 4.6 58 e D
1971 1 27 8 31 84 37.74 14169 87.0 0. 0. 0. 23 b D
1971 1 29 16 42 56.8 40.34 14160 680 61.0 61.0 5.1 156 b A
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1971 20 5 15 19.0 3934 14344 310 250 160 4.3 42

1971 21 43 32.0 37.34 13872 186.0 182.0 1820 54 260 c2

1971 23 53 20.2 40.29 14269 560 580 540 4.5 88 1

origin depth # of mech

year mo day time lat  Jong ISC PP pwP my stns type region
1971 1 30 5 36 30.3 40.03 141.16 105.0 0. 0. 4.1 24 t2
1971 2 17 5 13 1.8 40.18 142.37 57.0 48.0 46.0 5.2 173 a
1971 2 27 8 56 356 3835 141.83 62.0 56.0 55.0 5.2 133 42
1971 2 27 16 32 484 40.72 14356 250 33.0 250 5.2 167
1971 3 4 7 48 394 40.76 14353 340 36.0 28.0 5.1 133
1971 3 6 1 22 35.2 39.79 141.80 68.0 0. 0. 4.4 21 ?
1971 3 13 2 59 388 4019 14238 540 480 45.0 5.1 174 a
1971 3 17 16 8 13.6 40.17 142.33 60.0 0. 0. 4.3 2 a
1971 3 20 9 34 2.5 4097 14184 750 0. 0. 4.5 41 ?
1971 3 22 10 40 4.1 3723 14213 430 420 37.6 5.3 194
1971 3 25 16 19 51.6 38.49 142.15 50.0 410 39.0 5.6 213 d1
1871 4 4 18 39 35.0 3841 142,18 49.0 420 400 5.8 350 di
1971 5 15 7 43 156 4065 143.80 200 280 17.0 0. B2
1971 6 3 11 4 11.7 37.07 141.42 65.0 0. 0. 4.1 37 a
1971 6 14 10 17 27.7 37.84 140.55 109.0 0. 0. 0. 32 2
1971 6 21 18 23 55.8 40.36 141.43 90.0 0. 0. 4.2 26 ¢2
1971 6 26 8 56 24.7 40.17 14246 57.0 46.0 43.0 4.9 115 =
1971 6 26 13 36 102 40.34 142.20 58.0 0. 0. 4.4 26 1
1971 7 7 17 41 24.9 36.86 141.26 61.0 0. 0. 4.6 48 ¢2
1971 7 19 12 23 10.2 39.19 14321 41.0 32.0 24.0 4.8 82
1971 9 8 7 25 14.5 37.19 14141 52.0 440 436 5.5 238 d2
1971 9 14 17 3 8.0 38.18 140.81 102.0 0. 0. 4.1 25 ¢2
1971 ¢ 15 14 55 7.3 39.17 14339 30.0 120 16.0 5.8 317 do
1871 9 16 18 51 429 3922 143.54 0 27.0 16.0 5.2 148

]

9

9

9
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1971 24 1 9 595 3942 14328 13.0 200 120 57 333
1971 10 12 5 24 55.7 36.81 141.78 57.0 0. 0. 4.8 43
1971 10 23 5 38 37.1 36.21 141.71 450 370 304 48 101
1971 10 29 20 25 47.8 37.36 141.589 540 430 41.9 4.9 82 a
1971 11 3 & 7 32.6 38.96 141.32 86.0 o. 0. 0. 32 b
1971 11 15 21 39 5.6 36.47 141.08 53.0 0. 0. 4.6 57 a
1972 1 19 17 40 184 39.70 14338 39.0 320 240 4.5 42
1972 2 7 5 7 514 39.68 143.45 170 440 360 49 137
1972 2 8 18 56 46.6 40.07 14274 430 41.0 37.0 52 151 a
1972 2 11 14 24 279 39.82 14198 71.0 0. 0, 4.3 35 ¢2
1972 2 17 17 30 37.3 36.49 140.68 59.0 0. 0. 3.9 21 d2
1872 3 5 12 3 323 36.91 140.72 700 0. 0. 0. 23 2
1972 3 13 3 20 6.9 41.00 140.09 176.0 0. 0. 4.7 B4 t2
1972 3 14 11 7 30.3 38.54 14183 60.0 0. 0. 4.6 67 d2
1972 3 19 15 57 50.0 40.84 141.98 720 77.0 75.0 58 372 «cl
1972 3 20 2 16 10.0 4091 141.96 79.0 0. 0. 4.2 50 a
1972 3 26 14 26 7.1 4094 14284 560 57.0 51.0 4.5 59 17
1972 4 17 0 37 428 37.74 141.83 650 59.0 580 4.5 60 b
1972 5 14 12 1 174 4028 14347 17.0 270 20.0 52 226
1972 5 17 18 45 123 37.84 140.36 115.0 100.0 1000 4.7 79 b
1972 5 18 2 42 18.0 3860 14274 370 360 310 52 236
1972 6 11 21 12 51.2 40.21 14150 87.0 77.0 77.0 4.5 89 c2
1972 6 14 18 27 235 3642 14143 47.0 380 329 4.6 96 °?
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origin depth # of mech
year mo day time lat long ISC pP pwP my stns type region
1972 6 28 1 50 438 8748 14144 660 56.0 55.6 5.2 217 a D
1972 7 4 1 4 358 3855 14208 51.0 420 400 5.4 282 dI C
1972 8 22 18 ¢ 11.1 39.43 140.28 140.0 0. 0. 4.4 43 2 B
1872 8¢ 2 6 4 23.6 4080 142,00 760 650 63.0 43 74 b A
1872 9 7 5 17 43.6 41.02 141.91 70.0 0. 0. 4.4 51 e A
1972 9 18 12 14 185 40.77 141.24 101.0 0, 0. 49 110 b A
1972 9 25 9 27 33.7 3849 141.90 600 650 64.0 5.2 199 ¢2 C
1972 11 1 6 22 28.0 3666 141.66 360 33.0 275 4.4 53 ? b
1872 11 1 14 22 494 3827 14193 540 470 46.0 50 113 a C
1972 11 18 0 26 15.1 4066 141.11 106.0 0. 0. 4.3 29 b A
1972 11 18 22 55 8.1 37.34 139.77 142.0 0. 0. 4.3 43 2 D
1972 12 6 23 41 28.1 40.28 143.81 8.0 60.0 49.0 5.1 141 A
1972 12 17 16 24 31.3 37.17 141.50 53.0 420 41.3 4.2 64 a D
1972 12 29 22 8 57.7 40.31 140.02 174.0 0. 0. 4.2 24 7 A
1873 1 98 2 21 146 37.78 141.81 53.0 0. 0. 0. 20 a D
1973 1 16 20 11 33.7 3777 141.80 56.0 0. 0. 0, 22 a D
1973 1 24 10 24 14.4 37.37 142.10 58.0 0. 0. 4.2 40 D
1973 2 3 0 35 47.7 3877 140.97 58.0 0. 0. 0. 21 a b
1973 2 14 21 45 43.0 39.05 141.48 117.0 1100 110.0 4.9 159 1 C
1973 2 14 22 36 149 37.05 14151 590 560 549 51 123 a D
1973 2 15 20 58 9.6 37.75 139.72 141.0 0. 0. 42 34 2 D
1973 3 16 21 50 1.7 37.01 141.66 45.0 480 46.2 5.1 195 a D
1873 8 16 21 53 5.8 36.99 141.65 53.0 0. 0. 4.6 37 1 D
1973 3 19 17 3 8.6 36.65 141.01 63.0 520 516 4.4 73 D
1973 3 26 14 56 11.7 36.67 142.12 390 360 27.2 50 120 D
1973 3 26 17 35 16.8 36.64 142.07 430 340 252 50 134 D
1973 4 24 9 49 52.7 40.74 14354 23.0 280 200 49 164 A
1973 4 30 22 37 47.9 36.29 14147 46.0 390 58339 48 156 7 D
1973 5 5 3 52 279 37.13 14146 540 420 413 54 234 a D
1973 5 15 6 14 11.7 37.83 141.78 56.0 480 47.0 4.6 98 a D
1973 5 26 2 15 355 37.14 14150 550 440 433 51 181 a D
1973 6 4 0 20 8.9 4017 14243 59.0 450 420 43 37 7 A
1973 6 5 22 52 26.6 38.36 142.31 450 400 37.0 438 71 a C
1973 6 19 22 31 19.1 3648 14062 680 690 69.0 51 191 a D
1973 7 6 13 37 54.0 40.23 14259 490 470 430 50 157 a A
1973 7 10 23 25 3821 3764 14237 420 30,0 270 5.2 225 D
1873 7 20 8 12 54.0 36.45 141.05 490 480 462 5.8 361 di D
1873 7 22 1 37 33.5 38.47 140.63 865.0 0. 0. 4.0 43 d2 D
1973 7 28 3 41 13.1 4092 14323 410 420 350 45 125 A
1973 7 28 14 28 44.3 4096 143.14 370 340 27.0 54 259 A
1973 7 31 16 51 17.0 36.44 140.74 66.0 0. 0. 4.4 64 a D
1873 8 23 19 16 41.0 3655 139.71 1150 109.0 109.0 5.1 168 ¢2 D
1973 8 23 23 50 33.0 3722 142,18 370 37.0 322 56 321 d1 D
1973 8 27 0 17 21.1 4016 142.50 410 450 420 4.2 62 a A
1973 9 5 13 3 14.1 3957 143.16 350 420 350 54 345 B
1973 9 9 5 16 346 3985 14346 450 26.0 19.0 4.5 79 A
1973 9 9 18 25 496 3953 143.24 1.0 210 13.0 5.6 366 B
1973 ¢ 9 20 9 124 3944 14328 280 320 230 5.1 179 B
1973 ¢ 24 9 14 294 40.16 142.34 64.0 0. 0. 4.5 93 17 A
1973 9 25 15 35 52.1 4042 142.11 65.0 0. 0. 4.0 21 1t A
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1973
1973
1973
1973
1973
1873
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1975
1975
1975

mo day
10 15
10 28
11 13
11 19
11 19
12 7
1 5
1 10
1 28
2 7
2 7
3 6
3 21
3 31
4 4
4 14
4 22
4 23
5 5
5 10
6 4
6 20
6 22
6 23
7 2
7 8
7 23
8 10
g8 28
9 4
9 5
9 28
9 28
9 30
10 10
10 10
10 12
10 12
10 15
10 16
11 2
11 2
11 4
11 9
11 18
12 29
12 30
i 1
1 13
1 29

4
13
1
13
21
21
10
12
20
5
12
20
)
15
7
23
19
11
14
6
9
5
10
9
19
5
14
15
0

w

D= oS
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origin
time

4
56
12

1
1

7

0
44

2
28
33
40
48
10
37
22

4
52
19
20
26
25
29
36
19
45
54

2
50
20
556

9

1
14
48
56
47
14
16
29
55
45
26
16
48
49
57
12
19
35

0.9
114
10.5
56.6
17.0
22.2
35.3
44.7
30.9
30.1
38.1
55.3
52.8
20.7

2.7
30.7
27.4

i1
12.3
16.1
41.7
21.9
51.9

0.9
43.8
38.3
33.9
35.6

3.8

2.5
57.1
104

8.4

5.6
15.5
49.7
30.9
51.0
45.9
46.7
21.4
124
15.3
37.2
24.2
34.8

14
55.4
50.7
47.8

lat

40.19
37.78
38.62
38.99
38.90
39.35
36.63
36.40
38.37
38.32
37.41
40.34
36.95
37.36
87.70
40.99
41.05
37.08
37.78
40.19
36.71
38.16
40.03
39.77
37.75
36.44
36.73
40.18
36.42
40.24
39.49
38.29
36.44
38.50
41.05
40.99
40.52
40.54
40.66
40.35
36.42
36.42
36.55
40.10
40.91
38.94
39.46
40.21
40.15
38.28
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long

142.42
141.58
142.26
141.93
142.02
142.01
140.94
141.72
141.79
142,22
141.09
142.27
141.73
141.80
140.81
143.67
141.90
141.21
141.77
141.52
141.15
140.83
142.81
141.39
141.78
141.17
142,08
142.45
141.24
141.76
141.41
141.80
140.59
142.12
143.09
143.15
143.57
143.58
143.78
143.72
141.67
141.70
140.54
143.35
141.67
141.60
143.08
142.40
142.42
142.00

ISC

54.0
56.0
69.0
58.0
b8.0
63.0
55.0
41.0
58.0
51.0
89.0
56.0
43.0
47.0
100.0
33.0
74.0
61.0
50.0
92.0
52.0
103.0
46.0
91.0
86.0
45.0
37.0
54.0
52.0
52.0
85.0
55.0
69.0
51.0
33.0
36.0
20.0
17.0
12.0
8.0
46.0
50.0
104.0
26.0
116.0
75.0
38.0
57.0
53.0
59.0

depth
pP

47.0
0.
67.0
49.0
48.0
61.0
0.
34.0
0.
0.
0.
61.0
34.0
42.0
84.0
40.0
0.
0.
43.0
0.
45.0
0.
44.0
77.0
79.0
43.0
37.0
45.0
45.0
49.0
0.
0.
0.
41.0
36.0
43.0
20.0
20.0
17.0
21.0
46.0

pwP

44.0
0.
64.0
49.0
47.0
61.0

4.6

5.3
6.1
5.2
4.9
3.9
5.1
4.8
4.3
4.6
5.0
5.2
4.4
5.2
4.8
4.5
4.5
5.7
4.5
4.3
4.2
5.1
4.4
4.3
6.0
4.6
4.8
4.9
5.2
4.6
4.2
4.5
4.7
5.7
b.7
5.3
5.5
b.4
5.5
5.1
4.7
3.8
5.3
4.4
4.3
4.6
4.6
4.8
0.

# of

sths

49
21
231
438
196
101
21
140
59
28
70
149
216
59
202
77
46
67
322
60
36
32
178
79
69
425
100
127
119
241
67
21
44
71
384
340
261
326
278
285
159
B2
33
177
45
39
85
68
121
20

mech
type

?
a
b
di
d2

2

c2

region
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origin depth # of mech
year mo day time lat. long ISC pP  pwP my stns type region
1975 2 28 21 34 36.0 39.20 142.26 96.0 0. 0. 4.3 53 b B
1975 3 26 16 32 153 37.03 141.74 680 630 604 4.5 64 a D
1875 4 3 14 34 147 40.90 141.93 760 70.0 68.0 4.8 142 a A
1975 4 8 6 27 143 37.75 141.75 53.0 440 430 5.7 361 d1 D
1975 4 13 0 19 10.2 37.67 141.77 55.0 41.0 400 4.9 134 a D
1975 4 21 3 45 15.5 3649 14068 650 530 53.0 4.9 153 e D
19756 4 25 17 37 333 3791 14125 97.0 81.0 81.0 4.9 147 2 D
1975 4 26 3 14 37.9 39.61 141.13 1020 97.0 97.0 5.2 208 c2 B
1975 5 4 9 31 599 37.20 14209 240 200 158 5.8 399 ¢t D
1975 5 4 12 58 6.1 40.06 142.13 62.0 0. 0. 4.5 45 17 A
1975 6 14 18 54 32.9 40.22 14251 43.0 43.0 40.0 5.1 81 ? A
1975 6 15 18 1 56.4 40.20 142.33 60.0 520 50.0 4.9 115 1t A
1975 6 17 15 b4 47.8 38.26 141.97 55.0 540 53.0 4.9 89 a C
1975 6 17 21 29 37.2 40.18 142.33 63.0 530 51.0 5.0 132 e A
1975 6 18 5 44 55 40.97 143.09 440 490 420 5.2 254 A
1975 7 5 2 18 46.9 36.68 140.29 121.0 0. 0. 4.8 69 b D
1975 8 14 18 9 28.6 37.13 141.11 62.0 60.0 59.6 5.5 281 di1 D
1975 8 24 1 8 145 3709 141.14 640 0. 0. 0. 21 17 D
1975 8 26 5 10 43.7 40.98 143.10 44.0 51.0 440 5.2 202 A
1975 8 29 10 16 15.5 4060 143.72 180 27.0 17.0 5.1 183 A
1975 9 8 9 28 54.6 40.88 140.76 126.0 123.0 123.0 5.1 132 ¢ A
1975 9 10 9 26 58.8 40.34 142.73 52.0 56.0 52.0 4.9 136 ¢ A
1975 10 9 10 17 30.8 38.25 141.92 60.0 41.0 40.0 5.1 147 a C
1975 11 23 23 2 81 41.26 140.21 167.0 163.0 162.6 5.3 258 1 A
1975 11 29 17 45 59.7 37.58 141.48 780 0. 0. 4.4 49 b D
1975 11 30 11 41 5.3 3886 14260 30.0 280 240 4.7 75 C
1975 12 28 16 29 38.1 37.53 141.55 58.0 0. 0. 4.7 68 a D
1976 1 7 7 50 385 39.68 143.48 19.0 240 15.0 5.0 117 B
1976 1 7 8 53 5.0 3621 141.64 49.0 50.1 44.1 4.6 53 1 D
1976 2 18 19 1 283 39.35 141.42 127.0 0. 0. 44 35 t2 B
1976 2 22 1 12 24.1 3643 140.62 101.0 0. 0. 4.9 160 t2 D
1976 2 24 17 37 0.2 37.24 141.05 1040 888 88.8 4.9 152 e D
1976 2 26 16 51 33.5 38.19 140.77 136.0 0. 0. 4.7 96 t2 D
1976 2 29 9 27 15.9 36.75 140.87 59.0 0. 0. 4.8 135 42 D
1976 3 15 13 48 33.1 40.98 141.80 73.0 0. 0. 4.2 35 ¢2 A
1976 3 28 6 19 9.5 3726 141.19 88.0 0. 0. 4.0 45 t2 D
1976 3 28 16 49 30.8 37.74 141.81 58.0 0. 0. 4.2 39 a D
1976 3 30 3 32 39.0 40.19 143.99 300 340  19.0 4.3 56 A
1976 3 30 5 53 12.8 39.66 143.26 280 280 21.0 5.4 252 B
1976 3 30 6 4 13.1 3959 143.38 230 37.0 29.0 5.4 229 B
1976 38 30 9 24 58.3 3957 14346 250 240 16.0 5.1 124 B
1976 4 10 7 25 38.6 39.85 14366 230 9250 16.0 4.7 84 A
1876 4 19 10 50 55.1 40.29 14330 250 20.0 14.0 5.4 319 A
1976 4 30 22 38 44.2 36.49 140.91 62.0 0. 0. 4.2 36 d2 D
1976 5 2 15 30 16.8 3806 139.01 206.0 0. 0. 4.3 26 ¢2 D
1976 5 13 20 28 53.7 36.44 140.75 67.0 0. 0. 4.5 48 e D
1976 6 4 4 23 336 38.35 142.75 28.0 270 220 5.5 400 C
1976 7 8 11 47 1.6 40.28 142.41 53.0 480 45.0 5.4 357 1 A
1976 7 17 19 57 24.8 36.46 140.64 63.0 0. 0. 0. 22 d2 D
1976 7 20 4 59 14.8 37.15 140,37 1120 0. 0. 0. 24 ¢2 D
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origin depth # of mech
year mo day time lat long ISC pP pwP m; stns type region

1976 7 21 16 59 47.3 30.90 142.05 82.0 0. 0. 0. 38 2
1976 8 6 19 42 365 37.38 141.64 480 420 4156 53 263 a
1976 8 24 5 52 47.0 37.50 142.60 0. 290 220 45 31
1976 9 15 8 20 7.2 37.29 14297 320 31.0 157 bH1 108 17
1976 10 6 13 38 42.2 37.12 141.31 820 76.0 75.6 55 408 2
1976 11 8 8 19 23.1 38.12 14226 440 420 390 59 485 dl
1976 11 14 17 10 598 37.00 14157 470 410 400 51 110 7

1976 11 17 15 2 55.4 38.28 141.24 90.0 0. 0. 0. 23 b
1976 12 7 18 57 36.8 41.12 140.19 160.0 0. 0. 0. 27 2
1976 12 13 2 b5 58.9 36.73 140.75 107.0 0. 0. 4.5 56 t2
1976 12 18 3 5 57.2 38.31 141.88 59.0 0. 0. 4.8 56 d2
1976 12 21 15 6 54.7 37.06 141.24 59.0 0. 0. 4.8 74 a
1976 12 29 14 36 49.0 36.71 139.15 142.0 1450 1450 53 393 2
1977 1 3 21 14 57.8 3644 140.76 62.0 0. 0. 0. 21 e
1977 1 21 2 25 5.8 3671 14010 56.0 0. . 0. 4.5 52 1?7
1977 3 17 5 12 14.3 39.20 141.37 104.0 0. 0. 0. 27 1
1977 3 24 1 14 36.1 36.30 141.11 50.0 0. 0. 0. 41 ?
1977 4 6 13 7 468 37.00 141.19 59.0 0. 0. 0. 31
1977 4 17 19 26 28.0 38.88 141.74 770 0. 0, 0. 23 b
1977 4 19 6 14 59.5 3645 14064 660 690 690 52 236 d2
1977 4 24 5 32 54.8 39.49 139.85 1920 0. 0. 0. 28 1
1977 4 24 20 42 43.8 40.10 142.72 460 430 390 52 177 ?
1977 5 4 1 18 21.9 37565 14142 720 0. 0. 0. 23 2
1977 5 13 1 26 43.6 3831 14191 540 53.0 520 5.0 126 di
1977 6 8 14 25 46.0 3857 14157 740 730 730 54 397 «cl
1977 7 14 2 46 56.1 3643 140.45 99.0 0. 0. . 26 t2
1977 7 26 4 25 17.1 39.89 141.06 103.0 96.0 96.0 47 109 2
1877 8 5 7 46 16.6 40.98 14185 77.0 0. 0. 4.8 30 7
1977 & 6 8 29 564 39.01 142.32 56.0 0. 0. 4.6 67 «c2
1977 8 23 12 36 55.9 40.19 14345 240 21.0 140 49 106
1977 9 3 22 27 36.6 39.80 143.07 33.0 300 240 4.8 92
1977 9 6 2 10 6.2 36.85 139.97 138.0 0. 0. 0. 29 12
1977 9 28 8 46 42.9 39.76 142.02 73.0 0. 0. 4.7 69 c2
1977 10 4 10 13 3.5 39.73 14198 720 0. 0. 4.6 28 1
1977 10 7 21 32 442 3645 140.74 68.0 0 0 4.5 40 d2

1977 10 22 11 58 46.2 36.74 141.42 520 400 3887 49 125 ?
1977 10 25 21 55 8.3 36.26 14145 460 450 396 51 134 ¢t
1977 10 26 13 58 41.1 40.52 14367 28.0 240 140 47 108
1977 10 29 19 17 344 3643 140.72 520 0. 0. 0. 33 e
1977 12 16 15 10 28.8 36.65 141.07 53.0 450 445 56 385 d2
1977 12 22 22 18 1.7 39.21 143,16 320 320 240 53 213
1977 12 23 21 2 8.0 39.19 143.22 200 240 160 b.6 384
1977 12 23 21 9 21.9 39.20 143.18 220 270 180 53 174
1977 12 23 21 14 226 39.18 143.20 100 380 300 54 273
1978 1 20 22 0 30.5 36.89 14092 87.0 0. 0. 0. 32 2
1978 1 24 10 26 425 41.03 140.08 175.0 0. 0. 48 119 ?
1978 2 16 3 59 26.2 37.19 141.20 93.0 0. 0. 0. 29 2
1978 2 18 17 33 15.3 38.19 14260 440 37.0 320 51 190
1978 2 20 4 36 584 3883 14203 600 ©66.0 650 6.0 575 cl
1978 2 20 4 53 29.9 38.63 141.95 70.0 0. 0. 4.5 77 c2
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origin depth # of mech
year mo day time lat long ISC pP  pwP my stns type region
1978 200 b 0 304 38.77 14205 65.0 0. 0. 4.3 49 2
1978 20 5 39 44.0 38.69 142.03 680 977.0 75.0 4.3 37 ¢2
1978 23 10 46 42.6 37.91 141.87 70.0 0. 0. 4.1 22 a
1978 10 22 20 57.8 38.66 143.11 26,0 31.0 240 4.8 122
1978 12 17 59 48.6 38.83 141.97 620 550 540 50 185 ¢2
1978 21 16 57 3.5 40.12 14253 59.0 430 400 45 48 a
1978 6 13 54 50.1 38.75 142.14 63.0 0. 0 4.5 33 ¢2
1978 7 3 29 45.6 36.64 140.93 59.0 0. 0 4.2 36 e
1978 10 14 27 37.3 40.14 141.93 113.0 0. 0. 4.1 36 2
1978 12 2 0 594 38.24 14192 57.0 0. 0. 4.1 21
1978 19 10 47 52.3 36.44 140.78  60.0 0. 0 4.6 65 7
1978 28 2 19 25.2 40.80 139.90 172.0 0. 0 4.1 46 2
1978 9 14 30 45.5 40.38 142.09 66.0 0. 0. 4.1 24 ?
1978 10 15 36 26.8 37.35 141.72 47.0 41. 400 55 300 =
1978 12 22 47 335 36.27 14143 420 370 323 53 995 (2
1978 14 17 41 40.0 40.19 14241 510 46.0 430 51 186 a
1978 16 7 35 48.4 41.05 14140 420 520 520 56 445 7
1978 16 8 24 05 41.05 141.41 410 46.0 46.0 5.7 466 7
1878 21 12 8 45.8 40.82 142.44 B2.0 54.0 500 5.2 220 a
1978 28 20 27 285 36.60 140.69 104.0 0. 0. 0. 22
1978 4 18 40 82 36.44 14099 53.0 51.0 500 49 172 e
1978 12 8 6 11.0 3823 142.14 45.0 440 417 5.7 400
1978 12 8 14 273 38.23 14202 480 55.0 537 67 604
1978 12 9 12. 56.6 38.47 142.36 410 420 386 54 200 a
a
1978 13 20 45 19.6 38.10 141.98 520 0. 0. 48 104 b
1978 14 11 34 20.3 38.38 142.41 3.0 40.0 36.8 5.9 497 a
1978 14 17 13 46.5 36.74 140.95 96.0 0. 0. 4.0 40 2
1978 15 0 45 31.6 38.21 142.05 520 0. 0. 4.1 24 1
1978 15 15 3 40.1 37.96 141.90 540 470 459 54 312 a

1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978

16 5 33 32.8 38.24 143.18 0. 38.0 293 5.5 349
18 10 15 16.1 3818 14327 200 250 14.9 5.1 155
16- 23 24 20.6 3815 14331 220 290 183 5.0 109
18 14 59 57.8 38.49 142.77 17.0 220 16.6 5.0 167
21 10 54 22,8 38.3¢4 14187 540 530 521 5.7 449 a
21 11 49 4.6 38.20 143.36 7.0 290 176 5.2 161
27 19 10 33.3 37.23 142.80 340 340 186 5.7 411
2 17 1 2.6 38.04 14353 0. 32.0 15.2 4.6 51
5 5 8 243 36.48 14068 69.0 0. 0. 4.4 46 2
12 11 37 30.0 38.16 142.61 44.0 0. 0. 4.5 40 ?
14 14 4 56.8 37.53 14147 60.0 490 485 ' 50 170
26 17 13 39.3 39.65 143.55 50 350 256 5.2 179
26 22 15 52.5 36.20 141.82 380 360 283 4.9 102 7
27 7 24 85 37.93 14185 580 0. 0. 5.1 189 ¢
27 13 29 15.1 36.19 141.82 39.0 42.0 348 5.0 158 t2
29 0 25 96 3750 141.46 62.0 0. 0. 4.3 39
11 8 41 9.0 36.31 140.65 78.0 0. 0. 0. 20 c2
20 21 31 13.1 38.12 142.12 510 0, 0. 4.6 51 7
27 23 30 23 3875 14234 500 410 380 4.5 47 1

2
2
2
3
3
3
4
4
4
4
4
4
5
5
5
5
5
5
5
5
]
6
6
6
1978 6 12 9 40 30.6 38.46 142.14 480 450 43.0 4.9 181

6
6
6
6
6
6
6
6
6
6
6
6
7
7
7
7
7
7
7
7
7
8
8
8
9 2 16 43 22.1 38.25 141.95 52.0 G. 0. 4.0 25 a
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origin depth # of mech
yvear mo day time lat  long ISC pP  pwP my stns type region
1978 9 7 13 4 30.1 38.02 141.16 92.0 0 0 4.7 83 2 D
1978 ¢ 9 2 7 396 40.56 142.51 53.0 0 0 4.5 45 1 A
1978 9 9 11 59 44.3 37.06 141.50 78.0 0. 0. 4.1 44 b D
1878 9 19 17 53 23.0 36.84 140.28 121.0 0. 0. 4.3 34 t2 D
1978 9 23 22 43 10.1 38.42 143.15 25,0 28.0 199 5.4 264 C
1978 10 B 13 32 52.8 40.99 14198 72.0 0 0. 4.1 29 A
1978 10 12 1 20 12.1 37.08 141.16 56.0 0. 0. 3.9 31 d2 D
1978 11 5 16 17 26.6 36.64 141,13 54.0 43.0 42, 5.1 152 a D
1978 11 9 2 32 57.8 36.93 141.06 72.0 0. 0. 4.0 22 2 D
1978 11 13 3 1 42,1 38.77 142.14 550 430 41.3 5.2 239 17 C
1978 12 1 23 3 39.8 3842 14329 27.0 300 206 4.9 114 C
1978 12 7 5 47 26 3825 14205 55.0 0. 0. 4.6 37 b C
1978 12 7 18 37 25,5 37.16 141.47 53.0 43.0 42.3 5.0 148 a D
1978 12 9 b5 30 46.5 38.74 14220 65.0 0. 0. 4.2 20 b C
1978 12 21 1 15 4.1 3965 142.03 108.0 0. 0. 4.5 50 t2 B
1978 12 23 1 39 40.8 38.94 144.96 0. 360 122 4.6 62 B
1978 12 27 15 42 18.8 36.55 14057 55.0 0. 0. 0. 23 t2 D
1978 12 29 10 35 2.8 41.05 14241 44.0 440 39.2 4.8 118 b A
1979 1 2 14 34 51.5 37.13 141.44 50.0 0. 0. 4.3 37 a D
1978 1 8 8 27 15.6 37.02 141.00 110.0 0. 0. 4.3 3 b D
1979 1 20 9 1 49.6 36.58 141.04 65.0 0. 0. 4.9 1056 e D
1879 1 22 16 46 36.0 36.38 140.47 92.0 0. 0. 0. 23 t2 D
1979 2 6 0 17 253 40.57 144.09 17.0 300 132 4.8 42 A
1979 2 7 b5 28 53.6 36.75 14141 76.0 0. 0. 0. 26 b D
1979 2 10 1 56 17.0 37.93 141.45 95.0 0. 0. 0. 28 b D
1979 2 10 10 28 29.1 3826 140.63 147.0 0. 0. 4.0 20 t2 D
1979 2 14 1 52 38.1 39.52 140.17 170.0 167.0 167.0 4.8 176 7 B
1979 2 20 6 32 37.3 40.22 14355 0. 46.0 37.9 5.9 507 A
1979 2 20 7 5 52.6 40.31 143.89 0. 270 136 5.0 143 A
1879 2 20 14 45 31.6 36.50 14043 121.0 0. 0. 0. 36 b D
1979 2 20 15 23 23.3 40.13 144.23 13.0 440 19.2 4.7 76 A
1979 2 21 1 8 0.6 3896 14238 00.0 0. 0. 4.2 42 t2 C
1879 2 21 13 3% 4.8 40.40 143.82 8.0 28.0 152 5.5 279 A
1979 2 24 22 1 48.8 40.27 143.84 70 330 209 5.1 188 A
197¢ 3 7 22 27 185 36.38 140.78 61.0 0. 0. 4.7 70 ¢2 D
1879 3 19 22 40 86.3 36.60 140.74 109.0. 0. 0. 4.3 38 b D
1979 4 1 13 15 21.8 37.10 141.12 91.0 G. 0. 4.4 55 b D
1979 4 2 17 26 30.6 3852 142.18 490 46.0 43.6 5.1 269 c2 C
1979 4 22 2 39 50.6 40.56 143.79 24.0 29.0 17.6 4.7 124 A
1879 4 23 14 23 9.6 41.02 14256 88.0 0. 0. 0. 22 7 A
1979 5 3 11 8 40.8 41.17 14013 162.0 0. 0. 4.3 30 2 A
197¢ 5 4 14 40 27.1 36.54 14063 55.0 0. 0. 0. 22 b D
1979 5 17 12 56 18.0 36.69 141.26 49.0 420 41.0 50 210 7 D
1979 5 21 15 0 55.1 39.18 142.86 39.0 36.0 30.0 5.4 268 7 B
1979 5 31 22 9 53.0 3826 142.05 51.0 0. 0 4.4 55 a C
1979 6 7 21 40 34.5 37.60 14152 92.0 0. 0. 4.4 32 b D
1879 6 11 - 7 52 5.3 37.44 139.16 174.0 0. 0. 4.6 135 ¢2 D
1979 6 21 10 46 1.6 39.63 14292 56.0 0. 0 4.0 30 a B
1979 6 24 8 1 15.1 30.02 14251 69.0 0. 0 0. 22 b C
197¢ 6 26 8 50 2.3 37.07 141.21 63.0 0. 0 4.3 58 a D
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origin depth # of mech
year mo day time lat long ISC pP pwP my stns  type region
1979 7 11 1 58 22.3 36.63 141.33 46.0 410 39.0 5.6 450 a D
1979 7 15 17 50 52.3 41.01 141.96 65.0 0. 0. 4.4 33 1 A
1979 7 19 1 29 59.3 39.38 14205 58.0 69.0 69.0 4.9 151 1 B
1979 7 25 23 11 38.0 40.14 14495 590 57.0 36.3 4.8 155 A
1979 7 29 20 12 15.0 3841 14257 0. 31.0 266 4.2 79 ? C
1979 8 3 17 11 25.3 3831 14198 59.0 0. 0. 0. 23 7 C
1979 & 16 11 55 7.5 38.75 14286 39.0 33.0 278 5.5 367 1 C
1979 8 24 10 55 31.0 39.26 140.90 143.0 0. 0. 4.5 88 ? C
1979 9 3 2 31 6.3 40.14 14230 64.0 0. 0. 3.9 33 2 A
1979 9 15 11 45 396 36.66 140.76 98.0 0. 0. 3.7 29 t2 D
1879 10 1 23 38 44.8 39.95 141.95 720 580 580 47 151 b B
1979 10 5 21 26 15.1 40.30 14370 19.0 320 21.3 5.0 1869 A
1879 10 11 8 46 20.1 40.04 142.22 60.0 0. 0. 4.8 67 a A
1979 10 28 23 29 221 40.12 14242 530 46.0 43.3 51 192 a A
1979 11 1 10 45 52.6 3762 14163 96.0 0. 0. 4.2 32 b D
1679 11 18 18 11 19.6 37.56 141.30 63.0 590 587 4.8 82 a D
1979 11 25 10 15 22.0 36.71 141.03 93.0 87.0 86.5 5.2 226 12 D
1979 12 2 9 45 08 36.36 141.39 480 35.0 29.6 5.0 119 ? D
1979 12 16 23 23 48.6 36.44 140.66 68.0 0. 0. 4.7 61 d2 D
1979 12 17 5 39 0.1 37.20 140.03 125.0 0 0. . 31 c2 D
197¢ 12 17 7 20 33.1 3873 142.11 67.0 0. 0. 0. 28 ¢2 C
1979 12 19 11 41 43.3 36.45 141.25 52.0 410 376 4.9 152 g D
1979 12 31 2 47 46.6 40.20 144.16 6.0 45.0 249 54 313 A
1980 1 1 22 26 45.3 3645 140.67 56.0 0. 0. 4.2 35 d2 D
1980 1 7 16 45 29.0 37.50 143.16 27.0 300 139 4.6 77 D
1680 1 9 5 9 434 3764 140.70 109.0 0. 0. 4.3 28 ¢2 D
1980 1 22 11 13 17.8 4058 142.48 66.0 0. 0. 4.1 40 2 A
1980 1 25 O 51 17.8 36.54 139.80 100.0 0. 0. 3.9 42 2 D
1980 2 4 10 54 194 3733 14164 550 450 440 4.8 83 a D
1980 2 12 15 27 59.7 4029 142.15 67.0 0. 0. 4.2 38 A
1980 2 12 16 41 3.6 36.54 140.8 65.0 0. 0. 4.2 43 ? D
1980 2 29 17 47 51.0 40.78 141.35 105.0 0. 0. 4.6 34 7 A
1980 3 3 3 51 17.9 36.47 14062 57.0 0. 0. 0. 32 d2 D
1980 3 16 21 40 36.8 40.17 14240 53.0 460 436 54 330 ? A
1980 3 22 8 16 38.1 3871 141.19 101.0 0. 0. 4.3 40 2 C
1980 3 28 20 43 10.6 40.11 142.00 84.0 0. 0. 4.8 48 ¢2 A
1980 3 29 9 41 25.7 39.30 14248 60.0 0. 0. 4.2 36 7 B
1980 4 10 6 55 59.5 40.12 142.36 62.0 0. 0. 4.4 49 1 A
1980 4 14 19 32 51.9 3791 141.73 71.0 0, 0. 4.1 25 1 D
1980 4 16 13 40 36.4 39.75 141.84 71.0 0. 0. 4.3 31 e B
1980 4 27 21 59 12.3 38.39 140.68 115.0 0. 0. 4.4 58 t2 C
1980 5 6 19 25 40.7 37.01 141.65 50.0 0. 0. 4.5 52 7 D
1980 5 19 18 56 16.5 36.05 141.89 33.0 31.0 219 5.1 194 7 D
1980 5 20 1 9 192 3612 141.90 380 33.0 249 49 144 7 D
1980 5 21 2 17 53.4 40.96 140.70 140.0 0. 0. 4.4 24 1 A
1980 5 24 16 0 7.2 36.48 14060 63.0 0. 0. 0. 27 b D
1980 5 26 14 36 17.8 38.08 143.60 100 240 6.6 4.9 134 C
1980 6 2 11 35 23.3 39.55 14076 139.0 0. 0. 4.3 22 b B
1980 6 6 10 5 334 3867 14224 64.0 0. 0. 4.4 32 b C
1980 6 9 20 6 35.2 40.85 139.97 167.0 160.0 180, 5.5 446 2 A
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origin depth # of mech

year mo day time lat long ISC pP pwP m, stns  type region
1980 7 3 10 49 186 40.98 141.99 68.0 0. 0. 4.4 57 ? A
1980 7 4 5 23 18.9 36.90 140.77 110.0 0. Q. 4.2 27 2 D
1980 7 16 8 19 29.6 37.35 141.79 47.0 40.0 38.7 54 206 a

1980 7 27 14 31 59.4 3872 141.73 87.0 0. 0. 4.0 25 ¢2

1980 7 29 18 53 38.6 38.24 141.79 64.0 0. 0. 4.3 32 17

1980 9 23 5 36 30.1 38.51 141.09 1020 0 0 4.1 20 ?

1980 9 28 21 36 58.0 38.77 141.77 740 69.0 685 48 194 2
1980 10 2 17 47 41.5 37.05 141.24 61.0 580 585 49 106 a
1980 10 9 2 7 334 36.36 140.94 52.0 450 443 53 252 3
1980 10 29 17 49 123 3643 140.79 74.0 0. 0. 4.4 49 17
1980 11 1 17 53 1.9 39.35 141.58 106.0 0. 0. 4.1 27 2
1980 11 3 1 6 13.2 3832 14061 140.0 1370 137.0 4.9 235 t2
1980 11 4 1 2 9.0 4029 14225 61.0 470 456 5.0 86 ?
1880 11 26 23 49 2.0 4044 14139 96.0 940 940 5.7 Bl11 ¢2
1980 11 27 1 50 38.4 40.44 14136 97.0 940 940 53 352 ¢2
1980 12 16 3 21 35.3 4042 141.43 100.0 0. 0. 3.9 42 b
1980 12 19 6 54 11.5 38.67 142.68 480 420 372 48 172 7
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APPENDIX B

NEWLY DETERMINED FOCAL MECHANISM SOLUTIONS IN CHAPTER 11

Focal mechanism solutions for the earthquakes in region D newly obtained in Chapter 2
are presented as equal-area projections of the Iower hemisphere of the focal sphere. Large circles
indicate WWSSN long-period P wave first motion data and small circles WWSSN short-period
and JMA data. Polarization angles of long-period S waves are indicated by the dashes. Nodal
lines are indicated by the thin lines in this figure and their parameters are listed in Table 2.2.
For thrust type mechanisms, it is often difficult to constrain the shallower dipping nodal planes.
For such cases, it is assumed that they are pure dip slip mechanisms. The numbers denote

earthquake events in Table 2.2.
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APPENDIX C

LIST OF EARTHQUAKES IN CHAPTER III

In all tables, origin time ,epicentral location and body-wave magnitude are from PDE.

Table C.1: Events for which focal mechanism solutions are determined by P-wave first
motions and S-wave polarizations. Depths are obtained from ISC bulletin. Asterisk denotes a
depth determined by pP-P time difference by ISC. Depths with superseript ‘1’ are obtained by
comparing the first motion P-wave waveform of Ioﬁg period WWSSN records with synthetic
seismograms, calculated by the method of Kroeger and Geller (1985). PREM (Dziewonski and
Anderson, 1981) was used for the structure near the sources. For events deeper than 50 km,
focal mechanism types are shown in the last column. ‘P’ and ‘T’ represent down-dip

compression and down-dip tension event. ‘X’ denotes neither of them.

Table C.2: Focal mechanism solutions for events in Table C.1.

References INEW this study

™M Isacks and Molnar, 1971
1SO Isacks et al., 1969

M Johnson and Molnar, 1972
SIO Sykes et al., 1969

B Billington, 1980

R Richter, 1979

Table C.3: Events for which CMT solutions are available. Depths are centroid depths
obtained from CMT solutions.

Table C.4: Focal mechanism solutions for events in Table C.3.

Table C.5: Events for which only focal mechanism types were determined (Figure 3.6).

Superscript ‘s’ denotes the depth checked by the author with WWSSN short period

seismograms.
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TABLE C.1.

F year mo day hr min sec lat long depth m, dist azimuth mech

1 1962 5 21 21 15 30.0 -19.92 18278 351 00 197 11215

2 1963 3 26 9 48 20.3 -29.70 182.10 48 5.9 -1.27 121.40

3 1963 3 31 5 30 49.8 -20.90 1%2.10 37 5.7 -1.35 121.59

4 1963 3 31 19 22 51.5 -30.10 181.80 35 8.0 -1.19 121.87

5 1963 4 17 2 11 36.7 -19.70 178.30 73 59 593 113.64

6 1963 5 20 11 38 5.3 -30.70 181.70 37 6.1 -1.35 122.46

7 1963 7 4 10 58 132 -25.30 182.30 185 6.5 -0.10 118.20

8 1963 7 29 20 14 7.3 -30.20 182,70 90 B.7 -1.95 121.68

9 1963 7 29 20 16 36.9 -20.70 183.00 106 5.5 -1.99 121.10
10 1963 10 8 0 17 . 1.1 -15.10 186.80 42 5.7 023 106.25
11 1963 12 18 0 30 26 -2480 183.40 32 6.5 -044 116.44
12 1964 7 9 11 22 5.4 -23.30 184.30 35 57 -0.63 114.74
13 1964 7 21 3 48 591 -26.00 182.00 205 5.8 028 118.03 P
14 1964 8 5 11 6 26 -3210 179.80 232° 5.8 -0.43 124.39 T
15 1965 3 18 6 22 29 -19.90 183.90 225 55 101  111.73 P
16 1965 3 22 2 44 475 -15.30 186.80 42° 59 0.34 106.50
17 1965 8 20 21 21 515 -2280 183.80 64 6.1 -0.01 114.45 @
I2 1965 12 8 18 5 252 3710 177.50 153 6.2 -0.81 129.72 T
19 1966 7 11 22 45 52.0 -19.30 186.80 8 5.3 -1.13 110.23
20 1966 8 10 5 1 2.3 -20.10 184.60 95® 58 032 111.67 @
21 1968 8 20 22 55 0.9 -23.50 184.10 25¢ 5.6 -0.53 114.99
22 1987 1 1 7 5 50.2 -15.16 186.26 33" 6.0 069 106.49
23 1967 1 19 12 40 151 -14.84 181.26 33 6.3 528 108.03
24 1967 2 17 10 10 516 -23.74 184.77 46° 8.2 -1.19 114.98
25 1987 3 4 6 16 22.7 -1847 18460 228° 55 0.94 110.16
26 1967 6 14 5 6 16.3 -1520 186.40 39° »5.9 0.55 106.48
27 1967 8 12 9 39 443 -2470 18250 141 58 036 116.66 X
28 1967 9 4 3 51 589 -31.40 180.60 236° 5.5 -0.76  123.47 T
29 1967 11 12 10 36 52.0 -17.20 188.00 35" 56 -1.61 107.79
30 1967 12 27 16 22 485 -22.30 185.20 33 6.1 -1.02 113.50
31 1967 12 20 20 29 322 -2280 184.70 30 53 -0.78 114.13
32 1968 1 20 21 21 316 -2990 180.50 349° 5.8 -0.08 122.14 P
33 1968 3 11 8 26 32.8 -16.20 186.10 108° 6.0 0.45 107.52 X
34 1968 4 20 12 25 10.1 -15.70 187.40 37" 57 -053 106.59
35 1968 4 26 0 42 349 -1530 188.90 50° 5.3 0.07 106.40
36 1968 5 28 9 6 299 -30.81 182.19 33 55 -182 12248
37 1968 5 30 19 42 251 -30.95 182.37 43" 55 -198 122.46
38 1968 7 25 7 23 7.8 -30.77 181.85 53° 6.4 -1.34 122.54
39 1968 7 29 11 11 595 -22.46 185.00 29 5.6 -091 113.72
40 1968 8 1 0 214 160 -2665 18252 124° 56 -0.42 118.45 X
41 1988 8 15 6 50 387 -2378 18258 18 5.5 0.85 115.78 @
42 1968 8 28 11 50 304 -2001 176.35 40 57 746 114.70
43 1968 9 26 14 37 46.2 -2092 18301 254° 58 1.39 11299 X
44 1968 9 26 18 2 501 -3053 181.81 42" 58 -1.37 122.96
45 1969 1 11 4 26 28.8 -28.41 183.04 44" 54 -153 119.89
456 1969 1 29 17 44 31.1 -17.20 188.43 35° 6.0 -1.99 107.64
47 1969 4 28 T 25 297 -2238 18234 9288° 59 1.40 114.56 X
48 1969 5 1 19 5 247 -16.80 18533 204" 6.0 092 108.35 P
49 1969 5 30 15 55 371 -3222 181.89 34 5.2 -210 123.79
50 1969 6 29 10 34 6.5 -30.51 181.76 43 56 -1.32 122.26




- 144 -

TABLE C.1.

F  year mo day hr min sec lat long depth m, dist azimuth mech
51 1969 10 26 6 38 3.4 -16.17 18605 120° 58 O0.51 107.51 T
52 1969 11 14 7 37 457 -1967 184.15 209° 55 0.88 111.43 P
53 1970 1 8 17 12 39.1 -3474 17857 190° 6.1 -0.59 127.22 T
54 1970 1 20 7 19 512 -2580 18265 58° 6.5 -0.20 117.62 P
56 1870 2 18 15 23 337 -20.75 183.12 252° 58 1.36 112.80 P
5 1970 8 28 10 6 8.8 -33.86 18018 48° 5.6 -1.44 12587

57 1871 8 23 2 15 269 -2288 18364 76> 60 0.10 11458 (P)
58 1971 9 12 8 6 541 -2670 182.86 100° 5.8 -0.72 118.38 X
59 1971 12 27 11 0 56.8 -10.86 18408 223° 54 0.87 111.63 P
60 1972 1 15 3 33 170 -1830 185.38 135 56 031 10072 @)
61 1972 3 7 7 45 219 -2823 181.65 200° 6.2 -0.33 120.20 X
62 1972 3 28 13 58 21.9 -30.72 180.18 337 5.7 -0.16 123.00 P
63 1972 5 22 20 45 57.3 -17.69 18481 224° 6.2 105 109.36 P
64 1972 9 22 11 45 148 -1647 18540 186° 5.5 0.98 108.02 P
65 1973 12 19 12 55 57.1 -20.59 183.52 228° 5.8 1.07 11250 P
66 1974 5 7 2 25 108 -1669 18266 33 5.5 3.33 109.21

67 1974 6 4 4 14 159 -1585 18490 275° 6.0 1.65 107.82 P
68 1975 1 17 9 30 423 -1791 18542 140' 58 042 10935 B
69 1976 1 24 21 48 259 -2864 18241 78 6.2 -1.11 120.32 T
70 1976 2 14 11 22 17.4 -23.19 18259 235" 5.9 0.87 11524 P
71 1976 5 192 19 10 41.7 -31.12 18221 30° 58 -1.92 12287

72 1971 8 28 4 9 74 -1881 18530 145" 54 020 11022 (T)
73 1972 8 29 5 59 1.7 -19.99 18472 160°5 54 0.2 11152 (¥
74 1977 8 11 1 42 475 -17.56 18563 119" 6.3 0.37 108.95 P

O
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TABLE C.2. First Motion Solution

P-axis T-axis nodal planes

F' year mo day bhr min sec pl az pl az dip str dip str ref

1 1962 5 21 21 15 300 50 9294 3% 98 10 141 84 15 IM53

2 1963 3 26 9 48 203 15 104 75 284 60 14 30 184 1IS010

3 1963 3 3 5 30 498 16 92 74 288 60 5 30 175 18012

4 1963 3 31 19 22 515 18 81 68 302 64 2 30 148 IS013

5 1963 4 17 2 11 367 12 911 77 306 48 107 45 312 SIO

6 1963 5 20 11 38 53 0 116 78 25 46 36 46 194 ISO17

7 1963 7 4 10 58 132 39 339 1 71 65 18 62 121 1ISO22

8 1963 7 29 20 14 73 32 114 56 273 78 16 16 237 ISO1s

9 1963 7 29 20 16 369 32 114 56 273 78 16 16 237 I1S016
10 1963 10 B 0 17 11 57 343 30 194 78 93 19 320 ISO3
11 1963 12 18 0 30 26 45 92 45 9272 @0 2 0 182 1ISO9
12 1964 7 9 11 22 54 20 108 61 288 74 18 18 198 1ISO7 .
13 1964 7 21 3 48 59.1 42 308 47 107 87 208 10 102 15021
14 1964 8 5 11 8 26 32 74 58 254 77 344 13 164 ISO23
15 1965 3 18 6 22 29 38 266 43 133 87 199 26 299 ISO18
16 1965 3 22 2 4 475 34 339 40 212 87 975 30 10 ISO4
17 1985 8 20 21 21 515 40 23 50 93 85 178 B 310 ISO20
18 1965 12 g8 18 5 252 15 42 57 288 66 335 40 98 IMs62
19 1966 7 11 22 45 520 38 99 50 300 84 18 12 186 ISO5
20 1968 8 10 b 1 9.3 54 282 29 62 76 348 24 111 1ISO19
21 1966 8 20 22 55 09 28 98 59 304 74 18 20 160 ISOs8
22 1967 i 1 7 5 502 32 354 54 203 79 275 18 41 1801
23 1967 1 19 12 40 151 8 230 14 322 87 97 75 2 IS039
24 1967 2 17 10 10 516 79 124 11 304 56 214 34 34 JMos
25 1967 8 4 6 16 227 32 258 32 144 90 202 40 292 B24
26 1967 6 14 5 6 16.2 18 344 40 240 76 9288 50 30 JMmBe3
27 1967 8 12 9 39 443 27 350 61 193 T2 287 20 54 IM586
28 1967 9 4 3 5 589 32 61 56 263 18 119 78 340 IM60
29 1967 11 12 10 36 52.0 0 94 90 0 45 184 45 4 JMss
30 1967 12 27 16 22 485 40 143 16 247 50 292 76 189 JMo4
31 1967 12 29 20 29 822 24 108 65 280 70 16 20 204 JM95
32 1968 i 20 21 21 316 62 33 7 71 45 134 57 3 IM59
33 1968 3 1 8 26 328 48 339 12 234 67 115 48 2 IM50
34 1968 4 20 12 25 101 20 8 70 188 64 278 96 98 JMS8B
35 1968 4 26 0 42 349 10 347 48 237 68 276 50 30 JMS85
36 1968 5 28 9 6 299 15 104 75 284 6D 14 30 194 JMil1l
37 1968 5 30 19 42 251 25 90 65 270 70 0 20 180 JM114
38 1968 7 25 7 23 78 15 102 75 9282 80 12 30 192 JIMI112
39 1968 7 29 11 11 595 34 138 50 282 g2 33 20 283 JM93
40 1968 8 1 G 14 160 3 305 44 210 53 3 58 245 RI13
41 1968 8 15 6 50 387 32 72 56 268 78 348 14 141 B42
42 1968 8 28 11 50 304 1 190 4 100 B6 235 88 145 JM75
43 1968 9 26 14 37 462 72 0 13 140 60 61 34 212 wWMi
44 1968 9 26 18 2 501 22 80 59 308 70 6 30 136 JM109
45 1969 1 1 4 26 2838 35 116 55 206 80 26 10 206 JMI100
46 1969 1 29 17 44 311 27 272 63 92 %72 182 18 2 JM87
47 1989 4 28. 7 26 207 11 342 24 9246 80 292 64 27 R34
48 1969 5 1 19 5 247 69 326 17 186 30 296 64 85 WM3
4% 1969 5 30 15 55 37 35 90 45 270 80 0 10 180 JM115
50 1969 6 29 10 34 6.5 25 90 65 270 70 0O 20 180 JM110




TABLE C.2. First Motion Solution
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P-axis T-axis nodal planes

F year mo day hr min sec pl az pl az dip str dip str ref
51 1969 10 26 6 38 3.4 2 334 72 239 50 261 46 47 BI15
52 1969 11 14 7 37 457 54 251 34 91 80 353 14 218 B26
53 1970 1 8 17 12 391 16 101 62 225 65 352 35 220 B8
54 1970 1 20 7 19 512 37 331 53 159 9 38 82 244 RI16
55 1970 2 18 15 23 337 52 310 32 164 79 60 20 300 B30
56 1870 g8 28 10 6 8.8 8 248 8 339 78 24 90 114 RS

57 1971 3 23 2 15 269 44 268 44 108 80 8 10 278 B38
58 1971 9 12 8 6 5411 10 349 65 102 59 241 40 104 Ri2
59 1971 12 27 11 0 56.8. 32 267 22 162 84 37 50 302 B27
60 1972 1 15 3 39 170 37 257 43 123 87 189 30 285 B23
61 1972 3 7 7 45 219 39 352 14 250 74 126 52 24 B48
62 1972 3 28 13 58 219 42 356 1 B7 61 141 62 33 R6

63 1972 5 22 20 45 573 63 279 10 164 60 56 40 284 B22
64 1972 9 22 11 45 148 53 284 37 96 82 10 9 169 B17
65 1973 12 19 12 55 571 42 288 43 138 89 212 17 304 RS2
66 1974 5 7 2 25 108 3 350 12 259 83 304 80 35 B6

67 1974 ] 4 4 14 159 40 285 44 137 88 209 18 305 Rs9
68 1975 1 17 9 30 423 67 241 11 124 39 237 58 18 R63
69 1978 I 24 21 48 259 8 61 48 327 64 5 54 111 R9

70 1976 2 14 11 22 174 53 278 37 98 82 8 8 188 NEW
71 1976 5 19 19 10 41.7 0 197 8 287 84 331 84 62 NEW
72 1971 B 28 4 9 74 29 109 50 336 80 40 27 153 NEW
73 1972 8 29 5 59 1.7 31 111 59 201 76 21 14 201 NEW
74 1977 8 11 1 42 475 B3 270 37 90 8 180 82 0 NEW
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TABLE C.3. Harvard Centroid Moment Tensor earthquake

H year mo day hr min sec lat long depth m; dist azimuth mech
1 1977 3 22 2 23 200 -33.80 178.81 282 56 -041 126.36 T
2 1977 6 22 12 € 334 -2288 184.10 61 6.8 -030 11442 T
3 1978 1 28 19 36 386 -25.92 1R82.70 98 6.0 -029 117.71 P
4 1978 6 25 10 21 450 -17.11 185.57 164 55 0.59 108.55 P
5 1978 7 17 13 26 149 -1489 184.18 322 6.0 266 106.99
6 1978 9 16 23 38 89 -25.73 182.05 235 5.7 033 117.77 P
7 1978 11 23 4 41 39.3 -26.18 182.31 191 5.6 -0.06 118.09 X
8 1979 8 5 0 53 459 -2272 182.51 229 6.4 112 11483 P
2 1979 11 11 16 31 221 -2026 183.85 218 55 092 112.08 P
10 1980 4 13 18 4 319 -23.47 182.70 166 6.7 067 11546 P
11 1980 4 28 2 3 0.0 -15.59 185.66 185 55 1.07 107.11
12 1980 5 12 14 23 456 -23.63 182.81 152 55 051 115.56 X
13 1980 11 30 12 24 39.8 -19.43 184.15 238 6.0 097 111.21 P
14 1981 2 20 9 40 557 -33.28 181.09 15 56 -1.90 125.03
15 1981 3 5 12 53 9295 -37.31 177.30 20 57 -0.76 120.98
16 1981 3 7 23 30 8.4 -30.57 181.79 24 57 -~1.37 122.31
17 1981 6 1 14 7 1.8 -16.13 186.44 15 5.1 0.18 107.33
18 1981 6 26 0 b1 6.0 -30.27 181.01 164 5.7 -0.63 122.30
19 1981 8 1 6 10 96 -1864 186.45 20 57 -0.75 109.86
20 1981 8 13 2 57 44 -16.09 185.83 188 54 091 107.58 X
21 1981 8 25 7 16 584 -2283 184.15 108 58 -0.34 114.41 X
22 1981 9 1 7T 23 2.1 -15.14 188.71 20 58 030 105.32
23 1981 9 25 14 30 534 -29.97 181.99 27 59 -1.29 121.69
24 1981 9 28 .17 56 180 -20.33 180.98 309 6.0 -0.21 12145 P
25 1881 10 1 16 2 518 -33.81 180.3%8 20 56 -1.61 125.85
26 19381 11 4 14 38 107 -2005 18572 57 8.3 -063 111.23 T
27 1981 11 16 19 42 382 -33.89 180.30 14 5.6 -1.54 125.85
28 1981 11 18 17 37 487 -29.52 182.77 15 56 -1.74 121.01
29 1981 11 25 19 1 479 -15.25 186.69 22 56 027 108.42
30 1981 12 23 18 47 18.3 -15.45 186.25 120 56 059 106.77
31 1981 12 24 5 33 20.7 -2097 182.39 19 6.0 -161 121.55
32 1981 12 2 17 5 325 -2993 182.98 31 6.1 -1.49 12156
33 1981 12 2% 19 6 316 -30.24 182.12 31 55 -1.50 121.89
34 1982 1 4 22 20 536 -23.17 182.69 191 60 079 11518 P
35 1982 2 28 17 0 242 .-21.70 18546 52 56 -1.88 112.51
36 1982 3 7 15 41 571 -25.10 184.43 51 59 -141 116.36
37 1982 3 21 13 35 3.1 -1859 184.81 217 59 071 110.19 P
38 1982 3 28 3 52 346 -31.49 181.34 36 60 -138 123.30
39 1982 3 29 12 20 267 -15.47 180.39 12 5.8 5.1 108.94
40 1982 4 8 11 40 305 -20.61 185.82 14 586 093 111.71
41 1982 4 12 0 34 443 -30.18 182.11 31 5.7 -147 12184
42 1982 4 16 14 4 Bl1.2 -1579 187.01 59 6.0 -0.21 106.82
43 1982 5 1 10 27 528 -2022 18265 18 54 -1.53 120.77
44 1982 5 2 11 19 380 -29.32 182.85 20 6.0 -1.73 120.80
45 1982 6 2 12 37 345 -18.08 187.51 11 64 -1.49 10878
46 1982 6 11 0 38 98 -17.62 185.59 113 6.3 038 109.02 P
47 1982 6 17 11 46 48 -15.32 186.55 50 53 037 106.54
48 1982 7 4 21 26 33.8 -19.53 186.19 12 58 -0.85 110.58 :
49 1982 7 30 3 41 1.9 -18B.45 186.26 70 5.5 -0.52 109.55 T
50 1932 8 7 18 20 221 -16.55 187.36 15 5.5 -0.80 107.40

A

&> %

7S 7

2.4%

o~ 1,7%



- 148 -

TABLE C.3. (continued)

H year mo day hr min sec lat long depth m, dist azimuth mech
51 1982 9 3 23 89 390 -15.30 186.91 10 59 0.06 106.39

52 1982 9 4 2 8 90 -1543 185.94 10 5.7 -0.02 106.50

53 1982 9 4 13 31 149 -2552 183.76 10 60 -1.01 116.98

54 1982 9 16 8 23 124 -15.71 187.26 11 56 -041! 108.65

55 1982 9 .20 12 57 453 -26.93 184.04 10 54 -1.78 1i18.19

56 1982 9 28 15 14 36.7 -2427 183.33 42 60 -0.17 115.97 X
57 1982 10 5 10 15 29.2 -2086 181.72 163 55 -1.03 121.68 X
58 1982 10 19 3 34 321 -1789 187.11 10 55 -1.06 108.74

59 1982 11 10 21 20 45.8 -1549 184.04 10 5.5 256 107.60

60 1982 11 11 21 21 308 -27.43 183.26 10 53 -1.33 118.01

61 1982 11 22 5 32 453 -23.91 184.18 10 55 -0.75 115.34

62 1982 11 27 2 19 10.1 -32.51 181.75 10 54 -2.10 124.10

63 1982 12 3 1 38 464 -23.63 184.23 10 53 -069 115.07

64 1982 12 5 16 52 248 -2341 184.05 10 56 -045 114.92

65 19882 12 14 12 2 6.1 -24.02 184.37 10 54 -0.96 115.38

66 1982 12 19 0 6 19.7 -32.55 181.59 10 58 -1.99 124.19

67 1982 12 19 13 0 158 -24.18 184.08 10 54 -0.77 115.63

68 1982 12 19 17 43 54.8 -24.13 184.14 29 59 -0.80 115.56

69 1982 12 20 2 58 105 -23.72 184.02 10 56 -0.55 115.22

70 1982 12 20 5 54 373 -2450 184.13 10 58 094 11591

71 1982 12 20 14 35 450 -24.74 184.32 10 58 -1.19 116.06

72 1982 12 21 16 12 18.0 -24.73 184.01 10 54 -0.92 116.16

73 1983 1 8 11 21 295 -15.39 186.67 53 6.1 024 106.56

74 1983 1 16 13 10 454 -16.78 182.85 12 57 312 109.23

75 1983 1 26 16 2 213 -30.38 180.86 224 6.0 -040 122.52 X
76 1983 2 7 18 23 166 -29.71 182.18 53 6.0 -1.32 121.39

77 1983 2 17 16 10 3239.1 -21.59 185.82 10 58 -1.29 112.62

78 1983 3 21 7 44 177 -21.47 18455 52 6.3 -0.15 112.95 P
79 1983 4 7 15 38 36.0 -22.53 184.88 12 55 -0.83 113.82

80 1983 4 11 17 3 41.7 -3555 180.75 48 5.7 -255 127.23

81 1983 4 15 0 9 33.3 -19.22 184.53 226 57 072 110.88 P
82 1983 4 24 3 290 175 -23.98 184.04 39 59 -066 115.46

83 1983 4 27 17 20 352 -21.14 185.73 10 55 -1.05 112.24

84 1983 4 30 2 51 433 -21.35 185.75 10 58 -1.14 11243

85 1983 5 5 4 43 504 -33.87 179.685 10 58 -1.04 126.06

86 1983 5 I1 21 48 154 -21.43 '186.55 12 57 -1.86 11223

87 1983 5 15 0 24 0.6 -1891 184.36 20 57 098 110.65

B8 1983 5 29 22 7 574 -1560 185.12 276 5.4 1.56 107.31

89 1983 6 1 2 0 1.9 -17.00 185.29 188 6.1 088 108.55 P
90 1983 6 1 10 58 457 -1592 187.20 10 56 -0.43 106.87

91 1983 6 10 22 39 116 -24.27 183.72 I8 5.7 -050 115.83

92 1983 6 15 6 g 0.5 -15.19 186.31 54 55 064 106,50

93 14983 6 25 10 3 126 -32.80 181.20 13 56 -1.79 12455

94 1983 6 25 15 4 143 -22.04 18253 274 55 137 11420 P
95 1983 7 8 10 4 b53.1 -21.82 188.62 49 55 -207 112,57

96 1982 7 17 23 2 459 -22.79 181.87 306 5.2 1.63 115.13 P
97 1983 7 24 0 52 238 -27.90 183.59 57 53 -1.78 119.24

98 1983 7 28 1 40 36.2 -28.15 183.74 43 56 -2.00 119.42

99 1983 8 10 20 5 494 -23.71 183.98 11 5.5 -0.51 115.23

100 1983 8 15 19 44 446 -17.10 185.41 18] 55 073 108.60 X

O
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TABLE C.3. (continued)

H year mo day hr mir sec lat long depth m, dist azimuth mech

101 1083 8 21 22 57 343 -23.48 18281 139 55 057 115.43 P
102 1983 8 30 8 50 179 -16.68 187.92 40 61 -1.35 107.33
103 1983 9 13 19 30 579 -23.99 184.39 10 53 -096 115.34
104 1983 9 17 12 11 431 -16.54 182.44 16 6.1 3.58 109.16
105 1983 10 17 13 25 248 -2044 185.87 10 58 -091 111.54
106 1983 10 28 5 56 55.2 -31.05 179.60 10 56 016 123.50
107 1983 12 3 1 24 0.2 -15.65 187.04 41 61 -0.19 106.67
108 1983 12 4 19 30 430 -20.72 186.25 10 54 -1.34 111.67
109 1883 12 9 13 48 11.8 -16.74 186.47 63 5.3 -0.08 107.89
110 1983 12 20 18 6 . 103 -16.47 178.10 10 55 742 110.75
111 1983 12 23 14 35 523 -2091 184.20 10 52 029 112.53

112 1984 1 19 16 15 21.5 -2363 181.63 336 59 1.51 115.909 P
113 1984 2 25 15 29 20.1 -16.69 185.18 269 57 1.09 108.30 X
114 1984 3 2 0 0 429 -2098 18329 231 54 112 112.95 P
115 1984 3 6 0 25 272 -29.00 18088 209 5.2 .-0.02 121.18 X
116 1984 3 21 10 10 499 -19.37 186.47 10 53 -1.04 110.34

117 1984 3 23 20 31 402 -1524 186.33 43 56 060 10654

118 1984 4 18 6 49 139 -1593 18565 158 59 0.95 107.43 p
11 1984 4 29 17 20 149 -19.71 184.30 230 54 0.73 111.41 |
120 1984 8 17 10 42 201 -21.42 184.73 57 5.6 -0.28 112.84 P
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TABLE C.4. Harvard Centroid Moment Tensor Solution

P-axis T-axis nodal planes
H year mo day hr min sec pl az p! az dip str dip str moment
1 1977 3 22 2 23 200 41 85 47 245 10 237 87 346 1.1e25
2 1977 6 22 12 8 334 56 107 34 28 11 14 79 197  1.4e28
3 1978 1 28 19 36 386 29 334 51 1056 28 110 78 224  4.7¢25
4 1978 6 26 10 21 450 61 300 18 175 34 296 68 67 4. 3e24
5 1978 7 17 13 26 149 37 168 45 20 22 198 86 97  7.1e25
6 1978 9 16 23 38 B9 27 327 28 72 50 109 89 200 6.3e
7 1978 11 23 4 41 393 38 350 37 224 31 16 89 108  3.7e24
8 1979 8 5 0 583 459 57 315 32 124 14 195 77 38  B6.7e25
9 1979 1@ 11 16 31 221 54 282 35 118 12 9242 81 21 1.3e24
10 1980 4 13 18 4 319 51 325 31 101 25 144 79 30 2.8e27
11 1980 4 25 2 35 0.0 58 103 29 256 19 318 75 177 1.6e24
12 1980 b 12 14 23 456 27 326 60 175 21 29 73 246  2.3e24
13 1980 11 30 12 24 39.8 486 292 43 123 6 281 88 27  3.4e25
14 1981 2 20 9 40 55.7 43 105 47 292 4 135 88 18 8.0e24
15 1981 3 5 12 53 295 38 205 21 313 48 355 80 255 7.8e24
15 1981 3 7 23 30 84 20 96 70 270 25 190 85 4 5.5e24
17 1981 6 1 14 7 18 8 64 4 224 41 312 49 135 7.6e23
18 1981 6 26 0 51 60 59 302 29 102 18 168 75 19 2.0e25
19 1981 8 1 6 10 96 17 232 63 358 34 350 65 125 3.1e24
20 1931 g8 13 2 57 44 26 358 64 190 20 77 71 272 2.2¢24
21 1931 8 25 7 16 584 27 155 7 248 66 205 76 199 4.1e24
22 1981 9 1 7 23 21 46 61 17 169 44 218 72 108 6.4e24
23 1981 9 25 14 30 534 12 108 78 302 33 191 57 19 1.2¢25
24 1981 9 28 17 56 180 45 341 28 103 34 143 81 38  7.6e25
25 1981 10 1 16 2 516 27 105 59 252 23 226 73 3 9.4e24
26 1981 11 4 14 38 107 53 87 37 273 8 19 82 180 7.4e25
27 1981 11 16 19 42 382 18 102 64 233 32 218 65 357 1.4e%5
28 1981 11 18 17 37 487 22 97 68 28 23 182 &7 9 1.0e25
29 1981 11 25 19 1 479 61 344 27 187 20 300 73 89  8.8e00
30 1981 12 23 18 47 183 41 61 48 232 6 200 87 327 8.7¢24
31 1981 12 24 b 33 207 23 100 65 259 23 206 69 3 2.1e26
32 1981 12 26 17 5 325 18 103 71 251 28 203 63 7 4.6e26
33 1981 12 29 19 6 316 21 86 68 258 24 181 66 354 9.5e23
34 1982 1 4 22 20 536 58 312 31 115 16 18: 77 32 4.4e25
35 1982 2 28 17 0 242 168 280 73 85 30 286 61 193  3.0e24~
36 1982 3 7 15 41 571 9 309 34 213 60 356 73 256 7.8e24
37 1982 3 21 13 35 3.1 60 267 27 115 21 232 73 15  6.2e24
38 1982 3 28 3 52 346 17 102 70 248 30 208 62 4  4.1e25
39 1982 3 20 12 20 267 7 189 9 107 78 243 89 153  5.0e25
40 1982 4 8 11 40 305 19 112 68 264 27 217 65 15  1.5e24
41 1982 4 12 0 34 443 17 104 67 240 31 215 63 2 2.4e25
42 1982 4 16 14 4 512 34 82 50 228 19 223 82 337 2.0e25
43 1982 5 1 10 27 528 15 105 74 270 30 200 60 11 2.3e24
44 1982 5 2 11 19 380 13 104 74 247 33 208 58 6  4.5e25
45 1982 6 2 12 37 345 66 182 6 285 44 352 55 215 4.0e25
48 1982 6 11 0 38 9.8 53 259 34 105 16 237 80 4 2.0e26
47 1982 6 17 11 46 48 29 43 45 166 33 183 81 288 6.8e23
48 1982 7 4 21 26 388 12 108 71 341 36 179 59 31 2.0e24
49 1982 7 30 3 41 19 47 116 36 258 21 281 84 185 2.5e24
50 1982 8 7 18 20 221 33 108 56 274 13 223 79 13 7.6e24
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TABLE C.4. (continued)

P-axis T-axis nodal planes
H year mo day hr min sec pl az pl a8z dip str dip str moment
51 1982 9 3 23 39 390 33 78 56 262 12 160 79 349  5.5e25
52 1982 9 4 2 8 8.0 15 131 47 237 46 21 70 11 2.6e25
53 1982 9 4 13 31 149 26 B8 64 262 19 185 71 358 1.5e25
b4 1982 9 16 8 23 124 7 320 6 9229 81 5 80 95  3.4e24
55 1982 9 20 12 57 453 16 87 72 241 30 187 62 351 1.1e25
56 1982 9 28 15 14 367 7 13 7 282 80 58 90 148  4.4e25
57 1982 10 5 10 15 292 10 344 27 79 64 119 79 214 1.6e24
58 1982 10 19 3 34 321 33 85 54 242 15 212 79 346  4.4e%4
59 1982 11 10 21 20 458 923 243 12 148 65 283 33 17 1.4e25
60 1982 11 11 21 21 30.8 22 103 683 284 23 192 67 13 4.7e24
61 1982 11 22 5 32 453 25 102 65 269 21 203 70 8 1.7e24
62 1982 11 27 2 19 101 25 109 64 269 21 217 70 13 3.3e24
63 1982 12 3 1 38 464 26 111 63 280 19 211 71 17 3.3e24
64 1982 12 5 15 52 248 17 112 72 303 98 197 82 25 7.7e24
65 1982 12 14 12 2 6.1 21 103 63 241 28 221 68 0 2.4e24
66 1982 12 19 0 6 197 18 106 71 25 27 207 64 11 2.3e24
67 1982 12 19 13 0 158 20 95 68 247 26 201 66 357 3.7e24
68 1982 12 19 17 43 548 23 100 66 269 22 198 68 6  2.0e27
69 1982 12 20 2 58 105 27 95 62 254 20 208 72 358 3.3e25
70 1982 12 20 5 54 373 28 102 66 259 24 209 68 5 6.4e24
71 1982 12 20 14 35 450 11 99 75 237 35 201 357 1 5.8e24
72 1982 12 21 16 12 18.0 29 99 61 276 16 192 74 8 7.9e24
73 1983 1 8 11 21 295 50 15 39 176 11 214 85 94 3.0e25
74 1983 1 18 13 10 454 7 357 2 266 84 41 87 132  3.7e24
75 1983 1 26 16 2 213 52 354 38 177 7 278 83 86  3.7e¢26
76 1983 2 7 18 23 166 16 98 73 295 29 181 62 12 1.6e25
77 1983 2 17 16 10 39.1 26 115 61 264 922 232 72 14 2.6e24
78 1983 3 21 7 44 177 29 272 61 96 16 357 74 183 1.2e26
79 1983 4 7 15 38 380 25 126 65 202 21 297 70 31 7.2e23
80 1983 4 11 17 3 41.7 21 115 56 240 33 241 71 5 2224
81 1983 4 15 0 g 333 55 262 19 142 36 269 70 30 8.1e24
82 1983 4 24 3 29 175 5 12 86 271 45 79 54 303  3.9¢24
83 1983 4 27 17 20 352 22 112 66 269 24 217 67 15  5.1e24
84 1983 4 30 2 51 433 31 112 59 9285 14 213 76 20  3.1e24
85 1983 5 5 4 43 504 46 194 25 314 36 357 78 250 6.4e24
86 1983 5 11 21 48 154 28 310 59 101 20 71 74 210 3.5e24 -
87 1983 5 15 0 24 06 9 163 3 72 82 207 86 298 1.1e26
88 1983 5 29 22 7 574 72 305 17 111 28 195 62 25 2.3e24
89 1983 6 1 2 t] 19 68 313 21 126 24 211 88 38  7.2e25
90 1983 6 1 10 58 457 2 127 7 217 84 282 86 352 92.2e25
91 1983 6 10 22 39 116 21 105 69 282 24 196 65 14 3.5e24
92 1983 6 15 6 g 0.5 45 32 40 183 16 206 87 107 4.3¢%4
93 1983 6 25 10 3 126 82 169 5 302 40 26 51 217 2.6e24
94 1983 6 25 15 4 143 52 322 22 84 34 134 73 17 5.7e24
95 1983 7 8 10 4 53.1 5 307 48 42 54 78 62 185 7.0e23
96 1983 7 17 23 2 459 680 342 21 114 30 172 69 4] 6.1e23
97 1983 7 24 0 52 238 22 125 35 232 48 264 82 1 6.0e24
98 1983 7 28 1 40 362 13 114 32 213 58 249 78 347 4.5e24
99 1983 8 10 20 5 494 25 96 63 255 21 205 71 850 2.5e24
100 1983 8 15 19 44 446 73 320 16 117 30 197 81 32 2.1e24
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TABLE C.4. (continued)

P-axis T-axis nodal planes
H year mo day hr min sec pl az pl az dip str dip str moment
101 1983 8 21 22 57 343 55 260 25 128 28 257 T4 19  9.3e23
102 1983 8 30 8 50 179 4 246 63 150 48 311 54 180 1.1e25
103 1983 9 13 19 30 579 25 112 65 283 20 210 70 19 2.7¢24
104 1983 9 17 12 11 431 1 4 0 274 83 49 89 139 7.8e25
105 1983 10 17 13 25 248 34 110 54 271 14 235 80 12  1.9e25
106 1983 10 28 5 56 552 9 227 5 317 80 2 87 272 1.2e25
107 1983 12 3 1 24 02 57 10 31 211 17 330 76 113  1.7¢25
108 1983 12 4 19 30 430 27 112 60 266 20 229 73 12 1.9e24
10§ 1983 12 9 13 48 118 .13 123 62 237 39 242 62 12  8.7¢23
110 1983 12 20 16 6 103 60 174 14 289 39 348 63 220 1.9e24
113 1983 12 23 14 35 523 11 73 78 268 34 159 56 345 2.4e24
112 1984 1 19 16 15 21.5 38 262 50 104 13 301 84 181 2.3e25
113 1984 2 25 15 29 201 52 195 36 351 14 36 82 271  5.2e24
114 1984 3 2 0 0 429 67 274 21 120 25 227 67 22  1.7e24
115 1984 38 6 0 25 272 52 25 11 280 46 46 65 162  1.1e24
116 1984 3 21 10 10 499 13 111 71 241 35 220 59 9  3.9¢24
117 1984 3 23 20 31 402 49 8 41 180 6 226 8 93 1.1e25
118 1984 4 18 6 49 139 65 264 24 97 21 198 70 3  b.7e25
119 1984 4 29 17 20 149 35 248 19 144 50 281 80 19 3.3e24
120 1984 8 17 10 42 201 30 276 58 119 18 337 76 185  3.0e23
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TABLE C.5. Events with Mechanism Type (Figure 3.6)

event year mo day hr min sec lat long depth m,  distance azimuth
CTI 1966 8 12 3 59 497 -22.40 183.80 (121" 5.4 0.14  114.08
Cl 1968 8 25 11 15 463 -20.03 18469 ;96" 55 0.27 11157
¢T2 1872 8 29 5 &9 1.7 -19.99 184.72 160" 5.4 026  111.52
C2 1974 11 11 6 29 211 -23.91 18244 166% 5.6 0.71 11595
C3 1975 5 5 20 28 83 -23.01 183.76 80' 56 -0.06 114.68
(T3 1977 3 26 8 19 185 -1858 185.85 91> 56 .020 109.82
C4 1978 2 22 19 37 170 -2270 18379 €7 5.6 0.04 114.36
C5 1980 5 27 13 1 348 -1865 185.25 115 6.1 0.30  110.09
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APPENDIX D

RELOCATION METHOD OF CHAPTER Il

The relocation procedure employed in Chapter 3 is similar to that of Veith (1974) and
Samowitz and Forsyth (1981), and it tries to locate a group of earthquakes relative to each
other. The basic assumption is that the ray paths from earthquakes in some small region to a
particular station at teleseismic distance (>30°) are similar and thus the travel time residuals
due to Earth model error are similar for each station. Under these assumptions, the master
event technique and joint hypocenter determination technique (JHD; Douglas, 1967; Dewey,
1972) have been introduced. The region of interest in Chapter 3 is large (800 km along the
strike of trench) and the above conditions may not be fulfilled. Following Samowitz and
Forsyth (1981), I assume that the travel time residuals to a given station (due to the Earth
model error) vary smoothly as a function of distance between the station and earthquakes, and

can be modeled linearly to the first order,

There are two steps in the relocation procedure. For each step, the earthquake location
program originally written by Dewey (JHD77; Dewey, 1972) was used with some modification.
Although JHD77 is a program for the joint hypocenter determination it is used simply as an
epicenter estimation program (depths are determined by pP-P time difference). The detailed

procedure can be found in Dewey (1872) and only the weighting scheme will be repeated here.

The procedure of earthquake location is a classical non-linear inverse problem and it is
solved by the method of successive least squares. For the first three iterations, a weighting
scheme developed by Bolt (1960) is used to minimize the effects of extreme residuals. The
stations are grouped into four depending on which quadrant of the Earth’s surface (with respect
to the earthquake) they are located. The residuals r; are weighted according to the extent to
which they deviate from the mean residual of the quadrant in which the station j is located.
Figure D.1a shows the weighting function. After three iterations, the residual variance of the
earthquake, o, is estimated and this value is used in the weighting scheme for the rest of the

iterations. The weight for a given iteration for a given station is set by



- 155 -

w; = 1.0 " (D.1)
? 140.02ezp [r;/20¢] ‘

(Figure D.1b). In total, seven depth-fixed iterations are preformed for each earthquake to

determine the epicenter.

Data are selected from the ISC bulletin from 1970 to 1979 with the following conditions;
(1) pP-P constrained depths between 60 km and 200 km, (2) more than 30 P arrival
observations, (3) azimuth (measured from the north Pole at the pole of the arc) between 107°
and 117°. In total, 46 earthquakes are selected, including thirteen events for which either focal

mechanisms or focal mechanism types are known.

For the first step, the earthquakes are relocated using the P-wave arrival times reported at
station distances between 30° and 100° in order to estimate the station correction term in the
residuals. After the earthquakes are relocated, the stations which have arrivals from more than
10 earthquakes are selected for the next step. There are 113 stations left at this stage. The
travel time corrections for these stations are determined by least square fit of the residuals to a
linear function of distance between the stations and earthquakes, Figures D.2 show residuals by

open circles and the travel time corrections by solid lines.

In the second step, the travel times are first subtracted by the amount estimated from the
liear function obtained in the first step. Relocation was then performed for each event
separately using only the arrivals from those 113 stations. Each station was weighted inversely
proportionally to its residual variance estimated in the first step. Crosses in Figures D.2 denote
the residuals after the second step. They are distributed around the solid lines and thus further
steps (i.e., reestimating the station correction terms and repeating the second step) will not

affect the result significantly.

Table D.1 compares the original ISC locations to the relocated ones. For each
earthquake, the first row is the ISC estimate and the second row is the relocated one. 90 %
confidence intervals for the latitude and the longitude are given in units of km for the relocated

location,
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Figure D.2. Residuals and the travel time correction for all the stations used in the second step
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Figure D.2. Residuals and the travel time correction.
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TABLE D.1. ISC vs. Relocation
year mo day hr min sec lat long depth m; " #of dist azimuth event
Alat (km) Along (km) stns (deg) (deg)
1971 2 2 15 18 21.1I -21.24 184.61 88.00 5.30 90 -0.11 112.72
1971 2 2 15 18 21.5 -21.14 184.46 5.45 4.00 51 0.05 112,68
1971 3 23 2 15 23.7 -22.98 183.86 77.00 6.10 166 -0.12 114.57
1871 3 23 2 15 26.6 -22.97 183.85 2.57 2.04 81 -0.12 11459 F57
1971 4 13 5 57 375 -15.98 186.11 102.00 5.40 123 0.53 107.31
1971 4 13 5 57 37.8 -15.99 186.07 2.30 1.88 70 056 107.33
1971 8 28 4 9 4.1 -18.80 18540 145.00 5.50 121 0.11 110.18
1971 8 28 4 ¢ 6.6 -18.84 18535 2.35 1.85 79 014 110.23 F72
1971 10 6 10 26 50.7 -17.75 186.38 65.00 4.830 39 -0.37 108.86
1971 10 6 10 26 506 -17.78 186.20 7.26 4.60 23 -0.22 108.95
1972 1 15 3 39 21.5 -18.33 185.41 15600 3 5.60 132 0.28 109.74
1972 1 15 3 39 176 -18.28 185.40 3.20 2.55 72 0.30 10970 F60
1972 6 11 14 29 57.8 -21.09 184.88 73.00 5.30 89 -0.29 112.49
1972 6 11 14 29 56.9 -20.97 184.72 4.56 3.71 63 -0.11 112.43
1872 7 10 6 30 8.0 -23.04 184.03 64.00 5.10 54 -0.30 114.59
1972 7 10 6 30 5.9 -23.00 183.95 2.42 1.68 37 -0.21 114.58
1972 7 21 8 37 15.0 -21.96 183.94 124.00 5.40 138 019 113.62
1972 7 21 8 37 125 -21.88 183.91 3.97 3.21 76 025 113.56
1972 7 25 ¢ 20 209 -21.50 183.62 184.00 540 137 0.64 113.31
1972 7 25 9 20 28.8 -21.47 183.56 3.23 2.60 78 070 113.30
1972 8 29 5 5% 2.8 -20.12 184.85 160.00 5.40 113 0.10 111.60
1972 8 29 5 59 24 -20.02 184.76 3.36 3.03 71 021 111.54 T2
1972 9 22 11 45 10.5 -16.50 185.54 186.00 5.60 149 0.84 107.99
1972 ¢ 22 11 45 11.0 -16.53 185.49 1.83 1.56 8 0.87 108.04 Fo4
1972 11 20 13 6 50.3 -24.84 182.76 162.00 5.20 116 0.08 116.70
1972 11 20 13 6 485 -24.77 18271 4.08 3.30 63 0.15 116.65
1972 11 30 2 45 52.7 -16.05 185.74 145.00 5.20 99 0.83 107.51
1972 11 30 2 45 471 -15.94 185.74 4.43 3.70 67 087 107.40
1973 1 8 21 10 13.7 -24.45 182,77 164.00 4.70 36 0.23 116.33
1973 1 8 21 10 13.1 -24.26 182.74 8.08 5.19 26 0.33 116.17
1973 4 8 20 48 46.3 -24.00 182.96 124.00 5.50 119 024 11585
1973 4 8 20 48 46.1 -23.93 182.96 2.711 2.06 79  0.27 115.79
1973 6 7 18 55 38.1 -22.16 183.42 185.00 5.20 71 0.56 113.99
1973 6 7 18 55 39.6 -22.17 183.27 4.19 3.86 51 068 114.05
1973 7 19 21 22 14.1 -19.71 185.08 139.00 4.90 40 0.05 111.14
1973 7 19 21 22 16.8 -19.74 184.99 9.37 7.20 28 012 111.20
1973 ¢ 17 7 21 44.9 -17.21 18570 131.00 5.40 128 0.44 108.60
1973 9 17 7 21 47.1 -17.32 185.72 2.55 2.23 81 0.38 108.69
1973 12 24 8 14 246 -19.06 185.14 119.00 5.70 118 0.24 110.51
1973 12 24 8 14 251 -19.08 185.12 3.99 3.45 75 0.26 110.52

O
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TABLE D.1. (continued)

year mo day hr min sec lat long depth my # of dist azimuth event
Alat(km) Along (km) stns (deg) (deg)

1974 2 1 11 48 31.8 -20.14 18517 112.00 4.90 45 -0.19 111.50

1974 2 1 11 48 334 -20.13 184.93 10.17 4.94 27 003 111.58

1974 2 28 16 6 14.3 -18.55 185.65 85.00 5.30 54 -0.02 109.86

1674 2 28 16 6 15.0 -18.46 185.50 3.98 3.38 35 015 109.83

1974 11 11 6 29 16.7 -24.06 182.84 166.00 5.60 88 0.32 11595

1974 11 11 6 29 17.3 -24.10 182.74 5.00 3.78 64 0.39 116.02 C2

1974 11 17 1 0 345 -16.84 185.75 185.00 4.90 61 053 108.24

1974 11 17 1 0 36.3 -16.88 185.73 4.90 4.46 40 0.53 108.28

1975 1 17 ¢ 30 366 -17.86 185.43 140.00 5.80 161 0.43 109.30

1976 1 17 9 30 40.7 -17.99 185.48 3.05 2.42 86 0.34 10940 F68

1975 2 10 5 51 450 -15.73 185.76 158.00 4.90 59 0.93 107.20

1875 2 10 5 51 454 -15.66 185.61 9.14 8.00 40 1.09 107.19

1975 5 5 20 28 4.2 -22.87 183.85 80.00 5.60 135 -0.08 114.50

1975 5 5 20 28 84 -23.09 183.85 2.48 1.87 79 -0.16 11470 C3

1976 65 27 9 11 359 -21.20 184.12 147.00 5.10 8 0.32 112.86

1975 5 27 9 11 355 -21.17 184.09 5.21 3.91 58 0.36 112.84

1975 8 24 13 48 484 -24.30 183.41 110.00 5.00 57 -0.25 115.97

1975 8 24 13 48 50.1 -24.19 183.17 4.01 3.43 36 -0.01 115.95

1975 & 26 12 19 332 -23.80 183.24 119.00 5.30 99 0.08 115.57

1875 8 26 12 19 33.5 -23.81 183.07 4.83 3.53 63 0.22 115.64

1876 8 28 16 13 41.6 -16.10 185.72 102.00 5.00 63 -0.06 107.21

1876 8 28 16 13 39.6 -16.16 186.84 8.01 6.93 42 -0.19 107.22

1876 12 5 17 11 158 -17.69 1B7.37 73.00 5.10 71 -1.22 108.46

1976 12 5 17 11 15.9 -18.06 187.50 5.11 3.78 46 -1.56 108.73

1976 12 15 7 10 273 -17.33 186.17 77.00 5.50 120 -0.03 108.54

1976 12 15 7 10 27.6 -17.40 186.08 4.86 3.80 65 0.03 108.64

1977 2 28 14 7 462 -18.03 183.16 73.00 4.90 43 237 110.27

1877 2 26 14 7 41.1 -18.51 183.97 19.61 10.97 25 148 110.42

1977 3 26 8 19 12.7 -18.48 185.81 91.00 5.70 150 -0.13 109.74

1977 3 26 8 19 184 -18.57 185.88 2.99 2.36 75 -0.23 10980 T3

1977 6 22 12 8 33.7 -22.91 184.26° 61.00 6.30 270 -0.44 114,39

1977 6 22 12 8 32.7 -23.00 184.26 3.19 2.26 81 -048 11447 H2

1977 7 29 16 51 7.6 -19.45 185.05 131.00 5.10 83 0.18 11091

1977 7 29 16 51 6.8 -19.36 184.88 3.83 2.52 44 036 110.88

1977 8 11 & 42 47.1 -17.58 185.61 120.00 - 6.20 224 0.38 108.97

1977 8 11 1 42 543 -17.68 185.69 341 2.81 84 0.27 109.04 F74

1977 12 8 6 15 17.2 -24.09 184.35 $1.00 5.50 127 -0.97 11545

1977 12 8 6 15 19.4 -24.09 184.28 3.87 2.89 72 -0.91 115.47

1977 12 29 10 19 42.9 -17.94 186.21 99.00 5.30 56 -0.29 -109.10

1977 12 29 10 19 429 -17.85 185.99 5.26 4.19 36 -0.06 109.09
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TABLE D.1. (continued)

year mo day hr min sec lat long depth m, # of dist azimuth event
Alat(km) Along (km) stns (deg) (deg)

1978 2 22 19 37 17.1 -22.88 184.04 67.00 5.60 154 -0.24 114.44

1978 2 22 19 37 16.7 -22.78 183.97 5.00 3.26 79 -0.15 11437 C4

1978 6 25 10 21 427 -17.13 185.65 159.00 5.50 152 0.51 108.54

1978 6 25 10 21 44.7 -17.13 185.63 3.26 2.60 70 0.53 108.55 H4

1978 10 22 11 © 19.6 -18.48 186.20 86.00 5.10 57 -0.48 109.60

1978 10 22 11 O 21.5 -18.43 185.92 5.06 4.45 29 -0.21 109.65

1979 2 5 18 58 23.0 -15.64 186.36 82.00 5.30 95 0.06 107.83

1878 2 5 18 B8 22.7 -16.66 186.31 3.80 3.07 42 0.10 107.87

1979 3 10 9 1 47.0 -18.84 186.79 80.00 5.10 77 -1.13 109.73

1879 3 10 9 1 52.8 -19.00 186.72 4,13 2.95 38 -1.12 109.91

1879 8 27 3 8 35.9 -21.82 183.76 170.00 5.40 125 040 113.56

1979 8 27 3 8 343 -21.67 183.73 4.46 3.26 60 048 113.42
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APPENDIX E

EARTHQUAKES STUDIED IN CHAPTER III

Focal mechanism solutions studied in Chapter 3 are presented as equal-area projections of
the lower hemisphere of the focal sphere. Large circles indicate WWSSN long;period P wave
first motion data and s.mall circles WWSSN short-period and JMA data. Polarization angles of
long-period S waves are indicated by the dashes. Nodal lines are indicated by the thin lines in

this figure and their parameters are listed in Table C.2 and C.4.

Events F17, F60 and F68: depths are redetermined for these events of the Tonga double
seismic zone, by comparing P-wave first motion waveform of WWSEN long period records with
synthetic seismograms. The synthetic seismogram was generated by a method of Kroeger and
Geller (1985) and PREM (Dziewonski and Anderson, 1980) was used for the structure near the

sources. The source time functions are shown by the trapezoids.

Events F70, F71, F72, and F74: Focal mechanisms are newly determined in this study for

these events.

Events H3, H8, H10, H13, H21, Hes, H38, and H49: Focal mechanism solutions and the
focal depths of CMT solution are compared with WWSSN records. Note that both mechanism
and depth of CMT solution are reliable. Event H21 is too small to check either the focal
mechanism or the depth by WWSSN seismograms. All the available data from WWSSN are,
however, still consistent with the CMT solution. Event H49 is also small and the depth can be
checked only at one station (SPA). The model depth 65 km is slightly shallower than CMT
depth 70 km. '
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