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ABSTRACT .. \5&}@ “@A‘m

A model for oblique convergence betwéen plates of lithosphere is
proposed in which at least a fraction of slip parallel to the. plate
margin reéulté in transcurrent movements-on a nearly vertical fault
which is locted on the continental side of a éone of plate consumption,
In an extreme case of complete decoupling only the component of slip
normal td the plate mérgin can be inferred from underthrustingf Recent
movements in the western Sunda.regioh provide the most convincing e&i—
dence for decoupling of slip, which in this region is thought to be
oblique to the plate margin. A speculative model for convergence along
the margins of the Philipbine Séé is constructed from an inferred
direction of oblique slip in the Philippine region. This model requires
that the triple point formed by the junction.of the Japanese and Izu-Bonin

trenches and the Nankai trough migrate along the Sagami trough. Absence
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of an offset between the trenches can be_expiained by rifting within the
Izu-Bonin arc. Transcurrent moveménts in southwest Japan and the Taiwan
region sﬁggest that similar movements within well-develéped island arcs
are initiated during a nascent stage in the development of such plate
margins and are often impoéed on a pre-existing zone of weakness.

The bulge-like configuration of the westerﬁ margin of the Andaman
Basiq is explained as a result of inter—arc extepsion within the western
part of this basin. 1In the Indian Ocean plate south'énd west of this basin,
strike~slip movements inferred from four mechanism'solutions, two of which
are reported in this work, are suggestive df a distribution of stress in
which both axes of compression are pearly hori2onta1'with ﬁhe stress maximum
trending eést of north. - Thgulargest of recént earthquakes ihithe'eastern
Sunda region have resulted in deformation wifhin the arc rgther than-shallowv
undgrthrusting at tpe plate margins. A zone of_sharteningAin nearly an east -
west direction coincides with an intense gravity minimum aiong ihe eastern margin
6f the Celebes basin from fhe Talaﬁd islands to the Molucca basin. Internal de-
formation is known ortsuépected in the Sunda strait, western New Guinea and the
Celebes. Recent movémenté near tﬁe eést coast of‘Luzon reveal a zone of_under-
thrusting along the iﬁner wall of a trough marginal,pp this coast. Thé%% ié‘anA
apparent hiatusvin.underthfusﬁing between this zoneEQdefhe>one‘that follows the’

inner wall of the Philippine trench.
INTRODUCTION

Several of the earth's most exténsive zones of transcurrent faulting

are located within the strike parallel to active island arcs and arc-like
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structures, - égggg_[l965] discussed evidence fér movenents on three such
faults: The Atacama in Chile, the Longitudinal in Taiwan, and the Philippine.l
To this list can be added the Semangko fault in Sumatra [e. g. Katili; 19701,
possibly the Median Tectonic Line in western Japan [Kameko, 1966 and Okada,

1971], and possibly the Nicaragua trough [Molnar and Sykes, 1969]. One

mechanism solution shows evidence for strike-slip mozement [Molnar and Sykes, "

1969] along this trough, a volcanic graben that is nearly parallel to an
adjacent section of the Middle America trench. Such movements may be
analogous to those along the Semangko fault, a zone of transcurrent movements

that follows a chain of active volcanoes in Sumatra. With the exception of

the Afacama [Arabasz and Allen, 1970]; the other fault zonéé show evidence
of recent activity that is contemporary with plété gonsump£ion in the same
regiop. In thevwork presented here such a system of contrasting mbvements
is expiained by a model of convergence in which slip that is oblique to the
plate margin is at least ﬁartiall& decoupled between parailel zones of trans-
curfent faulting and underthrusting;

A schematic cross section of such a plate margin is shown iﬁ Figqre 1.
The tranécurrent fault is near the axis of active volcanism as are the
Philippine and the Semangko faults (Figure 2). Coexistence of a chain of
active volcanoes and a zone of tfanscurrent fauitiné iS'underétaﬁdable in
that a zone of relative weakness in extension can als® be a zone qf Weakneés
in horizontal sﬁear and vice versa. Howe&er, numerous examples of trénscufrent”

faults within non-volcanic parts of island arcs and within arc-like structures.

that have no volcanism clearly demonstrate that active volcanism is not a



necessary condition for the dgvelopment of such faults. What is implied
by the decoupling hypothesis proposed here is that'horizontai shear applied
to a plate margin by obliqﬁe convergence can, in some situations, be mére
easiiy released by transcurrent movements on an interior vertical faultv

than by oblique slip on an adjacent zone of underthrusting.

Models based on the assumption of rigid plates [e.g. LePichon, 1968]

reveal at least four regions of oblique convergence, one of which serves

as a typé example of a plate margin such as tﬁat illustfated in Figure 1.
That region is the western Sunda, where horizontal shear and underthrusting
occur concurrently on the Semangko fault and.along the inner wall of the
Java trench'respectively. Directions and rates of convergence in this re- -
gion are computed froﬁ a éimpiified model that does nét include slip between
the China and Eurasian plates'(Figure 2). 1In the absence of-a quantitative
measure of this.slip,:large éorrections to slip vectors iﬁ the Sunda regioﬁ.
are possible; however, such'correctioﬁs are unlikely because computed.centers
of rotation for the Indian‘Ocean and Eurasian (including China) plates aref
nearly 90° distant from this arec.

The other regions of oblique convergence are the western Aleutians [e.g.

McKenzie and Parker, 1967]? northern New Guinéa [e.g; LePichon, 1968 and.ﬁorgan
1971] and that part of the Caribbean ﬁargiﬁ adjacent to Puerto Riéo; [Molnar and
Sykes, 1§69]. The plate margin in each of these regions does not fit_the model
proposed here for the western Sunda arc withoﬁt major modifications. Seismic
evidence shows that at least part of the western Aleutian arc is bounded by
active zones of faulting,underthrusting seaward of the volcanié islands, and

right-lateral shear on the continental side of these islands [Gumper, 1971].



However, unlike most shallow underthrusting [Isacks et al., 1968], these

movements are in a direction that nearly parallels the island arc [Gumper,
1971]. Similarly underthrusting north of Puerto Rico parallels the platé
margin in this region that is ﬁarked by the Puerto.Rico tréncﬁ. Near New
Guinea slip between the major plates is obscured by movements between

small intervening plates [Johnson and Molnar, 1972] and by possible internal

deformation in western parts of this region.

The argument for oblique convergencevalong the western‘margin of ;he
Philippine Sea is more tenuous. Plate models based on the spreading history
of the mid-ocean system of active ridges cannot be used bedause no part of
this system passes through the Philippine Séa. Therefore; evidence must come
difectly from- the pléte margin. Two active zones of shallow'underthrusting
follow the east side of the Philiﬁpine arc (Figure 3); ‘Movements along these
zones are nearly.normal to the Philippine trench and the east coést of Luzon.
Inland from the zones_of underthrusting ié the Philippine fault, which has
Quaternary to Recent offsets consistent with horizontal shear in the left-
lateral sense [Allen, 1962]; howeyer;‘the comparatively low level of recorded
seismicity along this fault is puzzling since geomorphic eViﬁence for'recent
movements is substantial. By applyingia model for dgcqupled slip similar to
>that proposed for the western Sunda afc? if‘is bossible to infer a direction
of oblique éonvergence for this region.

This direction of siip and selected directions of slip from other parts
of the western margin of the Philippine Seavare used ;o compute a center of
rotation for the Eurasian and Philippine Sea plates._In order té compute a
model for plate convergence in the northyest Pacifie that is reaéonably_con—
sistent with the qonfiguration of the inclined seismic zones.béneath'tﬁe eastern
margin of the Philippine Sea,the center of rotatidn is coﬁstrained to the

North Pacific. The center of rotation for the Eurasian and Philippine Sea



plates that giveg the best fit to the data and satisfies the above mentioned
constraint is located near southwest Alaska. The resulting directions of
slip along the western mafgin of the Philippine Sea are consistent with the
sense of recent movements on interior faﬁlts that parallel major pérts'of'
this plate margin. The preferred center of rotation for the Philippine Sea
and Pacific plates is in east-central Australié, which implies a direction
of convergence that is neariy normal in the Mariana and Izu-Bonin arcs and
. a rate of convergence that increases northwara. |
Models such as the one outlined above account for relative motion,
in this case convergence, between major piates. Narrow regions between
zones of horizontal shear and'underthrustiné are modeled.as small plates.
Sufficien£ data are not available to check model computations against known
rages ana directibns of slip at several locations along theée.plate margins.
Therefpre unavoidable errors, perhaps large efrgfs, ére qontained in the
quantitative results. § ' v | /
No éttempt is made to include special’regioﬁs such as inter-arc basins
[Karig, 1970] in these models. Active extension within several.of these basins
marginal to the Philippine Sea and southeast Asia probably ipfluence the
rate and direction of convefgence along adjacent fronta1 ércs.» Ihe western
part of the Andaman basin (Figure. 3) contains one or more cegéérs of spreading
that becéme active sometime éffer late Miocene [Rodolfo,,l969], New sea floor
is formihg in the basin west of the Mariana ridge énd Qithin the Izu-Bonin
arc [Karig, 197;3]. The Okinawa trough, west of the Ryukyﬁ ridge, is considered

only marginally actiye-[Karig, 1971a] even though normal faults offset sediments

within the trough [Wageman et al., 1970] and heat flow through the floor of the
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trough is abnormally high [Watanabe et al., 1970]. A mechanism solution for

normal faulting near the northeast corner of this trough.(solution 28 in
" Figures 11 and 12) suggest that active extension is stili in progress.

In addition to interarc exteﬁsion, regions of intefnal.deformation that
are often difficult or impossible to distinguish from a plate margin composed
of a number of small élates are identified. For examble, EEEEh [197Q3],

Johnson and Molnar [1972], and this work show that direqtions of slip in

western New Guinea inferred from solutions to shallow underthrusts differ
by more than 60° from those cqmputed from rigid plate models. 1In the Celebes
region (Figure 3) a complex pattern of internal defofmation results from |
convergence Between pieces of lithosphere overlain by continental cfust;
Deviations from simple tectonic models are.expected in this region as a
result.of interactions between fouf major plates of lithosphere (Figure 2).
The arguments presented in this work rely strongly on recorded as well
as historic.seismic evidence, Forty-six new mechanism solutions for shallqw

earthquakes are an essential part of this evidence. In addition to the new

solutions those published by Katsumata and Sykes [1969] for Ryukyu,'IzufBonin

and Mariana fegions and'Eiggg [1976_3, b] for the Indomesian-Philippine region‘.
are used. Each of the new soituions is baéed on a distribution of P—wave.first
motions and. S-wave polorization shown in the aPpendi#r A tablulation of para-,
meters for the new solutions, as well as those from Fitch [197Qi], is also in the
appendix. Detailed éeismicity maps based on epicenters computed By the United
States Coast and Geodetic Sﬁrvey (USCGS) are provided for some of the.more
complex seismic zones within this region. Following the presentation of data,

a model is constructed for plate convergence in the northwest Pacific.
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_ _Western Sunda Arc

Plate Convergence and Internal Deformation

By analogy with other island arcs, a line of andesitic volcanism
in Sumatra and an adjacent deep-sea trench resul£ from consqmption of {
oceanic lithésphere. The Andaman-Nicobar ridge, although not part of a
well-developed island arc, does have stratigraphic and structural evidence

for a tectonic history in the Cenozoic that is similar to that of the non-
volcanic arc between Sumatra and the Java trench [Rodolfo;ll969]. At shallow
depths betweeq Sumatra and the non-volcanic arc there are four earthquakes

with mechanisms consistent with shallow underthrusting of tﬁé oceanic lithospheré
beneath the island arc (solutions 7, 8, 9, 10 in Figure 4).. A great eafthquake

on June 26, 1941, the largest of recorded éarthquakes in the western Sunda region,
maﬁ hayé been a megathrust. It was located west of the Aﬁdaman Islands and
appeared to have a sub-crustal focus éf about 50 to 60 km [Richter, 1958].

Solutions to events at -intermediate depths (solution 1 in Figure 4 and

solutions 2 and 3 in Fitch and Molnar [1970])are consistent with a descending

slab of lithosphere beneath Sumatra within which the axis of least compressive
stress is oriented in a down-dip direction. Earthquakes at_intermediate depths

eXtéﬁd to approximately 200 km beneath Sumatra, and a few epicéﬁtérs are located

at depths of about.lOO km benéath the Andaman-Nicobar ridge [e.g. Gutenberg and

‘Richter, 1954; Fitch and Molnar, 1970].

Paralleling this zone of underthrusting is the Semangko fault in Sumatra
(Figure 2) and its submarine continuation along the eastern side of the Andaman-

Nicobar ridge'[Rodlofo, 1969]. This fault zone is seismically one of the more




active zones of transcurrent movements within active island arcs. Right-
lateral shear along this zone was observed in focal regioms of the larger
earthquakes recorded from Sumatra [Katili, 1970]. These events included the

1892 Tapanuli, the 1926 Padang-pandjang (listed by Gutenberg and Richter’

[1954] as two shock of MS 6 1/2 and 6 3/4), the 1933 Liwa (given a MS of

7 1/2 by Gutenberg and Richter [1954]),the 1952 Tes (not listed in Gutenmberg

aﬁd Richtér [1954]; therefore probably less than MS 6 1/2) and the 1964
Atjeh (mb of 6.7 computed by USCGS) earthquakes. For the first of these
events,.which was probably the largest one, horizontal-offset. at the fault,
~inferred from geodetic evidence, was as lérge as 4 meters (Richter,[1958]
from earlier work by H. F. Reid). In_addition,other right7laﬁeral offsets
of recent Origiﬁ are known from numerous locations thréughout.the fault zone
[Katili, 1970]. A comparison with seismicity‘in other parts of'this region

from lists of recorded earthquakes of large magnitude [Gutenberg and Richter,

1954; Rothe, 1969], as well as recent seismicity [e.g. Barazangi and Dorman,

19697, éhowé that most éﬁallow activity is seaward 5f the island, whereas in
the Andaman region.earthduakes are concentrated along a submarine confinuationl
of.the Semangko fault. Qualitatively this migrétibn in activity toward the
concave side of‘the arc is consistent with an‘increase in the ratio of parallel .
to normal slip towérd the nortﬁwest (Figure 3), provided_theSe cpmponents of -
slip are decoupled in a manner similar to that proposed ﬁefe;

Figure 4 shws mechanism solutions (numbers 2, 3, 4, and 80) for four
shallow earthquakes, three of which are located near narrow,tréughs (Figure
5) that mark a continuation of this fault zone‘for a distance of approximately

500 km along the east-side of the Andaman-Nicobar yidge. Fitch [1970 a, b]
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interpreted solution 2 as a shallow underthrust;.however, right-lateral

shear in this region, seismic evidence for which cdmes from §olutions 3, 4

and 80, suggeé;s that the nodal -plane with a northwest strike and nearly . -
vertical dip is more likely to represent the fault plane. Motion on this

plane was right-lateral with a large component. of thrusting in the sense of

the Andaman-Nicobar ridge overriding the Andaman basin. Field evidence

shows that the interpretation of solution 3 given in Figure 4 is the correct

one. This solution is for the Atjeh earthduake in April 1964 after wﬁich
right-lateral offsets as large as 0.5 ﬁetér weré obse;ved along a section

of the Semangko fault in extreme northern Sumatra [Katili, 1970].
Stress within Lithosphere adjacent to the Western Sunda Arc

Contrasting distributions of stress are inferred frdmlmechanism
solutions for shallow earthquakes on opposite sides of the western Sunda.
Arc; A pair of thrust movements along the northern coast of Sumatra neér
the northern tip of the island_(solutions.s and 6, Figure 4) are similar

to solutions reported in recent years. from the continental sides of other

island arcsfe.g. Isacks et al., 1968j. These movéménfs show that béhindll
at least SQme'arés'compreésidnvis lé£gé'enqggbftcgqaase crustal shortening
Anearly normal to éhé'adjécént ﬁléfelméféiﬂlivgiggguég‘the origin of
such stress is unkﬁown;’it is probabiy.aésoéiated‘with éoﬁéumptioﬁ of
oceanic lithosphere along the frontal arc..-

| A tentative distribution of stress for the oceanic side of the Supda
Arc is"éuch that both axes of compreséion are nearly horizontal with‘the

minimum stress in a northeast to east-northeast direction. This distribution
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is inferred from nearly identical solutions to four widely separated

earthquakes in the Indian Ocean plate., This unusual seismic zone is

U P VL —— - - = [ o

seen aé‘a'sroéd.bénd of scafteréd activity tﬁat extends from Australia

to India [Sykes, 1970]. Of the events'thaﬁ yielded mechanism solutions one
1is located seaward of the northern end ofﬂthé Java trench (solution 65 in
Figure 4); another was located on the Ninty-east ridge [§XEE§; 1970]; and a
third is the Konya earthquake in western India [Sykes, 1970]. The remaining
solution. (Figure 6) is for an event located west of the Ninty—east ridge

in an area covered by sediments that mark ;hé southern limit of the Ganges

Cone [Heezen and Tharp, 1967].

If the distribution of stress inferred-froﬁ these four earthquékes_
is representative of stress in parts of the Indian Oceaﬁ plate oufside
the broad region of shallow earthquakes,then, for example, the axis of.
least compression is nearly ﬁormal to the Andaman-Nicobar ridge. Extension
behind this ridge in the western Andéman basin is shown by widespread
~ extrusions of basaltic magma [Rodolfo, 1969] and nqrmal fauiting near the
‘central Andaman trough and north of the Andaman islands (solutioms 9, 11
and 12 in Figure 4). Therefore compression'within the western basin is less
than the fluid pressure of upwelling magma. Active e#tension bégaﬁ here in
"late'Miocene'[Rodolfo, 1969] and has continued to the’preseﬁt as judged.ﬁy.
mechanism'éolutions; however, the rate of extension ﬁas probably greater in
late Miocené and in late ?liocene to Recent as inferred from a history of
late Tertiary to Recent volcanism in this and adjacent regions [Rodolfo,>1969].
An understanding of such a tectonic province is sought by analogy with

inter-arc basins that have evolved in special regions within which there is

~.
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a mechanism for the release of compressive stresé [Scholz, 1971]. In the
western Sunda region horizon;al compression associated with plate conver-
~—gence épproaches a minimum in the Andaman region proﬁided this stress is
proportional to the rate of plate cohvergence that is-thoﬁght to decrease
from south to north along thisvplate margin. |
To gain additional insight into the tectonic e?olution of the Aﬁdaman
basin, conSider the following analogy with the evelution of the Basin andA-

Range province of the western United States. Scholz et al., [1971] proposed

that the Basin and Range province evolved as a latent inter-arc basin in
which the strength of a semi-continental crust prevented basaltic magma

from forming new oceanic lithosphere as is occurring in the Lau basin west

of Tonga [Karig, 1970]. This province and the western Andaman basin are

similar in overall morphology and, to an uncertain extent simi1ar strati?,
gra;hically, as are the eastern Andaman basin and the Colorado plateau.

The eastérn margin of the Andaman basin is a terraced contimental slope
underlain by a thick sequence of "Mesozoic and Paleozoic sediments, volcanoes
and silic intrusions'" [Rodolfo, 1969]. Similarly the Colorado plateau

is a series of monclineé'desdending toward the Basin and Range Province.

The stratigraphic makeup of the Platéau is basically a thick sequence.bf
Paieozoic and Mesozoic rocks intruded by younger volcanics.:vThe western
Andaman basin contains several elongatéd platforms from which rocks of"
basaltic éomposition,have been dredged [Rodolfo; 1969].- Thesé platforms

are separated by flat basins; thus giving this sea floor a basin and

range morphology. In addition the size of the western Andaman basin,
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approximately 800 km long and 300 km wide, is approximately the same as that
of the Basin and Range province.

>ﬁ§Eéblishiné—é similarit§—in tectonic evolution is more difficult .

because so little is known about the Andaman basin in compariéon with

the Basin and Range province. Scholz et al., [1971] suggest that extension

within the Basin and Range province was triggered by tﬁe formation of the
San Andreas fault in the late Tertiary and the‘progressiye disappearance of
a pre-existing island arc off the coast of California [e.g. Atwater, 1970].
If this interpretation is applied to the western Andaman basin, then the
"submarine continuation of the Semangké fault may be the counterpart of the
San Andreas fault. However, there is no geqlogic or gemthsical-evidenge
of a post-Cretaceous island arc between Burma Ahd Sumatra. Thus extension
in the Andaman basin may not result from upwelling abowe the ihclined»slab

of lithosphere as was suggested for the dfiving mechanism of inter-arc ex-

tension in other regions [e.g. Scholz et al., 1971]. Possibly upwelling

and ensuing volcanism can occur wherever horizontal compression reaches

-~ a critical minimum value.

Eastern Sunda Arc

Figure 3 shows the Sunda Strait as a tectonic as wll as a phyéiographic
break.invthe aré. West of the strait the southérn end wf'the Seméﬁgko fault
(Figure 7) shows eivdence ofireCenf’movement in the rigbt—iateral sense. In
contrast;~rgcent movements along a fault in western Jawa are in}tﬁe left-

lateral sense [Katili, 1970]. Unlike the Semangko fault, this fault is not pari

of an
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extensive zone of'transcurrenp movements.

A concentration of shallow eaythqﬁakes in thé vicinity of the strait
-{(Figure -7)--is-further-evidence for-a-tectonic-break -in this region. - This
activity is exceptional in that adjacent parts of the arc have not experi;
enced high levels of activity in recent years. Possibly this activiﬁy'
fesults from extension on the‘seaward side and convergence oﬁ the landward
side of the strait as suggested by the opposite sense of motion on faults
adjacent to the strait (Figure 3).

A step-like increase in the erth to the deepest éarthqﬁakes from
200 km west of the strait to greater than 600 km east of.itfsuggests

that the rate of underthrusting in this region has a similar step-like in-

crease [Fitch and Molnar, 1970]. Fitch [1970b] pointed out that ah abrupt
change in orientation of the arc near the Sunda Strait (Figure 3) cén
acéount for such a change in'the.rate of underthrdsting and thus. can account
in general for the configuration of the inclined seismic zone beneath this
part’ ~ of the are. |

Computed slip betweén the Indian Ocean and Eurasian‘plates in the.
"entire Sunda régiOn (Figure 3) is nearly constant in maghitude and direction
because eduators for'computed centefsAof rotation for these plates pass
thrpugh this region. However, a change in orientation of the arc near the
Sunda Strait imposes é large chéngé in the rétio of parallel to normal slip.
" Along the western arc this ratio progressively increases foward'the Andamah
region,.wheéaé along the eastern arc it remains nearly constant at a low

| valde. If the decoupling hypothesis is coffect, then the absence of an
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extensive zone of transcurrent faulting along the eastern arc is éxplained
by the absence of a large component of parallel slip.

~-West-—-of Sumba (Figure 3) the"plate“mafgin'fdllOWS~thé-Java ﬁrench élong-
the inner wall of which.a zone of shallo& earthquakes marks the frictiQnal
contact between the plates [e.g. Fitch, 1970a]. East of Sumba this margin
follows é narrow trougﬁ that makes a loop around the Banda basin‘[e.g,
Hydrographic office chart Hb 5590]. It passes norfh of Ceram'(Figﬁre 3)

and disappears approximately 200 km farther west [Chase and Menard, 1969].

Along the concave side of this trough only scattered cuncgntrations of
shallow earthquakes have been reéorded. By comparison with deep—sea trenches
this trough is not a striking feature; oﬁly 1ocally does' it feach depths
greater than 3COO m. Howevef, liké active trenches a.sf;dng gravity minimum

parallels this trough [Gutenberg and‘Richtér, 1954; and unpublished gravity

profiles from Vema and Conrad cruises, 1971].
The most striking batﬁemetric featﬁre east of the Java trench is the

Wébef deep (Figure 3). The inner wall of this deep is seismically one of the
more active regions within this arc. E.g. the only shaliow earthquakes of
large magnitude'recorded from theieastern Sunda region areltwo events located
near the inner wall of thisVdéep: ‘one oCcurredvon February 1,-1938 aﬁd the
other occurred on November 2, 1950 [Ricﬁter, 1958]. |

.'In fact thé larger of recenf'movemehts in this region)judging from recorded
seismicity, have oécurred within the arc'(e}g. Figure 4); not along fhe friction-
~al contact between the convergent plates. The low level of shallow_underthrusting

at the plate margins may be temporary if computed rates. of convergence of 5 and
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6 cm/yr [e.g. LePichon, 1968)] are consistent with a long recurrence time for
major earthquakes; e.g. several hundred years. These rates are approximately
half the rates of convergence computed for arcs of the northwestern and the
southwestern Pacific. An alternative explanation. for the absence of under-
thrusting is that the close approach of thé Australian continent has slowed
or stopped plate consumption in this region. Such a disruption is suggested
by an apparent reorientation of islands of the outer arc in the vicinity of

- Timor and by a break in the Java trench in this region. However, it is im-
possible at present to decide which, if either, of these explanations 'is more

correct.
Junction Between Four Plates

" Figure 3 illustrates a complex array of known and suspected fault zones
‘near the junction of four large plates of lithosphefé'in the region between
the Philippine and Sunda arcs. Plate margins in this regidn are hard to

define with certainty from seismic evidence alone and probably are not stable

over the time intervals ionger than a few million years. McKenzie and Morgan,
-[1969] point out that junctions between four or more plates are inherently
unstable. The metaﬁorphic histofy of the Celebes and other;portions of thié
_cqmplex region shows that sevérai zones of plate convergeﬁéé within this
region have flourished aﬁd become . extinct in tﬁe late Tertiary tHamilton, 19701.
Recént movements in the»Celebés region (Figﬁre 4) include extensi;n |
near the south coast of the guif that separates the two northern peqinsulas
(solutions 27, 28 and 29) and thrust movements in a 1imitéd region along the

west poast.of this island (solution 61)., A few foci at intermediate depths

-
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beneath the western part of the island [e.g. Barazangi'and_Dorman, 1969] suggest
that the upper mantle is anomalous in this region. A mechanism éolution for one
of these earthquékes has a nggrly vertical~axis of miﬁimum compression [Fitch
and Moinar, 1970].
A zone of left-lateral shéar separates the eastern and western parts of
the iéland and the northern peninsula is traversed by a zone of right-lateral
shear [Katili,'l970]. Solution 60 is consistent'with left—lateral-shear |
within the fofmer fault zone. Strike;slip (soiution 57) and normal faulting
(solution 56) in thé Makassar strait between Borneo amd Celebes (Figure 3)
is interpreted . as evidence for a hinge for extension im the northern gulf,
Judging from recent distributioné of shallow earthquakes (e.g. Figure 8) '
a fault zone crosses a spur of‘contineﬁtal lithosphefe'(ghé Sqi@fspur) east
of‘Celebes (Figuré 3). Thié hypotheorized fault zone joiné é;“aétive zone of -
left—lateral shear (solutions 21 and 22 in Figure 4) that in Figure 3 is with

great caution drawn as a submarine continuation of a left-lateral fault in

extreme western.New Guinea [Vissér-and Hérmeé, 1966]. The latter fault‘is
probably active judging from the epicenters of recent earthquakes shbwn in
Figure 8. Forvsolutions 21 and 22 the question of whicﬁ nodal plane repre-
se#ts the fault surface was resolved by an east-west trend in épicenters from
events that occurred within a'couplé of months affer the main shock.. These';
are assumed to be aftershocks.

Figure 9 shows scattered concentrations of recent activity_along'the
margins of Geelvink bay and iﬁ'the vicinity of the Aroe islands south of New
Guinea. This activity reveals a major bréak in an east - west zone of
‘shallow ﬁnderthrusting that is éoncentrated inland from the northern coast

of New Guinea (Figure 9)... Directions of underthrustimg inferred from three
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mechanism solutions (numbers 2, 3 and 23 in Figure 4) are nearly normal

to the coast, whereas directions of slip computed from rigid plate models

are strongly oblique by this coast (Figufe 3). This dispariéy is difficult to
resolve within the mechanics .of rigid plates unless other plate margins, as yet
uﬁidentified, exist near this region.

Between northernmost Celebes and Halmahera (Figure 3) ié a double—-arc
structure separated by a zone of east-west shqrtening. ‘Figure 8 shows two
lines of active volcanism belonging to separate island arcs. Beneath the
western arc and the Celebes basin is an inclined.zone of earthquakes that

extends to depths greater than 600 km. In contrast a diffuse zone of activity

is found at intermediate depths beneath the eastern arc. [Fitch and Mélnar,
1970]. Between the two arcs is a northern continuation of the Moiucca basin;
a shallow basin covered with strongly deformed sediments.buf no recognizable
trench-like feature (unpublished profiler reéords'from Vema and Conra& Eruiseé,‘
1971]. Thrust faulting in tﬁe baseﬁent associated with a cloéure of this
basin appears to be consistent with a morphology of these sediﬁents. An ex-
treme gravity minimum in the Molucca basin ?s additional evidence for an
anomalous upper mantle in this region (unpublished graviﬁy‘profiles from
Vema and Conrad éruises, 19715. | |

The best—developed trench-like featﬁfe in this region is thé soufhern‘

end of the Philippine trench that can be followed east of Halmahera to approx-

imately 0.5°N [Chase and Menard, 1969]. An almost complete absence of shallow

activity on this side of Halmahera suggests that oceanic.lithosphere is no

longer being consumed along this part of the trench.
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North of the double arc the zone of shortening splits into an eastern
and western branch (Figure 8). The western branch follows the western
margin of the Talaud ridge marked by the island of that name shown in Figure
10, The eastern zone lies between the eastern margin of the Snellius ridge
and the southern end of the Philiépine tfencﬁ, Much of tﬁé'ééaﬁfér in the
distribution of these epicenters may'result from an absence of data from-
local stations and near-source errors caused b& propagation through inclined
slabs of high-velocity lithosphere. At-leastvin recent years, the Talaud trough
dividing these two ridges haé been seismically quiet. Every solution to earth-
quakes in both branches are consistent with some tybe of thrust movement.

Thus the Talaud and Snellius ridges -are active horst¥like’strﬁctures as was

previously suggested by Krause [1966] from bathymetric data. East of Mindanao
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the thrust zones that parallel the sides of these horst-like structures
join to form a zone of .shallow thrusting that continues along. the inner

“wall of the Philippine trench (Figure 8).

Convergence along the Margins of the Philippine Sea

Convergence in the Philippine region has evloved one of the earth's
more complex island arcs. Active volcanism extends from southern Mindanao
to northern Luzon (Figure 8); however, activity is not confined to a
central rift as is the case in some well;developed island arcs such as the
Sunda arc. Seismic activity extends to depths of about 200 km beneath the.

lesser Philippine islands adjacent to the'northern end of the Philippine

trench [Fitch and Molnar, 1970; Fitch 1970a]. .Farther south, adjacent to
Mi§danao and the eastern margin of the Célebés Sea, this‘incliped seismic
zone reaches dep&hs greater than 600 km.- Inland from and parallel to the -
Philippine trencﬁ is a zone of transcurrent féﬁlting éhowihg evidence of
Quaternary to Recent movemenﬁs [éllgg, 1962]. At a la:itudé>of approximately
- 12°N, wﬁere the trench eﬁds, the fault zone bends gently westward and
finally ends in central Luzoh as a broad zone containing severél distinct
branches. | “

Figure & shows epicenters of recent earthQuakes‘of shallow focus, a B
few of which are located bn or near ﬁappe@ traces of this fault. Only one
of thése events was large enough to yield é reliable mechanism solution

(number 41, Figure 11), and that solution is consistent with geologic evidence

of recent transcurrent movements in the left-lateral sense [Allen,  1962]}.
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Of recorded earthquakes only one of large magnitude was locatea near
the central part of the fault trace. That event occurred in 1901 and
was given a magnitude of 7.8 by Richter'[i958]. The only other recorded
earthquake of large magnitude near this fault occurred in 1924 [Allen,
1962] and was located neér a submarine continuation of the fault that
appears from baﬁhymetric evidence as a narfow trough in the éea floof
[Krause, 1966] south of Mindanao. |

Tectonic movements marginal to Luzon include possible under-
thrusting along the west coast of the islaﬁd. Consumption of
oceanic lithosphere beneath this coast can_explain eérthquakes at
- intermediate depth, of which one yieldea a mechanism solution.con—‘
sistent with a nearly vertical'axis of minimum compreSsion_[ijgE

and Molnar, 1970]. Also suggestive of underthrusting is the west

ﬁuZon Trench- [Hayes et al., 1967] that parallels part of this coasf;
Shallow underthrusting‘along the east cOaéf'of the island ié well

documeﬁted by a series of ﬁovements that began in Aﬁgﬁst df.l§68 (Figures

9 and 11). A mean azimﬁth of underthrusting of 283° inferred

from‘three mechanism solutions (numbers 44, 47 and 51 in Figure_ll) is

' néarly normal to the coést andvan adjacent.deep—sealtrough [éilgé; 1965;

Chase and Menard, 1969]. Thét,part of the Philippine fault nearest this

activity strikes approximately 322°. Along the iﬁner wall of the
thilippine trench an average azimuth of'undérthruSting inferred from
five solutions (numbers 40, 39, 45, 35, and 36 in Fig9re ll) is 264°,
A comparison with underthrusting farther”north'reQeals a rotation of
approximately 19° in the direction of underthrusting within a disténce

of a few hundred kms. This apparent rotation is 1arger:than the uncer-
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tainty ih the determination of the average direction of slip and takes
place in too short a distance to be consistent with siﬁple cngergence
between two plates, unless the center of rotation for these p1a£es lies
within this region. Such a rapid change in direction can be exblained
by the addition of a small plate that includes most of the lesser Philippine

islands. This plate was proposed by Katsumata and Sykes [1969] and Fitch

[1970a] to explain a large change in the direction of underthrusting between
the Philippine and Ryukyu arcs. Some of the largest earthquakes recorded
from the Philippine region have foci near one of the lesser Philippine

islands [e.g. Allen, 1962], and recent shallow seismicity in this region

[e.g: Barazangi and Dorman, 1969] is concentrated in a narrow zone sugges-
tive of a'plate boundéry. However, this eviﬁence ma} bé ;£;1eading; In
parts of western New Guinea and elsewheré, narroﬁ zones of éhallow earth-
quakes may mark zones of internal deformation rather than plate margins;'
In the lesser Philippine region mechanism solutions ‘to three shallow
earthquakes (number 43, 42, and 54 in Figgre 11) révéal stfike—slip move-
ments that are difficult to incorporate into a model of slip along a -
siﬁple plate margin.. Such movements can be explained as iﬁternal deforma-
tion caused by'stress resulting-from plate convergence. Fdr'eﬁample, in
western Japan mechanism solutions for shallow earthuakes [Ichikéwa, 1965,

1966] and recent offsets on mapped faults [Allen et al., 1970] show .a

preferted orientation of compréssive stress that is nearly normal to ﬁhe
Japanese trench. With a similar explanation in mind for.earthquakés in

thé lesser Philippine region, sclutions 43-and 54 in.Figure 1l'a:e drawn
as conjugate movements suggestive of.compression along a northeast-south-

west tfend. —
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A Speculative Model for Plate Convergence in the Western Pacific

The decoupling hypothesis offers another explanation for the change
in the direction of underthrusting north of‘the Philippine trench and
the apparent hiatus in underthrusting in this part of thelérc. By
this hypothesis, the bend in the Philippine fault corresponds tb a change
in the fatiq of parallel to normal slip that is observed as a change in
the diréction of uﬁd;rthrusting. In the extreme case 6f complete de-
coupling a direction of obliqué coﬁvergencé for this region is given by
the strike of that section of the Philippine faulﬁ between the two zones
of underthrusting. With this greatly simplified modellfbr?slip in the
fhilippine region and an additional assumption of figid plates, a model
is constructed for convergence along both sides of the Philippine Sea
ﬁlafe. Some of the gross seismic and geological observations for this
Plate margin are explained, such as the sense of horizontal éhéér'on
interior faults of major proportioné (Figure 2). However, no attempt
is made to account for lgcalized complications such as inter—arc spreading
within the West Mariana basin [Karig, 1971].

The next step in constructing this modél is to select direétiohs
of slip from other parts of the western margin of this pléte that, in
’additién'to thé iﬁferfed'direction of»slip in}the Philippiné.regiOn,
give directions of total slip between the plates. Platé movements in
the Taiwén region (Figure 1l1) are excluded from the model compﬁtations

because of obvious tectonic complexity in this region. This complexity
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is revealéd by a superposition of shallow activity that is dominated in

recent years by transcurrent movements and a nearly vertical zone of inter-

mediate earthquakes concentrated at depths less than 100 km [Katsumata and
Sykes, 1969; Wu, 1970]. The only remaining directions of-slip are those from
P ASE ] — : _

shallow earthquakes along the Ryukyu arc and southwest Japan inéluding the

Kanto region (Figure 11). Except for that in the Kanto region, these directions

are inferred from mechanism solutions previoUsly,reportedAby,Katsumata and °
. Sykes [1969] and from new solutions for the &ears 1968 to 1970 shown in Figure
12, |
In this paper the:Sagami trough (Figure 11) is taken to Ee the northern
boundary between Eurasia and thé Philippine Sea plates.  A direcfion of slip
along this trough (Figure 11) was inferred frém the mechanism of_fﬁe Great - ‘
Kapto Earthquake_of 1923, determined from seismic [Kanamori, 1971] and geodetic -
evidence (work of Ando reported by Kanamori [1971]). The mechanism was fight;
lateral shear with a stfong compbnent qflthrusting.v Figufe 11 shows that
the direction 6f slip for the Kénto earthquéke is nearly identical to that
inferred from underthrusting near the coast-of southwest Japan.. To this
evidence can be added direétions of slip inferred‘from mechanism solutions
fqr twé historic megathrusts in this region, the Nankaido and Toﬁankai earth--
-quakes of 1946 and 1944 respettivéiy [Kanamori, 1972]. Furthefmore, the raten
of movements along that part oflthe'Sagami trough in the Kaﬁﬁo district is
approximately 6 cm/yr (estimated from slip during the Kanto'ear#hquéke and
average recurrence time for similar events in this region), which is in
close agreement with a rate of>8_i 4 cm/yr computed from similar data in

the Nankaido region of southwest Japan [Fitch and Scholé,‘l97l]. This

evidence strongly suggests that the slip vector is , at mdét, only partially

decoupled in this region.



24,

Inland from the zone of underthrusting is the Median Tectonic Line along
which earliest movements predate the current episode of plate tectonics that

in Japan began during the Miocene [Kaneko, 1966; Matsuda et al., 1967].

Geomorphic evidence of Quaternary movements in the right-lateral sense
[Kaneko, 1966; Okada, 1971] shows that at least part of the rejuvenated
activity along this fault zone is contemporary with underthrusting aloﬁg

the Nankai trough. Seismic ev.dence for the onset of underthrusting one

to two million years ago[Fitch and Scholz, 1971; Kanamdri, l972]‘cbiﬁcidés -

with geologic evidence for post-Pliocene to Recent "upwarping and block

.

movements' in this part of Japan [Métsuda et al., 1967].

The most active section of the median tectonic line judging f:ém'.
geomorphi; evidence is the ﬁiddle.sectioﬁ where recent movements yield
an average rate of right—lateral slip of about 5 mm/yr [Okada, 1971].
This rate is lower than that of underthrusting along the Nankai trough
by more than one order of magnitude. .A‘record of large—maghitude earth-
-quakes in western Japan that is thought to be complete fof éﬁout.thé_lgs; .

600 years [e.g. Imamura, 1928] reveals no major events along this fault

zone. Thus large movements have not occurred on this fault in recent
years unless these movements occurred aéeismically.

Minor movements in the right-lateral sense along a fault zone-éf thié
strike can also be explained as internal defdrmationvresulting from east-
west compression inferred from recent movements on other faults in Qéétern

Japan [e.g. Ichikawa, 1965, 1966]. In any case, the assumption that slip

is coupled in southwest Japan is prébably as good as,the assumption of

completely decoupled slip in the Philippine region.
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,Haviﬁg selected directions of slip that are thought to approximate

directions of total slip between the plates, centers of rotation are fit

these data. Two solutions that give nearly equal fits are given in Table:I

(solutions 1 and 4). The center of rotation near Alaska is preferred,
because an anticipated center of rotation for the eastern ﬁargin of the
Philippine plate requires a center of rotatién for the western margin of
this plate in northeast Pacific, ‘A large distance between this center of
rotation and southwest Japan is satisfying, because this distance is
sufficient to keep computed rates of slip in the Philippine fegion no-

larger than the largest spreading rates at crests of active ridges,

about 10 cm/yr. [e.g. LePichon,_1968].. Rates that are much larger would

not violate plate theory.[e;g. McKenzie and Parker, 1967] but‘would,
copsidefing the speculative nature éf this_model, reguire additionai
justification.

The configﬁration of ipclined séismic zones beneath the Izu—Bohin
and Mariana arcs (Figure 2) and a felétive absence of activity'at all
depths in the region of the Palau and Yap trenches and along other parts
of the souhern margin of this plate restrict centers of rotation for the

Pacific and Philippine sea plates to a region south to west-southwest of-

~ the Mariana arc [Katsumata and SYkes; 1969]. Becéuse instantaneous vectors
of rotation can be summed, such a veétor for the Eurasian and Philippine
sea plates and another for ﬁhe Pacific>and Eurasian plates, whén suﬁmed,
yield a rotation vector for the Pacific and Philippine Sea plates. In -

computing this sum there is an additional assumption that slip between the
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Eurasian snd China plates can be neglected in comparison with the other
relative plate motions in the summation. -Given instantaneous rotations
~m;;£ the Pasific'and Esrasian plates computed by others (sblu;ions 5 and 6
in Table 1), it is apparent that if the summed vectors are to yield a center
of rotation for the Pacific and Philippine Sea plates that satisfies con-
straints imposed by recent seismicity along this plate margin, the center
of rotation for the Eurasian and Philippine Seavplates must be in.the
northeast Pacific. |

0f the two centersrof rotation for the Pacific and Phiiippine.Sea
plates, tﬁevpreferred location is the one in east?centrai Australia
(solution 7 in Table 1). This preference cannot be judgedeith.certaiﬁty'
from available mechanism solutions (Figure 11) because of either'iarge.'
unsertainty in the determinstions of the nodal planes (e.g. solutions 20
and 14 in Katsumata and Sykes,”[1969]) or pbssible cbmplicstioﬁs.resulting_.
from interarc spreading in‘the_western Mariana trough (sdlutions 18 and 19
in same), or Both. Implisd direcﬁions of convergence.(Figure 13) that are
normal in the Izu—Bqnin and Mariana arcs are_consistent witﬁsa large
component sf horizontal shear along latitudinal fracture zones that
separate the Palau and Yap, and the Yab and Mariana treﬁchesb(Figurs 11).

From arguments in favor of the center of,rotétion_in AuStfalia it
would be hazardous to conclude that the center of rotstion for the Eurasian
and>Pacific plates compused by LePichon [1968].is less accurate than that
computsd using the center of rotation for the American and Pacific plate

from McKenzie and Parker [1967]}. The latter is somewhat more satisfying
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because it is a fit not only to the strike of transform faults within and
marginal to the Pacific Ocean, but also to slip vectors from mechanism

- —solutions for underthruéts along the convex side of the Aiéﬁtian arc. ‘In
any case, the least well-determined rotation vector in the sum is thé one
for tﬁe Eurasian and Philippine Sea plates.

The remaining twé-solutiOns (numbers 2 and 3)_giveﬁ in Table‘l contra-
dict the decoupling hypothesis Ey-aSSuming that thé-directions of under-
thrusting along the east side of the Philippine Islands give the direction
of total slip in this region. Solution 2 is a poor fit té tHe data. A
standard deviation of 18° is larger than the uncertginty in many of the
inferred directions of'underthruéting.' Solution 3 is completely unacceptablé
because it implies opening alang either the Ryukyu arc or the Philippine arc.
These negative results can be intérpréted as additional support for the

decoupling hypothesis.
CONCLUSION

The_sense of parallel slip along the western margin of the Philippine _
Sea inferredvffom the preferred center 6f rotation for the Eurasian and
Philippine Sea‘plétes agrees Qith the sense of recent offéets. an the.Médién
Teétqnig.Liné, the Longitudinal'faulf,land the Philippine fault (Figure 2).
However, computed ratios of parallel to normal slip iﬁ southweéf Japan, |
Taiwan, and, to a lessér extent, in the Philipﬁines (fable'Z) conflict with .

seismic evidence from these regions. The largest estimates of right-lateral

shear along the Median Tectonic Line (about 5 mm/yr.) [Okada, 1971] are about
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an order of magnitude less than that required for conélete decoupling. -If
continued development of an island arc in southwest Japaﬂ results in complete
decoupling, then the ratio of parallei to normal élip«inferred”ffoﬁhsolutibn %
(Table l)Awill be approximately 1 to 2. This specﬁlation assumes that the
preferred center of rotation will remain in its present position near south-
west Alaska. Such an a53umpti§n is difficult ;o'defend for a plate"margin
such as this one, parts of which are in ea:ly stages of development. For
example, imagine within a plate of lithosphere a nascent islaﬁd arc that is
extending itself in only one direction. As such a comvergent plate boundary
continues to grow it will cause migratioh of an initia} center of rotation
in.a direction that in a simple case is giveﬁ'by'the-direction in which the .
arc is extending itself. |

In contrast to southwest Japan, a well-defined zome of underthrusting has
yet to develop in the region between the southern end of the Ryukyu arcvénd‘
Luzon. Recorded shallow activity in.this region strongly suggests that the
Longitudinal fault ié at least as active and probably more active than

other faults in the region with the possible exception of the zone of

underthrusting along the southern end of the Ryukyu arc [Katsumata and
Sykes, 1969]. Thus a ratio of'parallél to normél slip of less than one
third computed from the inferred direction of oblique slip fornthis“region
is inconsistent with receﬁt seismicity of the fegion. |
Earthquakes at depthé as great as 150 km that are found ﬁeneath éasterﬁ_

Taiwan and in decreasing concentrations south of the .island are suggestive of

‘plate consumption; however, the manner in which this activity manifests it-
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self at the surface is still a'puzzle.. The spatial configufation of the
seismic zone can be explained by a curled edge on the part of the plate
adjacent to Taiwan. |

The assumption of complete decoupling in the Philippine region results
in ratios of pafallel to normal slip that are i to 1 for the part of the arc
adjacent to the Philippine trench and 10 to 1 in the region §f the hiatus
in underthrusting north of the treﬁch. Although a weak argpmeﬂt can be made
for a concentration of recorded seismicity on the part'qf.fhé'faﬁltiédjacent
to this hiatus, the level of activity is much less than that in the zoneé of
_ underthrﬁsting. Thus it is difficult to justify the assumptioﬁ of complete
decoupling without appealing to geomorphic‘evidgngg that ét least‘quantitatively
appears to be more substantial.than the seismic évidence,for slip [Allen, 19621.

o As.shown in Figure 13 angles formed by the western margin of the Philippine

Sea and inferred directions of oblique slip vary by as much as 60°. In the -
Tiawaﬁ region, where decogpled slip is hypothesized, thiéAahgle is greater
than 70°. Large angles of oblique slip such as this éeemingly ¥equire a
" zone of horizontal shear ghat has little strength relative to that of the
zone of plate éonsumptibn. Hoﬁever, a simple model f@m‘qbliqﬁe convergence
suggests that decoupling can occur at angles as large as 45° even when all
fault zoﬁesAhave equal strength. | |

Consider the plate margin in Figufe 14 in.wgich a,uniform'horizontal
forcé per‘unit area (F) in the direction of thé slip &ector is applied to
the region. Simple conditions for horizontal shear.am either the vertical
ér the inclined faults are obtained by equating horizemtal shear stress to

the product of normal stregs and the coefficieﬁt of friction (1)

—_
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(1) F ( cos o - U sin @) = uNH for the vertical fault

and (2) - F(coso-pusinasind ) sin § =1yu NH for the

'

inclined fault where NH is the contribution to normal stress from the
hydrostatic load. When (1) > (2) horizontal shear occurs on the vertical
fault in preference to the inclined fault. Assuming a dip of 30° for the
'latter the inequality simplifies to cos o > 3 U sin o « In which case
angles of oblique slip as large as 45° satisfieszthe'inequality (assuming
ﬁ is about 0.7). This argument is only slightly weakenéd by using an
expression for obliqué shéar rathervthan horizontal shear iﬁ equation- (2)
This simple model suggest that decoupling of oblique convergence is only
weakly dependént on the éngle of oblique slibvin regions-whéfe the strength
of a vertical fault is équal or less than that of:the zone of shallow
underthrusting.

Onevof the more interesting results of the.preferred platg model for:
the northest Pacific is that the Sagami trough marks the_pa;h of an unstable

triple point formed by the junction of three major plates near Japan

(Figure 2). Computations, illustrated in Figure 15 with diagrams proposed

by McKenzie and Morgan (1969] reveal a large cémponent of right-iateral shear
along the Sagami trough at a rate of about 70 km per million years. Absence
of an offset between the Izu-Bonin and/Japaﬁese trenches requireé e#tehsion
between the Philippine Sea and P;cific plates in the vicinify‘of the triple
junction. Normal faulting is known in this regioh from a mechansim solution

to the Boso-Oki earthquake of November 26, 1953 (Kanamori, personal communica-

tion, 1971]. Karig [1971b] speculated that elongated troughs within the Izu-
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Bonin. arc result from a nascent stage in the development of an inter-arc
basin. Extension within this arc is supported by a mechanism solution

(number 13, Figure 11) for normal faulting [Katsumata and Sykes, 1969]

and high values of heat flow [Watanabe, et al., 1970]. If the Izu-Bonin
trench has remained stgtionary, then the argument fof extension near
the triple junction can be applied to the remainder of the Izu-Bonin
arc, By this argumenf, extension within this arc is a consequence of
the mechanics of rigid plates, and thus only passive upwelling of magma
isvrequired to form new sea floor. - However, this speculation is hazard-
ous because the bulge-like configufation of the Mariana ;idge_(Figure 2)
strongly suggests that inter—é;c extension.can geﬁerate,enough pressure
to push‘the frontal arc into an adjacent ocean'Basin [Karig, 1971a].

. Recorded seismicity along the Izu;Boninvarc is conspicuously lacking
in shallow earthquakes of 1érge magﬁitude [e.g. Kanamori, 1972]. A
cessation of plate consuﬁption along this plété margin.wés ptoposed by
Kanamori [1972] to account’ for this absence;  Intér—arc extension.provides
~an alternate explanation by which compressive stress normal to the margin
.of the Pacific plate is- reduced to a sufficientlf,iow value that consump-
tion of the Pacific plate can take place without large-magnitude earthquakes.
Such a mechanism for stress~redﬁétion.again'iﬁpiies passive upwelling éf:
magma unlike that within the West Mariana.baéin. Wu [1971] interprets the
1low level of shallow seismicity along.the entire eastern margin of the

Philippine Sea &as evidence for ﬁlate.separation.
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Bonin arc result from a nascent stage in the development of an inter-arc basin.

Extension within this arc is supported by a mechanism solution (number 13,

Figure 11) for normal faulting [Katsumata and Sykes, 1969] énd high Vélues

of heat flow [Watanabe, 1970]. If the Izu-Bonin trench has remained station-
ary, then the argument for extension near the triple junction'can be applied
to the remainder of the Izu-Bonin are. By this argument, extension within
this arc is a consequence of the mechanics of rigid plates, and thus only
passive upwelling of magma is required to form new sea floor. However, this
speculation is hazardous beca@se éhe bulge-like configuration of thé Mariana

nsion can generate

ridge (Figure 2) strongly sﬁggests tﬁat‘interfargjéxff

enough pressure to push‘the,frontal arc into an adjacent ocean basin
[Rarig, 1971a].

. Recorded seismicity along the Izu-Bonin arc is conspicuously

lacking in shallow earthquakes of‘léfge magnitude.[e. g, Kanémori, 1972].

A cessation of plate consumption along this plate margiﬁ wés proposed-ﬁy_
Kanamori tl972] to account for this absence. Intér—arc éxfension provides .
an alternate explanation.by which compressive stress normal to the ﬁargin

of the_Pacific plate is reduced to a sufficiently low vélue'that-consump—
tion of the Pacific plate can take place withou£ large-magnitude earthquakes.
Such a mechanism for streés reduction again implies passive'upwélliﬁg of
magma unlike that within the Wes; Mariana bésiﬁ..‘ﬁg [197l}-interprets the
low level of shallow seismicity along the eﬁtire eastern mafgin of the

Philippine Sea as evidence for plate"separation.:
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Within tectonically active margins of southeast Asié and the western
Pacific, the Philippine fault and the western Andaman basin are of special
interest because each appears to have an analgue in another part of the
world. The former is in some ways similar to the Alpiﬁe fault in New
Zealand, and the latter is similar to the Basin and Range proviﬁce'of
the United States. The western Andaman bgsin and the Basin.and Range
province are tectonically similar in that each region is bounded on one
side of an extensive zone of transcurrent fauiting and on the other
side by semi-stable continental margin, and within each region fhere is
active extension accompanied . by dutpouriné of basaltic magma. Scholz
et al., [1971] interpreted the Basin and Range province as a latent inter-
érc basinl Similarly the western Aﬁdaméﬁ basinvcap be interp;eted as
an interarc basin: however, unlike most interarc basins, this one has
not formed above a deséending slab of,lithoéphere.

Previous‘interpretations‘of this basin as a "rhombochasmﬁ [Carey,
1958; Rodolfo, 1969] requires 1éfera1 movements éf adjaceﬁt‘parts.of SOuth;
east Asia and the Sunda arc, whereas the interpretation proposed in this’
work requires only Autward movement ;f the Andaman-Nicobar ridgé to form
a bulge that is apparentAfrom physiographic ﬁapS’of the region‘(e.g.‘Figure
4 in Rodolfo, [1969]). This interpretation implies that_tﬁé total:amount of
extension within the western basin is much less than its area. |

Some close comparisons éan be made between the'physiographic expression
. and tectonic setting of the Alpine fault and those‘of‘the Pﬁilippiné faﬁit.'
For example, the Alpine fault is confined to a narrow zone_in the southern

part of the South Island and broadens northward into a series of subbarallelv
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branches. Although active volcanism is absent in the South Island, seismic
evidence suggests that a zone of convergence follows a greater part of the
west coast of this island. Two submarine earthduakes north of Milford Soﬁnd
yielded mechanism solutions consistent with thrust faulting [Johnson ahd,
Molnar, 1972]. A possible submarine continuation of this fault south of
Milford Sound parallels a zone of earghquakes at intermediate_depths [Smith,
1971] and a deep-sea trench [Hayes et al., 1971]. From this- evidence it
seems probable thét the plate margin in this fegion is not .a zone of pure
horizontal shear. Consquently, computed centers of rotation for the Indian
Ocean and Pacific plates that are constrained to give plate motion in New
Zealand that is pure horizontai shear along the Alﬁine'fault will be in error
proportioﬁal to.the rate of convérgence in tbis regioﬁ.

In this work concurrent horizbntal shear aﬁd plate consumption in the
same region is explainedlby decoupling of oblique slip. In'some‘regions‘
such as in the western Sunaa'arc and eastern parts of the Philippine’arc,
decoupled slip occu?s along’éarallel.zones of hérizontél.shear and shallow
underthrusting. The lithosphere-between these fault zones is a long narrow
plate that in an idéal situation will move in such a way.as to cause exten-
sioﬁ at one end of the piate and compression at the other. In]general,
these simple -end effects are obscurred by complications such as a changing.
ratio of'parallel to normal slip along thé arc and iﬁternal defbrmation
resulting‘from volcanism. In addition, the narrowness of such a piate may

result in earthquake sequences on one side of the plate influencing those
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on the other side. If this were the case a rigid-plafe'approximation

would be of doubtful validity. Zones of convergence in continental regions,
such as the one that'extends from eastern'Turkey to Central Asia, sougﬁwest of
Lake Baikal, may be extreme cases of decoﬁpled élip in which the boundary
between the major plates isAcomposed of numerous“piates so small that their
motion is dependent on the motion of the surrounding plates even on a time
scale as short as a few years. The width of the éontact zone between the
major plates, that in places exceeds 100 km judging from the width of the

seismic zones in the region [e. g. Nowroozi,'1971], can be considered

support for such a plate model.

In regions of platevconvergenée without .a well-developed island arc
such as sbuthwest'Japan and Taiwén, transcurrent movemenfs éppear to be‘
part of an initial stage in the lateral growth of an adjacent éone of
coﬁvergence. Thus transcurfent faults within active island arcs may
predate the formation of the arc in thét region. - Furthermore, such faults
not only can inherit their trace but also can ihherif_théir sense of
movement from a pre-existing fault. |

These ideas can_be'applied to Cenozoic féulting'on the San-Andrgas
.‘system in California. There'is evideﬁce for slip on the San Andreas

that predates the time when this fault became part of the boundary be-

tween the American and Pacific plates [e.g. Atwater, 1970]. Some of these
"early movements may have occurred within an active island arc associated
with a mid-Cenozoic trench that existed off the coast-of western North

America [Atwater, 1970]. As the plate margin was transformed progressively



from a conﬁergent margin between the Pacific and Farallon plates [e.g.

-McKenzie and Morgan, 1969], that pre-existing transcurrent fault inherited

theApresent plate margin in the region. This speculation explains why
the location of the pre-existing zonme of underthrusting was not transformed

into the present plate margin.
ACKNOWLEDGEMENTS

A lecture on tectonic movements in southwést Japan.given‘by Profgssor
Arata Sugimura helped convince me that the Sagami trough marked a plate
boundary in this'reg10q. Dr. W. Pitmann II1 gave me computer programs for
determining instantaneous centers of rotafibn between rigid plates. Dr..
Warren Hamii£onvpointed out locations of the ﬁore prominent zones of con-
vergence in the eastern Sﬁnda and CeleBes regions. Dr. Charles Windisch
showed me unpublished seismic records of sedimeﬁt cover in'this complex
region. Discﬁssions with Professor L. R. Sykes, Dr. C. H.'S;hblz, Dr.

P, Molnar and T. Johnson were helpful in constructing the arguments pre-—
seﬁted in this work. Profeésor Sykes and Dr. écholz read the manuscfipt
critically and suggested numerous improvements. This_WQrk is supported

by ;he National Aeronautics and Space Administration under granﬁ NGR-33-

008-146.



36, .

" REFERENCES

Allen, PL.R., Circum-Pacific faulting in the Philippines - Taiwan region,

J. Geophys. Res.,67, 4795-4812, 1962,

Allen, C. R., Transcurrent faults in continental areas - a symposium on

continental drift, Phil. Trans. Roy. Soc.,258, 82-89, 1965.
Allen, C. R., T. Matsuda and A. Okada, Relationship between seismicity and

geologic structure in western Japah, Bull. Geol. Soc. Amer. (abstract),

2, 481-482, 1970.

Arabasz, W. J .and C. R. Allen, Tectonics of Northern Chile as reflected by the

Atacama Fault System, Research Report 1970, Div;:of Geol. and Plane. Sci.
Cal. Inst. Tech. p 77, 1970.
Atwater, T., Implications of plate tectonics for the Cenozoic tectonic evolution

of western North America, Geol. Soc. Amer. Bull.,81, 3513-3536, 1970.

Barazangi, M. and J. Dorman, World seismicity map of ESSA Coast and Geodetic

Survey Epicenter Data from 1961 - 1967, Bull. Seism. Soc. Amer., 59,

369-380, 1969.

Carey, S. W., A tectonic approach to continental drift, in Carey, S.W., convenor.

Continental Drift: A Symposium: Hobart, Univ. of Tasmania, 363, 1958,

Chase, T. E., and H. W. Menard, Bathymetric atlas of the north western Pacific

Ocean, U. S. Naval Oceanog. Office, H.O. Pub. 1301, 50 charts, 1969.

Fitch, T. J., Earthquake mechanisms and island arc tectonics in the Indonesian-

Philippine region, Bull. Seis. Soc. Amer. 60, 565-591, 1970a.

Fitch, T. J., Earthquake mechamisms in the Himalyan, Burmese, and Andaman regions

and continental tectonics in Central Asia, Jour. Geophys. Res,_Zé,_2699—

2709, 1970b . —_

Fitch, T. J. and P. Molnar, Focal mechanisms along inclined earthquake zones

in the Indonesia - Philippine region, Jour. Goephys. Res. 75, 1431-1444,

1970.



- 37.

Fitch, T. J. and C. H. Scholz, A mechanism for underthrusting in Southwest Japan:

-- a model for convergent plate interaction, Jour. Geophys. Resug in press 1971.
Gumper, F. J., Tectonics of the western Aleutians determined from focal mechanisms

and selsm1c1ty, Trans. Amer. Geoph. Union, 52 279, 1971.

Gutenberg, B. and C. F. Rlchter, Seismicity of the earth and associated phenomena

Princeton Univ. Press, 310, 1954.

Hamilton, W., Tectonic map . of Indonesia - a progress report U. S. Geol Surg_y

Proj. Rep. Indonesian Invest;gatlons (IR) IND 3, 1-29 1970

Hayes, D. E. and W. J. Ludwig, The Manila trench and west Luzon,trough

Gravity and magnetics measurements, Deep—Sea Research 14, 545-560, 1967.

Hayes, D. E., M. Talwani and D. A Christoffel, The Macquarie Ridge Complex

L

Heezen, B. C. and M. Thérp, Indian Ocean Floor (map), Nat. Geographic Soc.

Washington, D. C., 1967.

Ichikawa, M., On the mechanism of the earthquakeé in and near Japan during
the period from 1950 to 1957, Geophys.,30, 355-403, 1961.

Ichikawa, M., The mechanism of earthquakes oecurring in Central and South

Western.Japan and some related problems, Papers in Meterology and Geophys.,

56, 104-156, 1965.

Imamura, A., On the seismic activity of central Japan, Jap. Jour. Astro. &
Geoph.,6, 119-137, 1928,
Isacks, B., J.>Oliver and L. R. Sykes, Seiemicity and the new global tectonics,

Jour. Geophys. Res.,73, 5855-5899, 1968

4saeks-—BT~L~——E-R-Sykes—aﬁém&—A&EHﬁﬁa~¥eea%~meehaﬂ&sms~e§«&yﬁ+4mui4#uﬂﬂ<mk
ea%&hqaakes—&a—%be~$oagaﬂeﬁd-Kesmaéeenls&aaé—Afes——Gee%r—SeefaﬁnepvauL&~

867—&ﬁé%-&4497~&969w

Johnson, T. and P. Molnar, Focal mechanisms and plate tectonics of the Southwest

Pacifie,



38.
I
Kanamori, H., Faulting of the Great Kanto earthquake of 1923 as revealed by

seismological data, BERI Tokyo Univ., 49, in press 197Lg:

Kanamori, H. Seismological evidence for a lithospheric normél'faulting -

The Sanriku Earthquake of 1933, Phys. Earth Plane. Inter., in press 1971b.

Kanamori, H., Tectonic implications of the 1944 Tonankai and the 1946 -
Napkaido earthquakes,
Kaneko, S., Transcurrent displacement along the median line, south-western

Japan N Z.J. Geol. Geophys.‘Z, 45-59, 1966

Karig, D. E., Origin of marglnal ba31ns in the western PaC1f1c, Jour. Gegphys.

" Res. 76, 2542, 1971a.

Karig, D. E., Ridges and basins of the TongafKermadec.island arc system,

Jour. Geoph. Res.,75, 239-254, 1970b. -
Karig, D. E., Structural history of the Mariana island arc system, Bull.

Geol. Soc. Amer., 82, 323-344, 197lc. .-

Katili, J. A., Large transcurrent faults in Southeast Asia with spherical

reference to Indonesia, Geol. Rundschau, 59, 581-600, 1970.
Katsumata, M. and L. R. Sykes, Seismicity and tectonics of the Western Pacific:

Izu-Mariana Caroline and Ryukyu-Taiwan Regions, Jour. Geophys. Res., 74

592355948, 1969.

‘Kréuse, D. C. Tectonics, marine geology and'bathymetry of~the Celebes Sea -

Sulu” Sea region, Geol. Soc. Amer.'Bull. 77, 813- 832 1966.

‘LePichon, X., Sea floor spreadlng ‘and contlnental drlft Jour. Geophys Res.,

73, 3661-3705, 1968.

Matsuda, T, K. Nakamura, and A. Sugimura,’;ate Cenozoic -Orogeny in Japan,

Tectonophys. 4, 349-366, 1967.




39.

McKenzie, D. P, and W. J. Morgan, Evolution of triple junctions, Nature,

224, 125-133, 1969.

“McKenzie, D, P, and R, L. Parker, The north Pacific: Ah'example of

tectonics on a sphere, Nature, 216, 1276-1280, 1967.
Molnar, P. and L. R. Sykes, Tectonics of the Caribbgan and Middle America

regions from focal mechanisms and seismicity, Geol. Soc. Amer, Bull,,

80, 1639-1684, 1969.

Morgan, W. J., Rises, frenches, great faults and crustal blocks, Jour.

Geophys. Res., 73, 1959-1982, 1968,

Morgan, W. J., Plate motion and deep mantle convection in Studies in Earth

and spacé science, H. H. Hess volume, Geol. Soc. Amer. Mem. 132, edited by

R. Shagarn, 1971.

Neuman Van Padang, M., Catalogue of active volcanoes of tHe world, 2, Philippine

‘Islands and Cochin China, edited by the’International Volcanological Assog.
Naples, Italy, 1953.

Nowrooéi, A, A,, Seismic tectonics of'the'Persian plateau, Eastern Turkey,

Caucasus and Hindu-Kush regions, Bull. Seism. Soc. Amer,, 61, 317-342, 1971
Okada, Atsumasa, Active faulting of the Median Tectonic Line (in Japaﬁese),

Kagaku, 41, 666-669, 1971.

Richter, C. F., Elementery Seismology, W. H.-Freeman and Co},_San Francisco
768, 1958
Rodolfo, K. S., Bathymetry and marlne geology of the Andaman Basin and tectonic .

implications for southeast Asia, Geol Soc. Amer. Bull., 80, 1203-1230, 1969.

Rothe, J. 0., The seismicity of the earth 1953-1965, United Nation Education

Scientific and Cultural Organization, Belgium 336, 1969.
Scholz, C., H., M, Barazangi and M. L. Sbar, Late Cenozoic evolution of the

great basin, western United States as an Ensialic Inter-Arc basin,

Geol, Soc. Amer. Bull., in press 1971.



40.

Smith, W. D., Earthquakes at shallow and intermediate depths in Fiordland,

New Zealand, Jour. Geophys. Res., , 4901-4907, 1971.

.Sykes, L. R.,, Seismicity in the Indian Ocean and a possible nascent island

arc between Ceylon and Australia, Jour. Geophys. Res., 75, 5041-5055,
1970.
Visser, W. A, and J. J. Hermes, Geological results of the exploration for

0il in Netherlands New Guinea, Verh. K. Ned-Miznb. Genoot., 20, 1-265,

1962,

Wageman , J. M., T. W. C. Hilde, and K. O. Emery, Structural framework of

East China Sea and Yellow Sea, Am. Ass. Petroleum Geol;:Bull;, 54, .

1611-1643, 1970.

Watanabe, T., D. Epp, S. Ugeda, M. Langseth and M. Yasui,'Heat flow on the

Philippine Sea, Tectonophysics, 10, 205, 1970.

Wu, F. T., Focal mechanism and tectonics in the vicinity'of-Taiwan, Bull,

Seism, Soc. Amer., 60, 2045-2056, 1970.

Wu, F. T., The Philippine sea plate: A "sinking towel?", Geol. éoc.'Amer;

-

Bull., in press, 1971.



41.

v

*uedep 385MUINOS PUB dIB NAOMAY JOF aA0qE PIIETT ASOUY EB TToM B8 TT &mITY UT 9E ‘SE “6n ‘O “6€ ‘19 ‘lh .:z.mpmsazupm@cs woay sysrunze dris  epuu

9 pug T SUOTANTOS JO Mg .

G pue T SUOTANTOS JO umg

ﬁmmmﬂy_conﬁm o1

(0L6T ‘a93eMly

*3*3) BTWIO J0 JTOD

auj3 Jo zuwg«wﬂ»uwmm wa\sow Jo
aged Furpeaads WOLJ pagnduod
97ed YaTh (L96T) asxred

pue atzuayo Aq pajndwod
goqeTd OTJTOBRJ DUR BOTJSUY

© J0J UOT4BACL JO I93U3)

. : LEN
aurddTTTUd 8y3 Jo - UTdaew
WI9980M BUOTE 90ULAIOAUOD JO
99BJ U 3SBaIOUT PIeMULIoU
8 JUTATUT 313 sarenbs jseoy

oxe sutddrriud
J0 nfHNAY 9y JdYATS
Buote uotgeaedas ajerd

SurArdut 973 satenbs gsed]

(T) UOTANTOS UT S8 aureg

(TL6T ‘zTOUudS

pUB YoqTd) Jk/uo hFg Jo uedep
q8amMyynos 03 juadefpe
Furasnayjaspun Jo ajed

. woJdJ pajnduod 838X U3TM
"-OTJTORd URION 03 DPaUTRIqE
~u0d 37J sarenbs 4sea]

2T

82

o9

ofl

81

ol

*TT amBTd Ut g2 “TE€ “0f ‘L2 ‘92 ‘€2 ‘ST sasnauitopun woxy syjrurgze dils wa

*ULTED 8Y3 JO JI23US0 SU3 WOLJ PIBMANO  BUTHOOT USUM Paplrey AUITI &Ie &I0303A TTV 4

Mo6LT
HoEHT

. Zom..m:

Mol S8

(T) UoTNTOS UT S8 Bwes oTTT

© (2) UOTINTOS UT §B SuBS - Hohel

soxe aUTAdITTUd pue nAMAY _
Buore sj3snayjaspun pue by oqueyux FoGHT

: uedep 4saMyanos
. pus oq8 ALY JuoTe S4S8NLIYI9pUN :
pue by ojuey ‘3Tnwy SUTAATTTUdws MotiST

NoT Bog AUTAATTTU] M OTJTOR] '@
So92 - BOg SuTddrTTud 4aM OTJTORd ‘L

NoS§' L9 OTJTORd M BISRNT °9

NeG'09 - OTITORL AIM BTSRNG G

No9 B2G SUTAATTTUJ 3IM BISRINE “h

]

Nof2 Bag suTddyTTUd M BTSRME '

]
!
4

/
NoSh vag uTddTTTUd 3aM BISRITNE  °2

" No9S © ®ag SUTAATTIUJ 2am BYSRING T

SV

a£/3sp 0T X

CAR LS

SNOT.LVIAMQ

QIVANVIS .

SHLWIZY dITS HANLILNOT.

JANLTINT ' NOLINTOS

NOIIVIOH o0 HIINHD

# NOLIVIGH 40 SHOLOUA SNOENVINVISNI

I THVL



42,

ApcmEswﬁm PSTTR39p JOJ 3¥33 99%)

AHV QOHpsHom uo @momHQ SIUTRIZSUOD mo mocozdmmcoo e ST coawmh STUa UT Qﬁﬁm H@Euoc 07 onbTTAO JO OTIRI oBaeT  xkx

/

‘T FIEYL UT (T) voTanTog woay pagnduoy ¥

*SJ0908A UOT9RBY0L 3Yj UT Rqurelaooun Jo mmsmomp suoTjgewtxoadde JopI0 4SJITI cwzu hmpump oc POJISPTSUOD aIBe S979'Y w

J W L : oh0€ o9hE . uduaay, ouTddTTTUg 0% 4US0R(PY 4Tne SUTAATTTUL

BuTasnayarspun

T 0T 0G0E o2t uf SNgeiH 03 JUSOR(pPY JTNE ucﬁmgﬁﬁﬁcm ¥ %%

. . . .\ AN

6 2 0l0€ . o2 (UeMeTr) 4TNEd TEUTPNTBUOT

L f o o0TE obhe (Uedep 3SSMUINOS) SUTT OTUOZO9T, URTDSK

(dI1s d1d)  (dTIS WITHIS) ##dI7TS J0 HIWIZY IINVd d0 HIOWIZY II0vd
TYIWON TITIVHVd. : - . _

*SHLVYH qum da1dnodHa
i

dITIs Jd0 SV

IT HIdVL

0"

e g iy




Figure 1

Figure 2 .

Figure 3-
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FIGURE CAPTIONS

Vertical section of a well-developed island arc in a region
of. oblique convergence. Découpling hypothesis is illustréted
by transcurrent movement.on a vertical fault adjacent to the

center of active volcanism,

Plate boundaries and major transcurrent faults in the Far
East. Solid boundaries are those that are well-defined by

recent shallow earthquakes [e.g. Barazangi and Dorman,

1969]. Dashe& curves extrapolate between well—defined
boundaries. Dotted éﬁr&es.represent'tréées‘of_known trans-
current faults of greaf lengthi_ M.T.L., L.Ff, P,F, and S.F.
stand for Median Tectonic Line, Longit;dinal féuit?

Philippine faults, and Sémangko fault, respectiveiy;' S.T.‘

- stands for Sagami trough. Plate margins east of New Guinea

are from Johnson and Molnar [1972].

Major fault zones adjacent to southeast Asia,. Shaded and stripped
regions are those of known or s&spected extension and shortening
respectively. Subareal traces of major transcurrent faulis and

the sense of recent movements on these faults are from a review

. paper by Katili'[l970].- Saw-tooth curves mark zones of shallow

: funderthrusting that are seismically active judging from recent

distributions of shallow earthquakes. Smooth continuations of



Figure 4
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these curves represent zones of underthrusting along which,. at most,

only scattered concentrations of shallow earthquakes»were'recorded

i

‘in recent years. Thin. curves (dashed‘where there is little suppbrt—

ing evidence) mark fault zones that may or may not-be part of a plate
margin., Directions of relative motion between the major plates

coﬁputed from rigid plate models are given by solid lines [Morgan,

.1972] and dashed lines [LePichon, 1968].

Mechanism solutlons for recent shallow earthquakes 1n the Indones1an -

Philippine -region adapted from Flgure 10 in Fltch [1970a] Open

c1rcle with oppositely dlrected arrows - glves eplcenter and horlzontal

'

progectlon of axis of minimum compre531on (the T ax1s) for recent pormal

faultlng. A direction of Sllp {*&—Hﬁnyﬁaﬁﬁrehaé%ew-ﬁﬂéeffhfﬁseiﬁg}*

is inferred from those solutiomns of the thrust type in which one nodal

plane is nearly vertical. This plane 1is assumed to be. the aux111ary

plane [e.g., McKenzie and Parker, 1967] If both nodal planes ‘have

nearly the same dip angle, the-ax1s'of-maximum compression is plotted.
Closed circle and arrow gives epicenter and horizpntal projection of

direction of slip., The sense of movement is such ‘that oceanic litho-

.

.sphere moves in the direction of the arrow relative to an observer
 fitted to an adjacent island arc. Closed circle with opposing arrows

gives epicenter and horizontal projection of axis of maximum compressive

stress (tﬁe~P axis) for recent thrust faﬁlting. Stfike—slip movements .
are iilustrated by shear symbols. Central Andamen ﬁrougﬁ and rift |
valley [Rodolfo, 1969] are represented By barallei eelid and dashed
curves. Regions enclosed by a solid curve are éreminent‘bathyﬁetric'

depressions, either deep-sea trenches or troughs.
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" Solutions 1 through 4 are from Fitch [1970al, solutions 45

through 80 (for which details are given in tﬁe Appendix) are
new solutions mainly from thé years 1968 to mid—l970. Solu-
tions 9, 11, and 12 in the Andaman region are from‘fégég [1970b].
Solutions 1 through 5 in western New Guinea ;nd solution 20

near the north end of the Yap trench are from Johnson and

Molnar [1972] and Katsumata and Sykes [1969] réspeétively.,'Solutions

5 and 6 in northern Sumatra and 31, 37, 39, 40 and 44 in the

o Philippine region were improved by using additional S-wave .

polarization angles and additional P-wave polarities. These

improved solutions are alsé,givéﬁ in_detaii in the appendix.
Solutions 1 énd 11 (solid squares) are for'eérthqqakes at

depths tﬁat are transitional from shallow and iptermeditate
activity. With reference'to‘thg éarth's surface,-these solutions_A
show normal faultiﬁg with éne_nodal plane having a steeﬁ dip.

Such solutidns are conSistéﬁt:withvhown—dip orientation of "the

axis of minimum stress within the descending liﬁhdsphere in

this region [Fitch and Molnar, 1970].

Recent shallow seismicity and bathymetry of the Andaman region.

Open and closed circles are epicenters computed By the USCGS

from arrival times at more than 20 and 10 to 20 stations, re-

spectively, for in the years from 1961 to 1%70. Bathymetry
(in meters) is from Plate 1 of Rodoifo, [1969]. Solid lines
in northern Sumatra represent mapped fault traces within the.

Semangko fault zone [Katili, 1970].

—

s
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Figure 6

Figure 7
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Méchanism solution for shallow earthquakes ip the Indian Ocean.
Nodal planes are given by the heavy curves. Polarity of P-wave
first mgtionfis given Ey: open circle for clear dilatationm,
closed circle for clear compression, open trianglg.for weak
dilatation,. closed triangle for weak compression, and x for

weak arrival of uncertain polarity. Arrows give S-wave

-polarization. X's enclosed in circles are poles to the nodal

planes. T and P staqd ﬁor axis of minimum and maximum com—
pression respectively. Within each set of parentheses is an.
azimuth and plunge in that order. Data are plotﬁéa on an
equal-area projectionAof~the iower hemisphefe of thé‘focal

sphere.

Recent shallow seismicity near Sunda Strait. Epicenters are
mapped as closed or open circles as in Figure 5. Heavy curves

represent traces of major faults identified in Katili [1970].

Recent shallow seismicity, volcanism, and major faults in the

Philippine and adjacent regions.. Solid circles are epicenters

,,Qf shallpw ea{;hqgakes located by the USCGS from 20 of more

“arrival times for P-waves. This activity is from the years

1961 to 1971. Triangles give locations of active volcanoes

reported (in the Catalogue of Active Volcanoes of the World

including SolfataralFields ) by Neuman Van Pada@g,_[l953].

- Heavy curves represent traces of major transcurrent faults

[Katili, 1970]. Dashed parts of these curves represent

submarine continuations for which there is seismic- and



Figure 9

Figure 10

Figure 11
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i
bathymetric evidence that is referenced in the text. Deep-

'

sea trenches and troughs outlined with bathymetric contours

are frpm the charts of Chase and Menard -[1969].

Recent shallow earthéuakesrin western New Guinea and'adjaéent
regions. ﬁpicenters are mapped as closed or open circles as in
Figure 5. The heavy solid and dashed lines represent subareal
and inferred submarine trace of the Sorong'fauit; [Visser and

Hermes, 1962].

{

Recent shallow earthquakes and bathymetry near the Talaud
Islands. Epicenters are mapped as clgséd and open circles
as in Figure 5. Bathymetry (in fathoms) is from Plate 1 of

Krause [1966].

’

Mechanism solutions for recent shallow earthquakes along

margins of the Philipﬁine Sea'(adapted from Katsumaté aﬁd.
Sykes, [1969]). Mechanism 501utioﬁ$ represented ﬁy the saﬁg& 
symbols used .in Figure 4, Symbqls shown in key fepfesent:
o)) t?ench axis, (2) island chains and submarineAridges,

(3) major fault zones. Solutions with-ﬁumberS'less than 27

are from Katsumata and Sykes [1969]. Solution 52 and those in

" the Philippine region are the same as those shown in Figure 4.



Solutions 27 through 35 are new solutions for the years 1968
to mid-1970, details of which are shown in Figure 12. The slip
vector for the Kanto earthquake was determined uniduely from

seismic and geodetic evidence reported by Kanamori [1971].

' Figure 12 Additional mechaniéﬁnéolutiohs féfTshalle'ggfithékes iﬁ .
Ryukyu, southwest Japan, and Mariana regions. Locations
were computed by the USCGS. Nodal planes are given by
heavy curves. Polarity of P-wave first motion given by:
open circle for clear dilatation, open triangle for weak
dilatation, closed circle forhclear compressioq}-élosed
triangle for weak éompression and x for weak arrival of
inderterminate. polarity. Arrows givé S—wave.bdiariza-

tion. X enclosed in a circle gives the location of a pole

48.

to one of the nodal planes. Locations of P (axis of maximum .

compression) and T (axis of minimum compression) axes are

given by small closed circles.

Figure 13 Convergence along the margin of the Philippine Sea plate.

Plate margin is in several regions greatly simplified (for

details see text). Large arrows are inferred relative motion

'~ between plates. M.T.L., L.F. and P.F. stand for Median
Tectonic Line, Longitudinal fault and Philippine'fault

respectively.

Figure 14 -Schematic diagram of a zone of oblique convergence. (A)

map view, (B) vertical cross section. Large arrows are slip

vectors.
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Migration of a triple point along thé Sagami trough. Regions

‘A, B and C on the left side of -the figure represent pieces of

Eﬁrasian,-Pacific, and Philippine Sea plates ﬁéé%gjapan. The

.lines that join at the triple point represent a possible con-

figuration for boundaries between these plates at the onset -
of underthrusting adjacent to southwest Japaﬁ; the lines
between A and B, C and B, and A aﬁd‘C represent the Japanese
trench; Izu—Boﬁin trench and the Nankai trough;‘respéctively;

The approximate time lapse since onset of underthrusting along

the Nankai trough is one million years [Fitch and Scholz, 1971].
Using this time interval and rates of-plate convéfgence com-— -
puted from solutions 1 and 7 in Table I, it is possible to esti-

mate the configuration of consumed lithosphere (dashed lines)

and new positions for plate margiﬁé'thét move in,respdnsé@to

migration of the triple point. The triple point migrates in

the direction of the arrow which neérly coincides with the
strike of the oceanic part of the Sagaﬁi trough. The rgte.is
about 70 km per millibn years. -The shadéd.regioﬁ'rgpresents
the amount of new oceanic lithosphere.resulting from plafé-A
separétioﬁ along the Izu-Bonin are; 'Thisrriffing is inferred
from the absence of an offset Betwéen the Japanese and Tzu-

Bonin trenches.
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APPENDIX

Caption A-1
' Additional mechanism solutions plus improved solutions for

shallow earthquakes in the Indonesia - Philippine region.

Symbols and projects are the same as for Figure 12.

Locations were computed by USCGS.
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{12695 7O KM .
OCT 24 1968 5.9N 1269 NOV 22 1968 162N 122.3E 26° KM JAN 10 1970 6.8M 126.7E 73 KM

MAR 30970 67N 1256E T8 KM LAFR 7 1970 ISBN 12L.7E 30 KM : . JAN 27 1969 BIN DBT.7E 5 KM | AUG 28 1968 IS.5N 1220F 15 KM



FEB 51970 123N I22JE i KM

MEY 28 1968 2395 139.38 65 KM

FEB 24 1969 615 I3IE 38 KM

NOV 251968 49N 12625 30 KM

MAR 20 ISE9 86N 127.2E 33 KM

JUL 29 1968 . 025 I33.4E I KM

JUN 28 1970 87S -I24.ZE 30 KM

AUG 14 1968

JUN 71968

QAN HS.7E 23 KM

LTS 1200E 19 KM

JAN 26 963 885 1204% 29 KM

JAN 31 1969

4N 2208 30 K4

MAR 27 1970 O3N N9.3E B8 KM

FEB 23 1963 3.US NBEE I3 KM

- NOV 211969 20N 94.6E 20 KM

FEB 3 1969 . 4.9N [27.3E 30 KM



AUG 11 1968 LSN 1261E 30 KM

FEB 17 1969 38N 1284E 14 KM MAR 5 1969 4.0N 1281E 30 KM

AUG 17 1968 L3N I26.3E 30 KM

NOV 9 968 2.44 (26.5€ 30 KM oo JAN 25 1969 0.8N 1260E 24KM

AUG 51969 12N 1261E 30 KM . : DEC 14 1969 20N 12695 42 KM JUL 2 1967 87N 938E 30KM -
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" TABLE 1

Parameters for Addiﬁiohal Meqhanism Solutioﬁs for Shallow Eafthquakes_in'Ryukyu and Mariana Reglons

27

28
29
30

31 -

32

‘33 

34

35,

DATE -

' Apf

NQV

‘Apr

Sep

Dec

Mar

Jul

Jul

01

21
17
31
04,

‘Aug 03,

{

12

2'5:
26,

70
70
(4%

{

!
i
|
i

LATI-* LONGI-#* . }
- POLE 1

TUDE . TUDE o |
N E. . AZ PL AZ  PL
32.5 132.2 30 306 12 76 72
25.6 128.4 19 . 294 22 167 57
27.5  128.4 30""” 311 30 131 60
32.1 -131.8 30 . 312 220 132 68
31,1 131.3 g 299 16 96 173
28.5 129.1 - 30 - 346 44 . 145 Uk
12,3 1437 30 235 W8 92 3u
32,1 131.6 30 311 20, L0l 68
'%2hm 131.8 300 312 18 - 102 78

Aﬁpreﬂﬂmmmarm Coast and Geodetle Survey %m¢a¢£QM§{

" POLE 2

322
'133
311
312

308

155,

256
330
328

T AXIS
AZ

PL

55
20

75
67

61
0
-8

66 .

55

114
256
131
132

114

5.8,
148
122

126

P AXIS

" AZ PL

32
58
14
23
28

8Q'
69:‘

2L
34

i

B AXIS~

-AZ  PL

214

34

41 .

43

207

2 U6
348
218

220

14

24

v B2k




Parameters for Indonesian - Philippine Shallow Earthquakes 1961-1970

TABLE 2

B Axis

1967

45

49 296 5

Ho. " Date Lat.” Long." Depth B P°i§' bL  Chg P A ELéxii PL AZ -
1 Apr 03 1964 b0 _96.§ 70 70 20 20 200 65 200 26 20 0. 110
2 ‘Sep 15 1964 8.9 93.1 37 20 51 52 168 17 200 52 88 34 - 308

3 4 Apr 02 1964 5.8  95.5 16 4 200 0 33 3 196 3285 86 60
4 ‘Nov 30 1964 6.8 . 9i.g§ © 32 S0 236 0 326 0 101 0 281 90.'_-4
50 . Apr 12 1967 5.3  96.5 55 62 8 28 188 178 73 188 0 98
ot Jun 15 1964 5.3 96.8 67 50 350 30 214 1116 65 264 36 02
7>' Aug 21 1967 3.6 95.8 33 12 23 178 '203_4' 33 203 57 23 .0 112 .
8 « Apr 07 1963  -4.9 - 103.2 I6 o242y 66 204 21 204 69 24 .0 114
9 Jin 17 1963  -h.1 102.2 69 100 60 80 2o 35 240 55 60 0 150
.0 . Oct 24 1963 -4.9  102.9 65 16 28 74 208 29 208 61 28j‘:' 0- 118
1 Feb 19 1967 . -9.2 113.1' 80 8 229 82 51 53 229 37 51 0 10

22 : Mar 24 1963 -9.7 -120.6 0 38 118' 37 243 0 '90 - 59 180 31 0
3 ¢ Mar 30 1967 -11.0  115.5 32 54 0 36 180 81 180 9 o 0. 90
! « May 22 1963  -8.2  115.8 76 6 186 8u4 6 39 6 51186 0 96
.5 Oct 12 -7.1  129.8 30 240 36 355 2 .29° 122




1st Pole

P Axis

B Axis

Date Lat ¥ Lohg.+ - Depth PL  AZ '.ggd Péig' .~ PL AZ gLA*ii o PL AZ -
53 Aug 28, 1968  15.5 122.0 15 . 50 60 40 256 o 69 81 304 7 160
54 Feb.05, 1970 - 12.5 122.1 11 '8 202 24 198 ) 23 27 | 10 152 64 38
55 Mar 20, 1969 8.6 127.2 33 22 109 5 229 : 55150 . 16 264 - 31 5
56 - Aug 14, 1968 0.1 119,7 23 61 160 18 30 59 60 23 193 20 291
57 Mar 27, 1970 0.3 119.3 8 446 § 138 2 182 10 92 81 287
58 . May 28, 1968 -2.9 139.3 65 , ubv 204 .50 :~29.4 -é 26 84 180 ' 3_296':‘
59 - Jul 29, 2968  -0.2 133.4 11 38 3525- ho 222 1196 63 2088 27 106
60  Jun 07, 1968 ~ -1.7 120.1 19 5 339 34 574 45;19-150' 28 20 .- 55 240
61 Feb 23, 1969  -3.1 118.8 13 66 253 . 22 13 22 253 68 73 T
62 Feb 24, 1969  -6.1 131.0 38 30 330 4 239 19 18 24 279 f 59, 143
63 Jun 28, 1970 -8.7 124.2 30 70 118 20 298 24 118 66 298 9 210
64 Jan 26, 1968 8.8 120.4 29 1k osy 7 35 5 210 14 36} ~ 75, 102
65 Nov.21,.1969 - - 2.0  94.6 20 4 293 6 202 1158 g 248 83 56
66 Nov 25, 1968 4.9 126.8 30 85 . 68 6 éug : 4o 68 50 249 2 158
67 Jan 30, 1969 4.8 127.4 70 20 64 68 270 25 251 63 48 b 156
68 Jan 31, 1969 4.1 128.0 30 50 38 20 282 1776 - 52 323 32 178
59 Feb 03, 1969 h.9 ‘;27,3, 30 Ly 291 26 53 10A260 A56 '3 31 162
10 Feb 17, 1969 3.8 128.4 14 - 60 125 14 2h2 ',;26' 82 53 212 26 339

iv



2nd Pole

P Axis

B .Axis

126.

ii

84

.No; Date | Latﬁi Long.t Depth . . ;Et Poi; PL AZ PL AZ ELAXiE‘ PL AZ -
16 Apr 22, 1967 5.6  126.8 32 53 122 30 343 12 146 66 26 21 240
17 * May 21, 1965 —0.2  125.1 51 38 14 u1 242 63 310 2 218 28 127
18 Apr 26, 1965 -1.7 126.6 a1 29 68 61 2l6 75 68 15 246 1 338
19 Jan 24, 1965 -2.4  126.0 6 35 11 b5 '237 7213 64 310 25 120
20 # Jun 04, 1963 -1.2 127.3 20 26 77 29 333 © 39 25 2 294 53 204
21 Apr 16, 1963 -0.9 128.1 0 s 6 2 g6 451 2 321,' _8u'204'
22 Apr 30, 1963- 0.9 128.8 32 4o 15 20 270 13 57 2 315 59 136 -
23 * Nov 06, 1963 -2.56 138.3 0 16 211 . 7 -_31 * 29 '31 61211 0 120
24 *Apr 23, 1964  -5.4  133.9 0 22 102 60 236 - 61 134 20 266 19 oy
25 * Aug 18, 1966 - -0.2 125.1 51 S 20 291 70 120 | 2k 114 64286 bo23
26 Oct 26, 1967 -0.2 125.2 42 30 31 60 123 14 130 74 329 4o 221
Jun 30, 1964  -0.6 = 122.6° 0 11 60 79 240 55 60 35 240 | 0 330
28 Apr 23, 1966 - -0.9  122.4 i5 50 23 4o ;213' 82 256 5 28 " 3118
29 Oct 11, 1964 '-0.6  121.8. 45 31 53 b2 177 56 108 6 206 33 301
30 Nov 01, 1964 3.1 128.1 89 39 128 26 241 7 94 48 192 40 356
31 Oct 12, 1964 3.0  126.7 ) 59 18 270 60 32 22 70 56 301 3”'17?
32 Feb 15,.1965A' _é.9 126.0 | ' 88 12 22 57 276 28 226 - 46 350 37 120
33 May 16, 1965 5.2 125.6 53 31 38 48 268 10 240 62 349 26 145
34 - Jun 19, 1963 4.6 5 64 10 264 80 T 54 264 0:354




P F o i VTR SR T TR

" 1st Pole

2nd Pole

-P Axis

T Axis

: B.Axis

iii

105

~ No. Date 'Latﬁ-_Longﬂ- Depth - PL  AZ PL  AZ PL AZ PL AZ PL  AZ

35 Aug. 21, 1966 8.5 126.7 67 2y 218 64 68 19 68 71 208 0 349

36 Sept 18, 1965 8.2 126.8 85 10 282 "80' 102 35 102 55 282 013

37t Aug 19, 1967  10.4 126.0 58 46 68 34 295 6 93 64 350 25 187

38 % Jan 09, 1965  11.9 126.3 21 .31 47 43 2Tk 6k 2us 4250 26 160

39t % Dec 27, 1964  12.9 125.4 0 8 a6 81 . 48" 36 76 53 267 4170

40t Nov 24, 1964 13.1 124.5 0 ’: 69 57 20 258 25 72 64 270 5 166

43 Dec 20, 1966 4.3 122.1 37 '3u' 56 2 323 pzoflou 26 5 60 226

h2 ¢ Aug 17, 1962  10.6 121.7 0 6 '1301 y o 222 677 2 85 83 347

u3 - Aug 15, 1966  13.3 121.3 14 30 80 25 182 3 40 38 135 57 307

Wy Aug oi, 1968 16.6 122.2 36 20 . 280 66 65 . 24 89 63A29§ 12 185

is5 Mar 05, 1968 . 9.6 126.3 61 65 74 25 270 20 85 68 283 6 178

6 Oct 24, 1968 5.9 126.9 70 50 78 29 309 11 107 61 35% 26 204

Wy Nov 22, 1968  16.2 122.3 26 80 100 .10 280 35 100 55 280 0 10
I8 Jan 10, 1970 . - 6.8 126.7 73 42 81 42 - 298 0 98 81 6 18 190
9 - Feb 17, 1970 9.8 125.9 72 50 48 bo 237 84 276 5 52 i 14y

50 Mar 30, 1970 6.7 126.6 76 30 62 . 54 280 13 256 66 19 18 162
51 - Apr 07; 1970  15.8 121.7 30 47 .56 30 288 9 85 60 338 27 180
52 Jan 27, 1969 8.7 137.7 5 ;uq,'. 72 30 314 6 53 7 36 200

%
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R R e

1st Pole

| S

2nd Pole

T Axis

- . B Axi

1967

t improved solution to that found in Fitch (1970b)

* redetermined locatibn

215

+ preliminary. Coast and Geodetic Survey locationé;unless otherwise thed_(latitude +N, =3) .

191

. ‘ _ . P Axis
No. " Date Lat.* Long.t Depth PL AZ - PL  AZ ~PL AZ PL AZ PL. AZ
71 Mar 05, 1969 4.0 128.1 30 60 39 20 270 | éz.,7u 60'302 22 171
72 Aﬁg 10, 1968 - i.y , 126.2 . 30 4y g2 by 278 1 90 82 350 7.180
13 Aug 11, 1968 ° 1.5 126.1 | '30 - 30 284 60 94 14 100 | 7u 296 y
74 Aug 17, 1968 1.3'_ 126.3' 36 420 101 70 281 :25'281, 65 101 '0‘,11
15 Oct 31, 1968 1.2 126.3 33 '-,éo 109 :70' 289 25 289 65 109 0 19
76 Nov 09, 1968 2.4  126.8 30 50 258 4o 78 6 258 86 78 0 349

1T Jan 25, 1969 0.8 126.0 24 . Y 117 56 ';97 ' 12 297 787117 0 27
18 Aug 05, 1969 1.2 126.1 - 307 50 225 4o 45' 5 225 | 85 45 0 315
19 Dec 14, 1969 2.0 126.9 2 22 88 5 . 182 10 42 = 20 136 67 284
80 Jul 02, 8.7 93.8 30 0 351 150, 261 10 307 76

’81

. e e ¢



