also to provide favored paths for ensuing
extensile microcracks at the fault edges, with-
in the subsurface Hertzian stress field. In the
silicon carbide (Fig. 2), the shear faults form
at the interfaces between the matrix grains
and the grain boundary (YAG) phases. In the
glass-ceramic (Fig. 4), they form at the mica-
glass interface. This transition to apparent
ductility in otherwise highly brittle ceramics is
attributable to the large compressive compo-
nent of contact stress fields (13, 16). The
deflection of any downward propagating sur-
face ring cracks along grain or interface
boundaries away from the tensile stress trajec-
tories (13) suppresses the development of a
single cone crack, and at the same time, the
action of strong shear stresses on the weak
planes in the confining subsurface zone pro-
motes the development of a population of
highly stabilized microcracks. The latter kind
of distributed damage has been widely consid-
ered in the fracture of rocks (24), where
hydrostatic compressive fields are the norm,
but not in advanced ceramics, whose design
has hitherto been based predominantly on
single-crack mechanics.

Our results are of special relevance to
the mechanical response of ceramics where
highly localized mechanical or thermal
stresses are likely (10), such as in bearings,
local impact conditions, refractories, and
medical implants (for example, tooth re-
storatives). The implication is that one may
design ceramic microstructures to change
the very nature of the damage behavior and
so optimize the mechanical response to suit
particular applications.
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Double Seismic Zone for Deep Earthquakes in the
Izu-Bonin Subduction Zone

Takashi lidaka and Yoshitsugu Furukawa

Adouble seismic zone for deep earthquakes was found in the Izu-Bonin region. An analysis
of SP-converted phases confirms that the deep seismic zone consists of two layers
separated by ~20 kilometers. Numerical modeling of the thermal structure implies that the
hypocenters are located along isotherms of 500° to 550°C, which is consistent with the
hypothesis that deep earthquakes result from the phase transition of metastable olivine to
a high-pressure phase in the subducting slab.

The mechanism of deep earthquakes has
been a puzzle since their discovery almost 70
years ago (I, 2) because the shear stresses
necessary for ordinary brittle faulting reach
impossibly high values at depths of several
hundred kilometers. A range of mechanisms
has been proposed for deep earthquakes, in-
cluding plastic instabilities (3, 4), shear-in-
duced melting (5, 6), and instabilities accom-
panying recrystallization (7, 8) or polymor-
phic phase transformation (9-11). As an ex-
planation of deep events (10), each of these
proposed mechanisms has been shown to suf-
fer from certain inherent flaws.

Recent mineralogical experiments suggest
that the occurrence of deep earthquakes may
be related to a phase change of metastable
olivine (10-12) to a high-pressure phase.
Evidence for the presence of metastable oliv-
ine in subducting slabs has Been found (13,
14) in the Izu-Bonin and Japan subduction
zones. Transformational faulting within a
metastable olivine wedge should produce a
double seismic zone in the slab, because oliv-
ine above and below the wedge will warm and
transform into spinel, whereas the colder in-
terior material will remain untransformed.

The presence of a double seismic zone at
depths of about 400 km in the Tonga region
has been inferred on the basis of relocating
hypocenters with the use of P, pP, and PKP
arrivals (15). A schematic model for the
occurrence of deep earthquakes in Tonga was
proposed from seismicity and focal mecha-
nism solutions. The Tonga double zone could
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be explained by bending, but a second obser-
vation, along with the observations of the
converted phase from what may be the top of
the slab, provides a more convincing case.
The existence of only a few seismic
stations above these deep earthquakes lim-
ited improvement in the resolution of the
relocated hypocenters. In addition, the lack
of precise knowledge of the relation be-
tween the locations of deep earthquakes
and the temperature structure of the slab
prevents resolution of the cause of deep
earthquakes. Here, we establish (i) the
presence of a double seismic zone of deep
earthquakes in the Izu-Bonin subduction
zone, the same region where seismological
evidence for the existence of a metastable
zone within the slab was previously pro-
posed (13) and (ii) the precise relation
between the location of deep earthquakes
and the temperature structure of the slab on
the basis of S — P converted wave analyses.
The Izu-Bonin region is one of the best
areas to investigate the locations of deep
earthquakes and velocity structure within
the subducting slab, because there are many
seismic stations in Japan that lie above the
region where the slab is at depths of 100 to
450 km. We analyzed S — P converted
waves at the upper boundary of the slab to
determine epicenters of the deep earth-
quakes relative to the upper plate boundary.
The path of the converted wave is almost
perpendicular to the upper boundary of the
slab. The differential arrival times of the
converted wave and the P wave are related
to the distance between the focus of the
earthquake and the upper boundary of the
slab. We compared the location of the deep
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Fig. 1. Vertical cross section of deep earthquake hypocenters determined by the ISC. The
earthquakes that show the converted phases are denoted by open symbols. A map of epicenters
with lines of constant depth is shown in the inset. Different symbols are used for the upper (stars)
and lower (circles) seismic zones to negate the possibility of artificial results caused by regional

variations of the slab's dip angle.
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Fig. 2. Vertical cross section of relocated deep
earthquakes, as shown by the iasp91 model
(77). Two data sets made up of IPand Pand | P,
P, and |S data are shown by solid squares and
stars, respectively.

seismic zone with the temperature structure
obtained by theoretical calculation.

Using the ISC (International Seismologi-
cal Center) bulletin, we selected 60 deep
earthquakes (depth = 300 km) that occurred
between 1 January 1983 and 31 December
1989 in the Izu-Bonin region with a body
wave magnitude greater than 3.0 (Fig. 1). We
relocated the ISC hypocenters by taking into
account the high-velocity Pacific slab and
low-velocity mantle wedge (13, 16) because
of the high density of seismograph stations;
the relocated hypocenters were close to the
ISC hypocenters. The accuracy of the hypo-
centers decreases toward the south as the
distance between the epicenters and the seis-
mic network increases. A vertical cross sec-
tion of the deep events within a width of
about 180 km shows a double seismic zone,

with two planes of activity in the subducting
lithosphere extending depths of 300 to 400
km (Fig. 1). The two planes are separated by
~20 km.

We relocated the hypocenters shown in
Fig. 1 using the iasp91 model (17). To reduce
the possibility of misreading arrival-time data,
we did not use travel-time data with emergent
phases (eP, S, eS) for the hypocenter deter-
mination. We used instead two data sets of
arrival-time data, one of impulsive P (IP) and
P arrivals and the other of IP, P, and impul-
sive S (IS) arrivals. Vertical cross sections
through the relocated seismicity for the two
data sets are similar to that for the ISC
locations. The deep double seismic zone is
clearly shown in both of the data sets (Fig. 2).

To establish the location of the deep
earthquakes within the slab, we used S — P
converted phase data seismograms recorded
by the Wakayama micro-earthquake observa-
tory at the Earthquake Research Institute at
the University of Tokyo. Several seismograms
show a clear later phase on the vertical com-
ponent (Fig. 3). This later phase has the
following characteristics. (i) Its vertical com-
ponents have the largest amplitudes. (ii) The
phase is recorded at widely separated seismic
stations with a similar delay after the P arrival
for each earthquake. (iii) The apparent veloc-
ity of the phase is similar to that of the direct
P wave. (iv) The dominant particle motion of
the phase is in the east-west direction, which
is parallel to the dip direction of the subduct-
ing Pacific plate.

In considering possible causes of the later
phase, we took account of previous studies in
the Japan region (18-21). The upper bound-
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Fig. 3. Theoretical and observed data of SP —
P time. Examples of the wave forms are shown
in the inset. Different symbols are used for
different earthquakes. The distance between
the earthquake and the upper boundary of the
slab is indicated. In the ray calculation, the
velocity structures of the subducting Pacific
slab and the surrounding mantle are assumed
to be a heterogeneous slab model (30) and a
modified Jeffreys-Bullen model with 3% slow
velocities (37), respectively. V,/Vy (velocity of
Pand Swaves) = 1.73 is used.

y UPB.

Depth (km)

7

500!
Distance

Fig. 4. Temperature structure of the subducting
slab, with locations of deep earthquakes deter-
mined by the ISC. The upper plate boundary
(U.P.B.) of the subducting Pacific slab is shown
by the dark solid line (arrows). The a- phase
transition zone under equilibrium conditions is
shown as a lightly hatched area (25). The clear
double seismic zone (darkly shaded area) is
shown along the isotherm of 550°C. In this
calculation, a temperature- and pressure-de-
pendent rheology are considered in the mantle
wedge. The adiabatic temperature gradient is
assumed to be 0.3 K km~" (32), and the initial
temperature structure of the oceanic litho-
sphere is calculated for the plate model (33).
The age of the lithosphere and the subduction
velocity in the direction perpendicular to the
trench are taken to be 140 million years and
0.07 m year—', respectively (34). The temper-
ature changes associated with phase transi-
tions are not taken into account. The subduc-
tion angle in this region is set to be 50° on the
basis of the seismicity.
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ary of the subducting slab has a sharp
boundary for wave conversions (18-21).
As the characteristics of the later phase
are consistent with those shown in previ-
ous studies (19, 21, 22), we confirm that
the later phase is an S — P converted wave
at the upper boundary of the subducting
Pacific slab (21, 22).

We estimated the distances between the
sources and the upper boundary of the sub-
ducting slab from this S — P converted phase
data using a two-dimensional ray-tracing pro-
gram (SEIS83) (23). The observed SP — P
time data show two populations, one of about
2 s and the other greater than 3 s (Fig. 3).
These earthquakes with SP — P times of
either about 2 s or greater than 3 s are located
in the upper seismic zone, at a distance of 15
to 20 km from the upper boundary of the slab,
and in the lower seismic zone, at a distance of
40 to 50 km, respectively. This result is
consistent with the hypocentral data shown in
Figs. 1 and 2 and confirms that the deep
seismic zone consists of two layers within the
slab.

We calculated the temperature structure in
the subducting lithosphere using a two-di-
mensional model (24) in which the rigid
oceanic lithosphere is subducting under the
arc and mantle flow is induced in the viscous
mantle wedge. The calculated temperature
structure in Fig. 4 shows that the double
seismic zone, which is at depths of 340 to 400
km, is located below the transition zone from
a-olivine to B-spinel (25). Moreover, the
double seismic zone is parallel to the calculat-
ed 500° to 550°C isotherms in the subducting
lithosphere as well as to the upper surface of
the slab.

As shown in Fig. 4, the double seismic
zone is located on the a-B phase transition
zone and is parallel to the isotherms. These
features are consistent with the hypothesis
that deep earthquakes are triggered by a phase
transition of the metastable olivine phase (26,
27) in the range of ~500° to 600°C; this
temperature has been estimated to be about
600° to 700°C from experiments (28) and the
kinetics of olivine-spinel phase transformation
(26, 29). Seismicity in the Izu-Bonin region
shows that the number of earthquakes in-
creases at depths greater than about 300 km
and decreases at depths greater than about
450 km. This depth range agrees with that of
the metastable zone estimated by thermal
modeling.
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Age of the Earliest Known Hominids
in Java, Indonesia

C. C. Swisher lll, G. H. Curtis, T. Jacob, A. G. Getty,
A. Suprijo, Widiasmoro

40Ar/39Ar laser-incremental heating of hornblende separated from pumice recovered at
two hominid sites in Java, Indonesia, has yielded well-defined plateaus with weighted
mean ages of 1.81 = 0.04 and 1.66 + 0.04 million years ago (Ma). The hominid fossils,
a juvenile calvaria of Pithecanthropus and a partial face and cranial fragments of
Meganthropus, commonly considered part of the Asian Homo erectus hypodigm, are at
least 0.6 million years older than fossils referred to as Homo erectus (OH-9) from Olduvai
Gorge, Tanzania, and comparable in age with the oldest Koobi Fora Homo cf. erectus
(Homo ergaster) in Kenya. These ages lend further credence to the view that Homo
erectus may have evolved outside of Africa. If the ancestor of Homo erectus ventured
out of Africa before 1.8 Ma, the dispersal would have predated the advent of the
Acheulean culture at 1.4 Ma, possibly explaining the absence of these characteristic

stone cleavers and hand axes in East Asia.

The discovery in 1891 of a fossil hominid
skull cap and femur in middle Pleistocene
deposits exposed along the Solo River at
Trinil, Java (Fig. 1), opened one of the most
interesting chapters in the search for fossil
hominids. At a time when little was known of
our ancestors other than Neanderthal and
Cro-Magnon man from Europe (1), Eugene
Dubois set out from Holland to find Darwin’s
missing link. Dubois’ remarkable discovery led
him to propose a new species, Anthropopithe-
cus erectus, which he subsequently referred to
as Pithecanthropus erectus (2). Although
Dubois himself later questioned the hominid
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affinities of his new species, subsequent work
has placed the Trinil find within our own
genus, renaming it Homo erectus (3).

By the mid-1900s, the central focus of
hominid evolution shifted to the African con-
tinent, where the discovery of Pliocene fossil
hominids and artifacts in direct association
with datable volcanic rocks established Africa
as the center for the origin of humans (4). In
the 1960s and 1970s, the discovery of pre-
Neanderthal hominids in Africa (5-7) and
possibly Europe (7) referable to H. erectus
sparked renewed interest in the type H. erec-
tus of Java (7-9). In the Koobi Fora region of
Kenya, specimen KNM-ER 3733 is now con-
sidered to have an age of slightly greater than
1.77 Ma, indicating that it represents perhaps
the oldest hominid fossil referable as ancestral
H. erectus (7, 10) (Fig. 2). The oldest stone
“cleavers” and “hand axes,” characteristic of
the Acheulean culture, associated with Afri-





