conduit networks fulfills a number of observa-
tional constraints including the rapid transport
times required by recent U-Th disequilibrium
(11-13) and °Be (9) studies, the observed epi-
sodicity of volcanic production at arcs (1), and
ascent trajectories in P-T space that allow hy-
drous material to enter the subarc region within
the melting field, avoiding substantial freezing
out of melt during ascent. Rapid vertical trans-
port along conduit networks may also explain
the sustained, high-volume magmatism ob-
served at some arcs (23).
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Evidence for a Large-Scale
Remnant of Subducted
Lithosphere Beneath Fiji

Wang-Ping Chen"2* and Michael R. Brudzinski’

We combine spatial variations of P- and S-wave speeds, 1000 fault plane
solutions, and 6600 well-determined hypocenters to investigate the nature of
subducted lithosphere and deep earthquakes beneath the Tonga back-arc. We
show that perplexing patterns in seismicity and fault plane solutions can be
accounted for by the juxtaposition of a steep-dipping Wadati-Benioff zone and
a subhorizontal remnant of slab that is no longer attached to the actively
subducting lithosphere. The detached slab may be from a previous episode of
subduction along the fossil Vitiaz trench about 5 to 8 million years ago. The
juxtaposition of slabs retains a large amount of subducted material in the
transition zone of the mantle. Such a configuration, if common in the past,
would allow the preservation of a primordial component in the lower mantle.

The interaction between subducted litho-
sphere and the transition zone of the mantle is
a key issue in geodynamics. In particular, the
amount of slab penetration into the lower
mantle controls the rate of heat and mass
transfer between the upper and the lower
mantle (/-3). The Tonga subduction zone is a
natural laboratory for studying this issue be-
cause large amounts of old, cold slab have
been rapidly subducting in the past 50 to 100
million years (4-6). Presently, the rate of
subduction exceeds 200 * 40 mm/year (7).
Considering the old age of the Pacific
lithosphere being subducted and the extreme-
ly fast rate of convergence, subducted mate-
rial beneath Tonga should have caused the
most prominent thermal anomaly in the man-
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tle (8, 9). However, global travel-time tomog-
raphy showed only moderate anomalies of
fast P- and S-wave speeds (¥, and V) in the
lower mantle along the Tonga subduction
zone (10, 11), implying that a large amount of
subducted material remains in the upper man-
tle. If so, how are large-scale remnants of slab
accommodated in the transition zone? This
issue pertains to the current search for a
primordial mantle (/2, /3). The more slab
material that remains in the transition zone,
the easier it is to preserve a primordial com-
ponent in the lower mantle.

It is a basic tenet of plate tectonics that
earthquakes deeper than about 100 km occur
in the cold interior of subducted lithosphere
(14-16). Otherwise, deep earthquakes would
not be restricted to zones of recent conver-
gence. Many researchers have noted the com-
plexity of seismicity in the Tonga-Fiji region
(17, 18). A unique feature is a subhorizontal
swath of deep (>300 km) outboard earth-
quakes that extends several hundred kilome-
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ters farther to the west of the Wadati-Benioff
zone (WBZ) (19, 20). The WBZ, which
marks the trace of actively subducting litho-
sphere, is defined by an inclined zone of
seismicity connecting shallow earthquakes
near the trench with the deepest earthquakes
in the mantle (Figs. 1 and 2).

The wide extent of the outboard earth-
quakes provides a favorable configuration for
modeling high-resolution, broadband P and S
waveforms to precisely determine ¥, and V;
of the earthquake-generating (seismogenic)
material (21, 22). In the transition zone of the
mantle, seismic wave speeds are mainly a
function of temperature and petrology. In the
source region of outboard earthquakes, seis-
micity independently indicates cold tempera-
ture, a condition expected to raise both ¥}, and
V;. However, a petrologic anomaly to trigger
the outboard earthquakes could counteract
the thermal effect on wave speeds—a key
point to bear in mind.

Here, we first seek to unravel the perplex-
ing pattern of deep seismicity beneath Tonga
(Fig. 1). The data include well-determined
fault plane solutions of 1000 large- to mod-
erate-sized earthquakes (17, 20, 23—-27) and
precise locations of 6600 hypocenters (28,
29). The results are then combined with spa-
tial variations of ¥, and Vg to show that a
remnant slab lies subhorizontally above the
active, steep-dipping WBZ.

To illustrate the relation between the out-
board earthquakes and the WBZ, we examine
a sequence of 18 cross sections normal to the
trench and parallel to the direction of active
convergence. For the cross section A-A'
(Figs. 1 and 2A), a continuous band of seis-
micity, extending from near the surface to
depths close to 700 km, defines a clear WBZ
with an average dip of about 60°. In addition,
fault plane solutions for events in the WBZ
show a uniform pattern of down-dip com-
pression, with the axes of maximum com-
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pression (P axes) closely following the dip of
slab as revealed by the distribution of seis-
micity alone. Down-dip compression is a
classic pattern for deep earthquakes in all
WBZs that reach deep into the transition zone
of the mantle, reflecting increasing resistance
encountered by the actively subducting litho-
sphere (15, 30).

A group of outboard earthquakes stands
out near the northwestern end of this cross
section (point A, Fig. 1), forming a subhori-
zontal band near a depth of 500 km (Fig. 2A).
This cluster of events lies about 200 km
above the deepest end of the WBZ, making it
difficult to connect the outboard earthquakes
with the actively subducting lithosphere. This
notion is reinforced by the observation that at
a confidence level above 95%, P axes of
these outboard earthquakes lie away from the
tight grouping of down-dip compression in
the WBZ (Fig. 2A). This characteristic in
fault plane solutions also holds true for an-
other cluster of events near depths of 300 to
400 km (dashed box, Fig. 2A). In this case,
the outboard earthquakes form a dipping
band lying about 50 km above the WBZ. At

this particular location, there has been no .

seismicity in the past 35 years to connect the
two clusters of outboard earthquakes. Never-
theless, both their fault plane solutions and
spatial distributions are distinct from events

Fig. 1. Map showing
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in the WBZ (Fig. 2A).

Collectively, cross sections throughout
the Tonga subduction zone reveal the south-
ern limit of outboard earthquakes to be well
defined near 22°S (Fig. 1). Patterns in seis-
micity and fault plane solutions similar to
those depicted in Fig. 2A extend northeast-
ward for over 500 km, close to cross section
B-B’ (Fig. 1). At this location, deep seismic-
ity seems to bend sharply northwestward,
whereas the WBZ at depths above 300 km
retains its approximately planar geometry
through the entire subduction zone (Fig. 1).
In previous studies, under the assumption that
all earthquakes occur in a single, coherent
piece of slab, this is where extreme deforma-
tion must take place within the slab (17, 18,
31). In such a scenario, the amount of lateral
strain far exceeds 10%, and sharp steps must
occur along the dip (32-34).

When patterns in fault plane solutions and
seismicity of this region are examined simul-
taneously, it becomes apparent that complex
seismicity is a consequence of juxtaposing
outboard earthquakes over the WBZ. In cross
section B-B’ (Fig. 2B), a clear distinction
between outboard earthquakes and those in
the WBZ is made by using the same criterion
for down-dip compression established in Fig.
2A. Earthquakes below 500 km fall into two
groups that are spatially separated and exhibit

170°E

hypocenters of large-

different fault plane solutions, resembling the
observation at depths near 400 km along
cross section A—A’ (dashed box, Fig. 2A).

An important constraint on the nature of the
outboard earthquakes comes from the seismic
properties of the seismogenic region. We re-
cently reported three-dimensional (3D) varia-
tions of ¥, and ¥ and their relation with out-
board earthquakes south of Fiji (21, 22). On the
basis of a sequence of seismic profiles in a
fan-shot geometry, the lateral extent of anoma-
lous 7, and ¥ is constrained by comparing
results from a wide range of azimuths. This
approach uses information from triplicate P and
S arrivals that are sensitive to seismic wave
speeds at the depths of interest (Fig. 2A). Using
additional broadband seismograms recorded at
station PVC (Fig. 1), we have now extended the
observations to cover the seismogenic zone of
nearly all outboard earthquakes south of 15°S
(Figs. 1 and 3) (39).

Cold temperature, as evident from the
widespread distribution of outboard earth-
quakes, is expected to increase seismic wave
speeds (36, 37). However, in the transition
zone, prominent anomalies of fast 7, and Vg
only occur south of 22°S where no outboard
earthquakes are observed. In fact, outboard
earthquakes occur in regions where ¥, and V5
are ~3% slower than in the region immedi-
ately south of 22°S. Evidence for this seem-

180° 175°'W

to  moderate-sized
earthquakes (m, = 5)
that occurred be-
tween 1964 and 1999
in the TongaFiji region.
Contour lines mark
depths to the Wadati-
Benioff zone (WBZ),
defined by earthquakes
showing characteristic
down-dip compression
(triangles). The remain-
ing seismicity is identi-
fied as outboard earth-
quakes (solid circles),
extending nearly 1000
km farther west of the
WBZ. The dashed lines
indicate the lateral
extent of a petrologic
anomaly that accompa-
nies the outboard
earthquakes as identi-
fied from lateral varia-
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ingly counterintuitive result is strong. South
of 22°S, ¥, is fast, such that rays bottoming
within the transition zone arrive up to 2 s
ahead of shorter rays that bottom just above
the transition zone. The opposite is observed
in seismogenic zones of outboard earth-
quakes, resulting in a contrast of up to 4 s in
differential travel times for paths flanking
22°S. Thus, the effect of cold temperature in
the source region of outboard earthquakes
must have been counteracted by a petrologic
anomaly, such as compositional or mineral-
ogical variations (22).

Two leading candidates for the petrologic

REPORTS

anomaly are the presence of metastable oli-
vine (a-phase) or volatiles (38). Both will
lower seismic wave speeds in the transition
zone and could trigger deep earthquakes (39—
47). Either way, those materials must be
brought down to the transition zone by sub-
duction. It follows that outboard earthquakes
occur in a region where substantial impound-
ing of subducted material occurs, such that
conditions are favorable for the accumulation
of metastable olivine or volatiles (22).
Opverall, the outboard earthquakes have a
subhorizontal configuration (Figs. 2C and 3).
In a southwest-northeast-trending cross sec-

tion that excludes events in the WBZ (Fig.
2C), the large- to moderate-size outboard
events outline a shallow-dipping, slablike
feature. The 3D distribution of outboard
earthquakes shows the same configuration
over a large region of at least 1000 km by 500
km (Fig. 3), suggesting that the outboard
earthquakes occur in a large-scale remnant of
subducted lithosphere (48).

At the present, it appears that this remnant
slab is not attached to actively subducting
lithosphere (Fig. 2, A and B). A natural
source for the detached lithosphere would be
past subduction of the Pacific plate along the
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Fig. 2. Three cross sections showing the relation between outboard earth-
quakes (black shading in fault plane solutions) and events in the active WBZ
(gray shading). Fault plane solutions are equal-area projections of the
northern hemispheres of the focal spheres, with P and T axes plotted as solid
and open circles, respectively. The size of each fault plane solution is
proportional to M, with shaded quadrants representing compressional first
motions. Crosses show hypocenters with no fault plane solutions available.
(A) Cross section A-A’. With the same layout as in the fault plane solutions,
the large, circular inset shows orientations of P axes for all earthquakes
deeper than 300 km. For earthquakes in the WBZ (gray circles), notice the
tight grouping of P axes around the down-dip direction (paired arrows), with
a standard deviation of only 22°. All but one of the outboard earthquakes
show P axes (black circles) that fall at least 2 SDs away from this grouping,
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This pattern remains for earthquakes enclosed in the dashed box (small,
circular inset) where the outboard earthquakes are separated from the WBZ
by 50 *= 20 km. Thin, solid curves are representative ray paths used in
modeling broadband P and S waveforms recorded at stations NOUC and
PVC—the basis for establishing a petrologic anomaly associated with the
outboard earthquakes (Fig. 1). Width of the cross section is 230 km. (B) Cross
section B-B’, in a region where the trend of deepest seismicity appears to
bend sharply to the northwest. With the same criterion as in Fig. 2A,
outboard earthquakes are easily distinguished from the WBZ (circular inset).
Because of the intense seismicity at depths below 500 km, only events of m,
> 5.5 are plotted over a width of 180 km. (C) Cross section C-C’, showing
the overall configuration of outboard earthquakes by excluding events in the
WBZ. Width of the cross section is 125 km.
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Fig. 3. A 3D rendition of seismicity beneath the Tonga back-arc (with no
vertical exaggeration). For the region south of 15°S, two separate sur-
faces, representing a detached remnant of slab and the actively subduct-
ing lithosphere, are constructed from hypocenters of outboard earth-
quakes and those in the WBZ, respectively. An additional surface indi-

fossil Vitiaz trench where subduction ceased
about 5 to 8 million years ago (7, 19, 20, 32,
49). However, it would be very difficult to
unravel the detailed history of the detached
slab, because it would leave little trace in the
geologic record near the surface.

We note that the detached slab is resting
subhorizontally in the transition zone of the
mantle (Figs. 2C and 3). This configuration
may be related to the nature of the petrologic
anomaly associated with the remnant slab,
because the amount of metastable olivine or
hydrous minerals needed to reduce ¥, and ¥
by 2 to 3% is also expected to make the slab
buoyant (20, 43, 50). It follows that for meta-
stable olivine, the buoyancy of the slab is a
self-limiting process of floating and sinking
confined to the transition zone (22, 57). Such
a scenario would explain why outboard earth-
quakes occupy such a thick region over the
entire depth range of the transition zone (Fig.
20). '

In any case, all the evidence suggests
that outboard earthquakes are manifesta-
tions of a remnant slab that lies subhori-
zontally above the active, steep-dipping
WBZ. This configuration is distinct from
that of previous proposals to retain sub-
ducted lithosphere in the upper mantle,
such as impounding of material upon the
660-km discontinuity (“megalith”) (52) or
subhorizontal extension of the WBZ (53—
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55). The juxtaposition of a large-scale sub-
horizontal slab remnant and a steep-dipping
WBZ retains a large amount of subducted
material in the upper mantle. In cross-sec-
tional view, the overall length of slab in the
upper mantle exceeds 2000 km (Fig. 2A).
This conclusion provides a natural expla-
nation for the lack of a prominent slab
signature in the lower mantle along the
Tonga subduction zone.

Isotopic signatures of ocean island ba-
salts have long pointed to a primordial
component of the lower mantle that re-
mains isolated from the mixing caused by
plate tectonic cycles (56-58). The exact
location and nature of this component are a
matter of ongoing research with contradic-
tory results (13, 59). If the configuration of
remnant slabs shown in Fig. 3 has occurred
elsewhere in the past, a substantial amount
of slab material may not readily enter the
lower mantle, allowing considerable lee-
way to preserve a primordial component in
the lower mantle (60).
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A Mite Species That Consists
Entirely of Haploid Females

Andrew R. Weeks,* Frantisek Marec,? Johannes A. J. Breeuwer’

The dominance of the diploid state in higher organisms, with haploidy generally
confined to the gametic phase, has led to the perception that diploidy is favored
by selection. This view is highlighted by the fact that no known female organism
within the Metazoa exists exclusively (or even for a prolonged period) in a
haploid state. We used fluorescence microscopy and variation at nine micro-
satellite loci to show that the false spider mite, Brevipalpus phoenicis, consists
of haploid female parthenogens. We show that this reproductive anomaly is
caused by infection by an undescribed endosymbiotic bacterium, which results
in feminization of haploid genetic males.

It is commonly thought that no female organ-
ism within the Metazoa exists exclusively in
a haploid state, because selection favors dip-
loidy in higher organisms (/, 2). There are
several theories about the evolution of dip-
loidy as the dominant state, and deleterious
mutations (germline and/or somatic) are con-
sidered to be the driving force (3, 4). Yet
experimental evidence is lacking, and cur-
rently no studies on life cycle evolution have
been conducted in a higher organism.
Brevipalpus phoenicis Geijskes (Acari:
Tenuipalpidae) is a minute phytophagous
mite found throughout tropical and subtropi-
cal regions. It is polyphagous and is a major
pest of many economically important crops
such as citrus, coffee, tea, papaya, passion
fruit, and palms (5). In citrus, it acts as a
vector for citrus leprosis virus (Rhabdoviri-
dae), a disease that causes millions of dollars
of damage to the Brazilian citrus industry
each year (6). Brevipalpus phoenicis, along
with two closely related species, B. obovatus
and B. californicus, is known to reproduce by
thelytokous (obligate) parthenogenesis (7).
Rare males are found in field populations;
however, their function is not known (8). The
closest sexual relative, B. russulus, is haplo-
diploid, in which unfertilized eggs develop
into haploid males (two chromosomes)
whereas fertilized eggs develop into diploid
females (four chromosomes) (9). Haplo-dip-
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loidy is characteristic of their superfamily,
the Tetranychoidea. All three parthenogenet-
ic species have only two chromosomes in
somatic cells (Fig. 1A) (/0); however, owing
to the small size of these chromosomes and
their apparent lack of any distinguishable
morphological character, it is not known
whether this represents the haploid or diploid
state.

Although it has been proposed that B.
obovatus is a haploid parthenogen (7, 9),
convincing cytological evidence has been
lacking (11, 12). Cytological techniques us-
ing fluorescence microscopy provide an ac-
curate way to determine whether these three
species are haploid or diploid parthenogens.
We used two such techniques, as well as
genetic variation at nine microsatellite loci, to
show that B. phoenicis is indeed a haploid
female parthenogen.

Brevipalpus phoenicis females collected
from a coffee plantation at the University of
Sao Paulo, Piracicaba, Sao Paulo, Brazil,
were used to initiate five isofemale lines
(lines started with a single immature female)
from which eggs were used for the following
experiments. Using a fluorescent dye
(YOYO-1, Molecular Probes) that stains both
DNA and RNA, we visualized the nuclear
organizing region (NOR), which is present
during early prophase in mitotic divisions in
eggs of B. phoenicis (13, 14). Homologous
pairs of chromosomes will have a NOR or
NORs at exactly the same position. We found
one NOR to be present during early prophase
mitotic divisions in 2-day-old eggs (Fig. 1, B
and C) from B. phoenicis. The NOR was
found at the tip of one chromosome, with no
corresponding NOR being present on the sec-
ond chromosome.

To complement the finding of a single
NOR, we also used fluorescent in situ hybrid-
ization (FISH) to locate the ribosomal DNA
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