is initiated by double-stranded breaks. One
could also imagine that recombination events
are initiated but aborted in ways that do not
leave lethal DNA lesions or even genetic evi-
dence of their previous existence. If double-
stranded breaks in flies are made by a homolog
of the yeast topoisomerase II-like Spol1 pro-
tein (9, 10), there may be reversible cleavage
of DNA. The cell might receive a signal that
recombination has been initiated but, in the
absence of a key subsequent step that is pre-
vented by mei-P22 or mei-W68, the cleaved
DNA would simply be re-ligated. In this
scenario, synaptonemal complex formation
would then depend on the signal generated
by transient double-stranded break forma-
tion, but not on recombination per se.
Moreover, the fact that the synaptone-
mal complex appears in the absence of re-
combination does not rule out the possibility
that normally the complex forms in direct re-
sponse to recombination. In meiotic mutants
the establishment of the complex might be
delayed for many hours, forming between
unrecombined but well-paired chromosomes.
Delayed complex formation between regions
that cannot undergo recombination occurs in
mice (I1), and a similar event happens in

yeast haploid cells tricked to undergo meio-
sis, even though there are no homologous
chromosomes (12). This idea is lent some
credibility by the existence of meiotic pairing
sites that might bring Drosophila chromo-
somes into alignment (2).

In riposte, a drosophilist might note that
there is already some evidence that the for-
mation of double-stranded breaks in yeast is
influenced by previous interaction of ho-
mologous sequences at “hot spots,” although
synaptonemal complex formation per se does
not seem to be required. Also, the absence of
some complex components significantly re-
duces double-stranded break formation (13).

The results of McKim et al. convince us
that the events we normally think of as re-
combination—detectable crossing over or
gene conversion—are not required to form
the synaptonemal complex in a metazoan,
even though this does seem to be the case
for yeast. Whether synaptonemal complex
formation is a prerequisite to initiate recom-
bination in higher eukaryotes remains un-
known. One may hope for a mutation in
flies that eliminates a vital synaptonemal
complex component to see whether recom-
bination is also abolished.

Most organisms likely use a combination of
recombination-dependent and recombina-
tion-independent mechanisms for homolog
recognition and pairing, as they prepare to seg-
regate their chromosomes. The reliance on
one mechanism or the other may depend on
genome complexity, the number of chromo-
somes, and the sites where recombination is
initiated. For the moment, yeast and flies seem
to be showing us two extremes.
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Sliding Skis and Slipping Faults

Douglas A. Wiens

Ohne of the first things taught in elemen-
tary physics is that friction increases with
the force applied perpendicular to a sliding
surface (the normal force). As innumerable
high school experiments with sliding
blocks attest, increasing the normal stress
increases the forces resisting block move-
ment. This property has long posed a quan-
dary for understanding deep earthquakes,
which occur as far as 670 km beneath
Earth’s surface (I). At such depths, the
crushing pressure from many kilometers of
overlying rock should hold faults locked
tight; yet, deep earthquakes are common.
Thus, some mechanism must be invoked to
either eliminate the excessive normal
stresses or explain the shear sliding without
brittle frictional behavior. On the basis of
analyses of the largest recorded deep earth-
quake, which occurred beneath Bolivia in
1994, Kanamori et al. (2) propose on page
839 of this issue that deep earthquakes may
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occur as a result of melting. They suggest
that melting during such an earthquake
forms a thin fluid layer that reduces friction
in much the same way that a thin layer of

s

e m——

Melting, slipping, and sliding. Model for faulting with
lubrication induced by frictional melting, originally de-
veloped to explain geological observations of pseudo-
tachylytes in exhumed fault zones [after Spray (9)]. As
the active slip zone moves along the fault, melting is in-
duced by friction. If rupture propagation is slow, some
melt may be injected ahead of the main slip zone, per-
haps facilitating crack propagation. Kanamori et al. (2)
propose that a similar model may explain large deep

earthquakes such as the 1994 Bolivia event.

water reduces the friction between a ski and
the underlying snow (3).

There are several other ways to explain
the shear motion associated with deep
earthquakes in the presence of large confin-
ing pressures. Friction along an interface
may be reduced or eliminated if a fluid is
present at a pressure near the confining
pressure. This mechanism is thought to
weaken shallow faults and may provide a
mechanism for deep earthquakes if water
can be carried to such depths within hy-
drous minerals (4). Another pro-
posal, transformational faulting, sug-
gests that deep earthquakes are asso-
ciated with solid-state phase transi-
tions to denser phases of olivine (5).
Laboratory experiments suggest that
when such transitions have been ki-
netically inhibited, the metastable
transformations occur suddenly and
can be accompanied by shear dislo-
cations (6). However, the fault
widths of recent large deep earth-
quakes seem to be too large to be ac-
commodated within the metastable
olivine material (7).

Kanamori et al. (2) note that the
Bolivia earthquake had several un-
usual properties, including a very slow
rupture velocity, high stress drop, and
a low ratio of radiated seismic energy
to total strain energy (seismic effi-
ciency). The high stress drop indi-
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cates that a lot of heat was produced (8),
which would have been sufficient to gener-
ate melt if the width of the slipping zone was
narrow (less than 30 cm). In addition, the
source process was highly dissipative, indi-
cating that little of the available energy was
radiated seismically and suggesting that
much of the energy may have been used in
melting material near the fault.

The details of the melting model are
speculative, in that the width of the slip re-
gion cannot be determined from seismic
analysis and is thus unconstrained. In addi-
tion, no specific mechanical model by
which the melt promotes crack growth has
been proposed. Models that have been pro-
posed to explain melting in shallow faults
that are observed geologically (pseudo-
tachylytes) offer a possible analog. In one
such model (see figure), a zone of frictional
melt production moves with the rupture
front along the fault (9). Melt covers the
fault within the slip region, thus providing
lubrication that facilitates slip. Melt injec-
tion under high pressure may also occur
ahead of the melt zone, facilitating crack
propagation through the medium. Melt pro-
duction tends to reduce friction along the
fault, but this action will then reduce the
production of melt. In this way, an equilib-
rium between friction, melt production, and
melt lubrication may be reached, allowing
the fault to propagate smoothly.

Another major question is what initiates
the crack propagation that grows into the
large earthquake rupture. Melt can only lu-
bricate the fault after it is produced by fric-
tion along an already slipping interface, so
the melting model makes no statement
about what type of instability creates the
initial slip. One possibility is that transfor-
mational faulting initiates the rupture,
which then propagates through the melt-
ing mechanism proposed by Kanamori et
al. If true, the melting mechanism may ex-
plain why the fault widths of the largest
deep earthquakes are incompatible with
the transformational faulting mechanism
and also suggests why other large deep
earthquakes can propagate outside of the
Wadati-Benioff zone formed by smaller
earthquakes (10).

A melting model for deep-earthquake
fault propagation may also help to explain
growing evidence that the deep-earthquake
rupture process is fundamentally tempera-
ture sensitive in a way that shallow earth-
quakes are not. For example, deep earth-
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quakes show much different magnitude-fre-
quency relations and aftershock production
in different subduction zones, with warmer
slabs showing much lower occurrence rates
for small earthquakes and very few after-
shocks (11). In addition, there is some evi-
dence that the rupture parameters of the
largest deep earthquakes are also correlated
with slab temperatures (12). Melt-assisted
faulting would presumably be sensitive to
the temperature of the slab material and
may operate well only in warmer slabs such
as South America.

It is not clear whether this proposal
can explain all deep earthquakes. The
very characteristics that suggest melting
for the Bolivia earthquake—the high
stress drop, low rupture velocity, and low
seismic efficiency—are actually the char-
acteristics that make it seem most anoma-
lous. For example, both of the other re-
cent large deep earthquakes (1994 Tonga
and 1996 Flores Sea) show lower stress
drop, higher rupture velocity, and higher
seismic efficiency (10, 12, 13).

Therefore, the melting model of Kanamori
et al. may only be applicable to the largest
deep earthquakes, a group that includes the
1954 Spanish deep earthquake and the 1970
Colombia event, in addition to the 1994
Bolivia earthquake. These earthquakes
seem to occur only in regions without
smaller earthquakes, suggesting that tem-
peratures there may be too hot for the
nucleation of typical earthquakes, and that
a melting “runaway” effect may result in
great earthquakes once shear failure is initi-
ated. Ideally, we would like to observe a
larger number of these events to clarify the
true nature of these unusual earthquakes.
Unfortunately, these isolated, exceptionally
large earthquakes are very rare, and seis-
mologists will probably be kept waiting for
years, if not decades, for another event like

the 1994 Bolivia earthquake.
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Molecular search engine
http://chemfinder.camsoft.com/

Searching for a chemical com-
pound on the Web can be frustrating,
especially when the general purpose
search engines return thousands of
hits; varying in quality and usefulness.
One solution is ChemFinder, a search
tool tailored for chemistry, operated
by the Cambridge Soft Corp. In addi-
tion to providing searchable access,
the site offers information not avail-
able with the general-purpose engines,
such as structural data and physical
properties. ChemFinder also includes
an indexed list of other Web sites, and
a glossary of chemical terms.

Botany online
http://herb.biol.uregina.ca/liu/bio/
idb.shtml

The Internet Directory for Botany
(IDB) online is an immense collection
of links and information about all as-
pects of the plant kingdom, arranged
in an easily navigable and searchable
form. Links are given to arboreta, her-
baria, botantical gardens, and univer-
sity botany and biology departments.
Checklists of flora, taxonomic data-
bases, and image collections are gath-
ered here too. The result of an interna-
tional effort, the IDB is hosted at the
University of Regina, Saskatchewan,
Canada, and mirrored in nine other
countries.

Japanese science
http://fuji.stanford.edu:80/JGUIDE/
jguide.html

One of the better compilations of
links to information about science and
technology in Japan can be found at
Stanford University. There are copi-
ous lists of university, corporate R&D,
and government laboratory Web sites,
along with pointers to scholarly soci-
eties and research groups such as the
Japan Technology Evaluation Center
at Loyola University. Other resource
pages at the site provide information
about using computers with Japanese
language software.

Edited by David Voss

Readers are invited to suggest excellent scientific
Web sites by e-mail to editors@aaas.org.
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