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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 alotrg 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 (1 0). 

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- 

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 (1 1 ). 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 slab 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 (1 0, 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 "runawayn 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 &other event like 
the 1994 Bolivia earthquake. 

References 

1. C. Frohlich. Annu. Rev. Earth Planet. Sci. 17,227 
(1989). 

2. H. Kanamori et a/., Science 27S, 839 (1998). 
3. D. Lind 8t-d S. P. Sanders, The Physics of Skiing 

(Springer-Verlag, New Yo& 1996). 
4. C. Me* and R. Jeanloz, Science 252. 68 

(1991). 
5. S. H. Kirby etd., iibid., p. 216; H. W. Green and H. 

Houston. Annu. Rev. Emh Planet Sci 23. 169 
(1995); S. H. Kuby etal., Rev. Geophys. 34, 261 
(199'3). 

6. H. W .  Green'et a/., Nature348, 720 (1990); P. C. 
Burnley etal., J. Geqphys. Res. 96,425 (1991). 

7. D. A. Wiens etal., Nature 372, 540 (1994); P. Sil- 
ver et al., Science 2SS. 69 (1995). 

8. D. McKenzie and J. N. Brune, Geophys. J. R. 
Asiron. Soc. 29.65 (1972) 

9. J. G. Spray, J. Geophys. Res. 08,8053 (1993). 
10. J. J. McGuire et al., ibid. 102, 15163 (1997). 
11. D. A. Wins and H. J. Gilbert. Nature 384. 153 

(1996). 
12. D. A. W~ens, Geophys. Res. Left., in press. 
13. S. Goes et a/., ibid. 24, 1295 (1997). 

I http://chemfinder.camsoft.com/ 
Searching for a chemical co 

One solution is ChemFinder 
toot tailored for chemistry, 
by the Cambridge Soft Corp. 

University of Regina, Saskatchew 
Canada, and mirrored in nine 

Japanese science 
httpi/fuji.stanfod.edu:80NGUID 

One of the better compilation 
nks to information about science 

using computers with Japanese 

m e a d e r s  are invited to suaaest exceRent scientific I 

? n c q . o r g  6 SCIENCE VOL. 279 6 FEBRI JARY 1998 




