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chrum and other taxa from the Soom Shale of 
South Africa (19). Kaolinite has been report
ed within the shells of Carboniferous lingulid 
brachiopods, where it contrasts with the il-
litic/smectitic composition of the adjacent 
matrix; the degradation of acidic glycosami-
noglycans generated intraskeletal voids and 
mediated precipitation of clay minerals with
in them (20). Bacteria and other microorgan
isms can bind metals at their surface that, in 
turn, act as the nucleation sites for the growth 
of authigenic minerals, including Fe- and Al-
rich silicates (21, 22). The anionic cell sur
faces of bacteria that form biofilms may en
hance the fossilization potential of decaying 
leaves by binding cations such as Fe3+ (23). 
Detrital minerals can also be adsorbed on the 
surface of bacterial cells (21). Fossilized bac
teria have not been identified in association 
with Burgess Shale fossils, but this does not 
eliminate a role for microorganisms in the 
preservation process. They may not have 
been preserved, or they may have been oblit
erated during later diagenesis (15). 

The organic-walled structures recovered 
from the Burgess Shale include the sclerites of 
Wiwaxia (6), the setae of Canadia (6), and the 
"thick-walled"'[p. I l l in (7)] cuticle of Ottoia 
and gut of Eldonia. There is no doubt that decay 
resistance played an important role in the fos
silization of these structures. However, the ev
idence presented here shows that replication by 
minerals accounts for the detailed preservation 
of the more labile tissues that makes the Bur
gess Shale fossils so remarkable. 
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(3). It is desirable to determine whether rup
ture properties vary with depth and to relate 
these variations to expected processes in the 
fault zone, such as dehydration and cementa
tion of sediments, offscraping of sediments, 
increasing pressure and temperature condi
tions, variations in permeability, or phase 
transitions. 

To probe variations in physical proper
ties that may be manifested in earthquake 
behavior along the subduction zone inter
face, we used the duration of seismic ener
gy release during faulting as a proxy for 
rigidity. Rupture duration is dependent on 
rupture velocity, which is generally found 
to scale with shear wave velocity vs (4, 5). 
Rupture duration also depends on the rup
ture area and the mode of rupture, so it is 
necessary to scale results for events with 
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different seismic momeilts 
The Japan trench is an ideal location to 

study the depth dependence of interface prop- 
erties. This region experiences abundant seis- 
mic activity, with variable rupture processes 
observed for past earthquakes (6) and tsu- 
namlgenlc shallow events (7). Additionally, 
recent studies (8) have demonstrated tempo- 
rally vaiying slip rates for earthquakes on this 
interface. Earthquakes in 1992 and 1994 
showed large amounts of "slow" slip, rang- 
ing from days to 1 year after the events (8). 

We found 70 possible intei-plate thmst 
events of moment magnitude (;Mix) 5.0 to 7.7 
that occuir~d behveen 1989 and 1995 in the 
Haiu-ard CMT (Centroid Moment Tensor) 
catalog (9). An initial analysis of the cone- 
sponding earthquake duration and depth esti- 
mates from the Harvard and NEIC (National 
Earthquake Information Center) earthquake 
catalogs revealed large scatter, and we tried 
to improve estimates of both parameters by 
detailed waveform analysis. We examined 
teleseismic vertical component broadband 
records for all events and selected 40 (Fig. 1) 
for further analysis because of a high signal- 
to-noise ratio and the availability of stations 
with good azimuthal coverage (10). 

Teleseisin~c P-wave record~ngs (11) were 
used m s~multaneous waveform iilvers~ons to 
determine the source depth and source durat~on 
for each event (12) Inputs into the inversion 

ulcluded the Havard CMT focal mechan~sm, 
aznnuth between earthquake and statlon, P- 
wave veloc~ty (6.0 lun s) (13), source depth. 
and water depth above the source (est~mated 
from bathymetry data). The source depth was 
varied for each inversion, producing source 
time hc t ions  for 12 to 25 trial depths (14). The 
optimal source depth was deteimined by mini- 
mizing the misfit beheen the synthetic selsino- 
grams generated in the inversion and the real 
seismograms. The source duration was then 
estimated from the source time hnction at the 
optimal depth by measuring the width of the 
first large energy pulse (15) (Fig. 2). The raw 
duration estimates were then corrected for size 
(15). We took into account the ambiguity in 
determining the absolute minimum in misfit 
and the uncertainty in selecting the te~~nination 
of the large energy pulse in estimating our eiror 
bars on source duration and depth (16). 

The plate interface is well defined by the 
selected events at depths of >30 km, but 
there is more scatter of the events around the 
defined interface in the shallowest 30 k n ~ .  If 
\\re allow for a i. 5 lun apparent spread of the 
megatlmst surface due to lateral variations in 
dip along the strike of the plate boundaiy, 
model errors in the depth estimation, and 
uncertainty in the depth estimates, we can 
define those events that are compatible with 
megatlmst events (Fig. 3). The outliers from 
this interface may be attributable to inaccu- 
rate event locations or may include intraplate 

events on thrust faults in the accretionaiy 
wedge or within the subducting plate. No 
events occur less than 35 knl from the trench 
axis; this finding is consistent with other 
studies of interplate, events in this subduction 
zone (1 7). All events with anoinalously long- 
scaled source durations: >5 s, occur at depths 
of <20 lun (Fig. 3). Overall, there is a pro- 
gression to ruptures of shorter duration as 
depth increases. 

There is a general trend of decreasing 
source duration with depth (Fig. 4A). There 
may be a linear decrease with depth with 
large scatter, or possibly a stepwise change at 
around 20 km with large scatter at shallow 
depth, or some combination. If we assume 

uniform rupture areas for all of these mo- 
ment-scaled durations, we can infer n~pture 
velocity variations with depth, which sug- 
gests rigidity variations. Variations in rigidity 
on the fault plane could have progressive and 
stepwise depth dependence. 

Alternatively, it is possible that the rup- 
ture area varies systematically, with all 
events having equal rupture velocity. In this 
case: the static stress drop us will vary with 
depth. \Ire calculated a, for these events us- 
ing a circular crack model (18). Assuming 
that the rupture velocity is proportional to L),, 
the relation 

cr, = 7.;rM0~16v,'t3 (1) 

Fig. 1. Source locations from the 
NEIC catalog, and lower hemi- 
sphere focal mechanisms from 
the Harvard catalog, of the 40 
interplate thrust events used in 
this study. The size of the fault 
solution reflects the size of the 
event, with the largest symbol 
representing an event of M, = 
7.73 and the smallest represent- 
ing an event of M, = 5.17. 
Dashed ellipses show rupture ar- 
eas of past large earthquakes. In- 
set gives geographic location of 
study area. 
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Fig. 2. (A) Example of data and inversion results for a M, 6.95 event on 6 January 1995. Graph 
shows the residual waveform misfit for each of the 17 point source depths used for this event. The 
lowest misfit occurs at a depth of 37 km (star), with an error bar of 5 1  km. The inset shows the 
source time function for the estimated centroid depth of 37 km. The source duration for this event 
was measured to be 6 s. (B) The seismograms used for the inversion (data, solid lines; synthetic, 
dashed lines). Station abbreviations and azimuth from the source are listed. 
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can be used, where t is the determined source 
duration, Mo is the seismic moment of the 
event, and vs = 3.5 M s .  An increase in 
estimated stress drop with increasing depth 
emerges, although there is a large scatter 
(Fig. 4B). Unfortunately, there is no indepen- 
dent basis for determining the fault area of 
each event. as is needed to overcome the 
trade-off between rupture velocity and nlp- 
ture area (19). Also, we lack sufficient reso- 
lution to fully characterize the iuphlre mode 
of each event. 

The relation between source duration and 
depth (Fig. 4A) suggests variation in physical 
properties of the subduction zone interface. 
The rupture process of large earthquakes in 
this region suggests that there are in fact 
rupture velocity variations with depth, possi- 
bly with a bimodal transition near 20 lun 
depth. The 1896 Sanriku earthquake (Fig. 1) 
occui~ed near the trench and had a surface 
wave magnitude of 7.2 and a tsunami mag- 
nitude of 8.2 to 8.6 (20). Tsunami records 
from this event suggest that it had a shallo\v 
and slow rupture through low-rigidity sub- 
ducted sediments (21). Two other eai-th- 

Fig. 3. Normalized source 
duration and depth o f  each 
event as a function o f  dis- 0 
tance (measured f rom ba- 
thymetry data) f rom the Ja- -10 
pan trench. Each source du- E 
rat ion is corrected for the 5 2 0  
moment  and normalized t o  5 
a M, 6.0 event. Error bars g30 
show the depth uncertain- O 
t y  arising f rom the range 40 
in misf i t  in  the inversion. 
Dashed box encompasses 50 
those events that  define 
the  plate interface. 

quakes, the 1968 Tokachi-Oki and 1994 San- 
riku-Oki events (Fig. l), had larger seismic 
magnitudes than the 1896 event but did not 
produce unexpectedly large tsunamis for their 
sizes. These hvo events also had unusual 
iuphlres, wit11 evidence for slow initiation 
phases along the updip region of the failure 
zones before the main energy pulses. span- 
ning 20 s for the 1994 event and 30 s for the 
1968 event (22). For the 1994 event, postseis- 
mic "slo\v" slip was measured for periods up 
to 1 year, producing a greater moillent release 
than that released ill the earthquake itself (8) .  
The 1994 event had an average iupture ve- 
locity of 1.8 W s  in the shallower poition of 
the fault (>20 km depth) and 3.0 lun!s at 
greater depth (23). 

In general. the rigidity of materials in- 
creases with increasing depth in the subduc- 
tion zone. and a relatively abiupt transition in 
iupture velocity properties with depth-per- 
haps embedded within this gradual trend-is 
quite compatible with the data (Fig. 4A). 
Subducted sediments found along the inter- 
face are of lower rigidity than the rest of the 
subducting plate, and it is expected that 
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events rupturing through these sediments will 
have anomalously long durations. Sediments 
along the interface may be responsible for 
generating shallo\v tsunami earthquakes, as 
the fault ruphlres into the accretionary wedge 
or on a sediment-covered megatlmst (3). In 
the Japan trench, most sediments are being 
subducted. as evidenced by the small accre- 
tionary wedge (17). Multichannel seismic 
data suggest that these sediments are being 
subducted to at least 12 lun depth, making 
this a possible zone of weak seismic coupling 
(24). 

The presence of fluids on the interface 
will also influence shear stress and friction at 
the interface. Friction will be reduced be- 
tween the kvo plates when pore pressure is 
high. Because some water can remain trapped 
in sediinents as they are subducted, pore pres- 
sure will be important in determining the 
frictional properties along the interface. As 
subduction progresses, water at the interface 
is usually lost as a result of compaction; thus 
producing higher rigidity materials (and more 
frictional resistance) at the interface. The de- 
hydrated, indurated sediments should pro- 
duce shorter source durations. The effect may 
be gradual or abrupt, depending on the per- 
meability of the materials in the fault zone. 

Water along the interface is also related to 
phase changes that occur with depth. Low- 
rigidity smectite retains water and thus pro- 
vides weakness in the sediment-filled fault 
zone until transforming to the stronger min- 
eral illite as pressure and temperature in- 
crease with increasing depth. This transfor- 
mation was suggested to influence seismicity 
with increasing depth (25). In the Japan 
trench. studies have estimated 40 i 20% 
smectite in the subducting sediments (25). 

Plate roughness is another factor that may 
influence the depth dependence of the inter- 
face properties. When the data set is separat- 
ed into events occurring where the subduct- 
ing Pacific plate is smooth and events occur- 
ring where horst and graben structures are 
being subducted on the Pacific plate ( 6 ) ,  we 
generally see the same trend of long-duration 
events at shallow depths progressing to the 
shorter duration events at deeper depths in the 
smooth regions and only longer duration 
events shallo\ver than 20 km in the horst and 
graben regions. The lack of events deeper 
than 20 km could be due in part to the change 
in subduction geometi-y or the smaller event 
magnitude bounds of our data, but these re- 
sults suggest that plate roughness does influ- 
ence these depth-dependent properties. 
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Measurements of the Equation 
of State of Deuterium at  the 

Fluid Insulator-Metal Transition 
G. W. Collins, L. B. Da Silva, P. Celliers, D. M. Cold, M. E. Foord, 

R. J. Wallace, A. Ng, S. V. Weber, K. 5. Budil, R. Cauble* 

A high-intensity laser was used t o  shock-compress liquid deuterium t o  pressures 
from 22 t o  340 gigapascals. In this regime deuterium is predicted t o  transform 
from an insulating molecular fluid t o  an atomic metallic fluid. Shock densities 
and pressures, determined by radiography, revealed an increase in compres- 
sibility near 100 gigapascals indicative of such a transition. Velocity inter- 
ferometry measurements, obtained by reflecting a laser probe directly off the 
shock front in flight, demonstrated that deuterium shocked above 55 gigapas- 
cals has an electrical conductivity characteristic of a liquid metal and inde- 
pendently confirmed the radiography. 

Hydrogen is the si~nplest and most abundant 
element in the universe, yet at high pressure, 
it is one the illost difficult to understand. 
Ha\-ing only a single electron. it shorvs char- 
acteristics of both the group I alkalis and the 
group VII halogens ( I ) .  At low pressure, 
hydrogen isotopes are halogenous, co\-alent 
diatomic molecules that fornl insulators. 
With increasing pressure, the isotopes trans- 
form into alkali metals. Although most theo- 
ries predict <300 GPa for the insulator-metal 
transition pressure along the 0 K isotherm (2); 
static experi~nents at even higher pressures 
have not detected evidence of metallization 
(3). El-idence of high electrical conductivity 
was observed at an unexpectedly low pres- 
sure (140 GPa) at finite temperahire (3000 K) 
\vhere the isotope is in a molecular fluid 
phase (4). There is no accepted theoretical 
description of the tra~lsfoinlation of hydrogen 
from an insulator into a conducting atomic 
fluid at high pressures and high temperatures. 

The metallic transition and its effects on 
the equation of state (EOS) at pressures near 
100 GPa are integral to models of inany 
hydrogen-bearing astrophysical objects (5), 
including the Jovian planets ( 6 ) ,  extrasolar 
giant planets ( 7 ) ,  brown dwarfs (8; 9), and 
low-mass stars (10); as well as to the design 
of deuterium-tritium-burni~lg targets for iner- 
tial confi~le~ne~lt fusion (11). The phase space 
of hydrogen in the vicinity of the finite- 
temperature insulator-metal transition (Fig. 
1) is difficult to address theoretically: it is a 
dynamic; strongly correlated, partially degen- 
erate composite of HZ, H; Ht;  and electrons, 
as well as other components such as H,, 
where no simple approxi~nation is a\-ailable. 
This ~nakes reliable experimental data essen- 
tial as a guide to theory, but meaningful 
measurements on the Hugoniot (12) in this 
regime have until recently been unattainable. 
Using a high-power laser, we have accessed 
this regime by shocking liquid D, to pres- 
sures at and above the metallic transition 
where we measured the thermodynamic prop- 
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Columbia, Vancouver V6T 1Z1, BC, Canada. density as well as thennal effects. Early EOS 
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