
mainly Ce-, Pr-, and Tb-based materials, 
in which 4 +  and 3 +  oxidation states are 
accessible. Although n o  visible lumines- 
cence was observed in any of these mate- 
rials, none of them allowed the M4+ cat- 
ion to exist in a coordination environ- 
ment where terminal M - 0  bonds exist. 
Scheelite as well as other minerals and 
synthetic materials containing high-oxi- 
dation state metal ions also luminesce by 
charge-transfer type mechanisms (7). 

T o  ascertain if there were other lumines- 
cent phases within the M 2 C e 0 4  ( M  = Ba, 
Ca,  and Mg) phase space, a triangular li- 
brary was prepared with the MZCeO4 com- 
nositions at each comer. This library was 
;repared by robotically dispensed sbl-gel 
precursors and followed by heating to 
900°C. Under 254-nm excitation (Fig. 3 ) ,  
the Sr-containing region has the brightest 
emission, and there is no appreciable lumi- 
nosity from the Ba and Me regions. Once " - 
the &able sol-gel precursors were synthe- 
sized, deposition of the library took - 15 to 
20 min. Powder x-rav diffraction of the 
individual elements cdnfirmed that no ad- 
ditional phases isotypic to Sr2Ce04  exist on 
this library. 

Although combinatorial methods might 
initially appear to be limited to substitu- 
tional variants of existine materials, this - 
work shows that unexpected structures can 
be identified. After isolation, structural and 
spectroscopic studies showed that Sr2Ce04  
possesses a phosphor structure type that 
emits light not by the usual mechanism 
originating from within the electronic 
states of a paramagnetic rare-earth site, but 
rather from a charge-transfer mechanism. 
The  identification of a material displaying a 
property (luminescence) that arises through 

Fig. 3. Photograph of a ternary M,CeO, (M = Ca, 
Sr, and Ba) library under 254-nm excitat~on. The 
Ce concentration in each element is constant, and 
the M gradient decreases linearly from the corner 
of the pure M,CeO, composition in a direction 
along the bisector of the opposite edge. Element 
map: Sr, top; Ba, lower left; and Ca, lower right. 

an unusual mechanism illustrates the possi- solved ab I ~ I ~ I O  using SIRPOW [A. Atomore et a l ,  
Acta Crystallogr A 47, 744 (1 991)l. Full-pattern Rlet- that the combinatorial can veld refinement was carried out using the program 

open in materials science. GSAS. Flna refinement converged wlth R,,,, = 
0.081 . R, = 0.059, and R, = 0.026 for 172 Indeben- 
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Frictional Melting During the Rupture of the 
1994 Bolivian Earthquake 

Hiroo Kanamori, Don L. Anderson, Thomas H. Heaton 

The source parameters of the 1994 Bolivian earthquake (magnitude M, = 8.3) suggest 
that the maximum seismic efficiency q was 0.036 and the minimum frictional stress was 
550 bars. Thus, the source process was dissipative, which is consistent with the ob- 
served slow rupture speed, only 20% of the local S-wave velocity. The amount of 
nonradiated energy produced during the Bolivian rupture was comparable to, or larger 
than, the thermal energy of the 1980 Mount St. Helens eruption and was sufficient to have 
melted a layer as thick as 31 centimeters. Once rupture was initiated, melting could 
occur, which reduces friction and promotes fault slip. 

T h e  possibility of frictional melting during 
faulting has been suggested by several inves- 
tigators (1-4). McKenzie and Brune (2)  
quantitatively investigated this problem as a 
one-dimensional heat conduction problem. 
Thev assumed that the fault surface is simul- 
tanebusly heated during slippage (that is, 
infinite rupture speed) over a finite time. 
The temperature was determined mainly by 
generation of heat (the integrated product of 
slip and frictional stress) and diffusion of 
heat (controlled by duration of the heating 
event and thermal diffusivitv). The duration , , 
of heating was determined by the driving 
stress on the fault. If the drivine stress was 

'7 

lower, the heating process was slower, allow- 
ing heat to diffuse over a larger distance away 
from the fault; this case results in less tem- 
nerature rise. Thev concluded that if the 
irictional and drivi& stresses are of the order 
of 1 kbar, melting could occur for fault slips 
as small as 1 mm. Richards (4) solved elas- 
todynamic equations for a propagating ellip- 
tical crack and estimated the frictional heat- 

Se~smological Laboratory. California lnstltute of Technol- 
ogy, Pasadena, CA 91 125, USA. 

ing rate behind a rupture front. He showed 
that if the drivine stress is 100 bars and the " 
fault particle velocity is 10 cm/s at the time 
of rupture nucleation, a temperature rise of 
about 1000°C can occur within a few sec- 
onds at a point halfway between the rupture 
front and the point of nucleation. These 
studies indicate that frictional melting can 
occur if the stresses involved in faulting are 
sufficiently high. Despite these studies, fric- 
tional melting is not generally regarded as an 
important process during earthquake faulting 
because of uncertainties in the stress levels- 
especially the magnitude of frictional stress- 
es-associated with earthouakes and uncer- 
tainties in the detailed fault-zone structures. 
Sibson 13) noted that ~roduct ion of nseudo- . , 

tachylyte (glassy material presumably formed 
by frictional melting) should take place dur- 
ing faulting, but very few faults contain pseu- 
do-tachylytes. 

The 9 June 1994 Mw = 8.3 Bolivian 
event (13.86OS, 67.54OW; depth = 637 km) 
was a large deep-focus earthquake (source 
parameters shown in Table 1). Although the 
results obtained bv different studies varv in 
detail, the values df most source parame'ters 
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agree. T h e  seismic moment was M, = 3 x 
lo2' N-m (the median of the values listed in  
Table 1).  T h e  main shock consisted of sev- 
eral discrete events. here called subevents. 
T h e  rupture area S was determined from the 
spatial spreads of all of the subevents, and 
the estimates range from 1000 to  2500 km'; 
the range in S is mainly due to  the difference 
in how the outer boundary of the  subevent 
distribution was delineated. Here we used 
the estimate obtained by Kikuchi and Kana- 
mori (5), S = 40 km x 40 km, which is close 
to the middle of the range of S listed in Table 
1. If we use only the area where the disrlace- 
ment was larger than 10 m, S can be smaller 
(15 km x 30 km) (6).  T h e  spatla1 extent of 
the aftershock area was about 50 km (7) ,  the 
same order as the  rwture  d~rnenslon estlmat- 
ed from waveform analysis. T h e  source du- 
ration was about T = 40 s. T h e  variation of 
the  rupture speed V reflects the different 
estimates of meed for different subevent 
pairs. Because the details of the rupture pat- 
tern could not be deter~nined, the rur?ture 
speed was defined by the ratio of the distance 
between the  subevents to the time difference 
l~etween them. If we define the average rup- 
ture speed by the ratio of the  total rupture 
length (about 40 km) to the rupture time 
(about 40 s), we obtain V = 1 km/s (Table 
1) .  T h e  estimated rupture speed of Chen  (8) 
was high, 3 to 3.5 km/s, because he  assumed 
that the subevents were distributed en  ech- 
elon. Here we use V = 1 km/s, which corre- 
sponds to V/p = 0.2, where P is the local 
S-wave velocity. From these parameters, the 
average fault offset is estimated to be D = 
15.6 111, and the static stress drop l o  = 1.14 
kbar (9).  

Another important source parameter is 
the  radiated wave energy E,. For shallo\v 
earthquakes, the  determination of E, is un- 
certain because of complex \lave propaga- 
tion effects, but for deep-focus earthquakes, 
it can be deter~nined relatively accurately. 
Winslo\v and Ruff ( l o )  deter~nined the  ra- 
diated energy to be E, = 5.2 x 1016 J by 
integrating the  observed velocity records. 
This value is i n  good agreement with the  
previously reported values of 3.2 X 10'" 
(1 1 )  and 5.2 X 1016 J (12).  

Another  notable feature of the  Bolivian 
earthquake is the  lack of any isotropic corn- 
ponent (net  volume change) over long pe- 
riods. T h e  isotropic component was insig- 
nificant, probably less than 2 to  496 of the  
double couple component (5, 13, 14).  This 
value corresponds to  a maxirn~lm vol~lme 
change of 7.5 x 10' to  1.5 x 10' m3, or a 
maxi~nurn fault-normal displacement of 12 
to 24 cm. 

T h e  mechanism of deep-focus earth- 
quake has been a matter of significant in- 
terest for many years. Because of the high 
pressure alld temperature in the  source re- 

gion, the  ordinary brittle failure is not  likely 
to  occur, and other mechanisms need to  be 
invoked. Recently, Green and Burnley (15)  
and Kirby et al. (16)  proposed transforma- 
tional faulting as a plausible mechanism of 
deep-focus earthquakes. In  this case, a 
phase transition triggers a rupture, but the  
main rupture occurs under the  ambient 
shear stress. Also, rupture may nucleate o n  
a weak zone established in  a slab a t  the  
surface ( 1 7) .  Here we assume that some 
triggering mechanism initiated the  Bolilvia 
earthquake and address the  question of 
what happened after the  rupture began. 

W e  first investigate the  energy budget of 
the  earthquake using only the  quantities 
determined from seismic observations. T h e  
total potential-energy (strain energy plus 
gravitational energy) change W can be 
\vritten as (18) 

where oo and o, are the  initial and the  final 
stresses o n  the  fault plane, respectively, and 
A o  = o, - o, is the  static stress drop. 

W e  define seismic efficiency q by 

where H, = o + S D  is the  fr~ctional energy 
loss during faulting and of is the  average 
frictional stress (1 9) .  Usine the  seismic mo- , , - 
rnent M, = pDS, where p. is the  rigidity, we 
can rewrite Eqs. 1 and 2 as q = p(ER/M,)/ 
( o ,  + l d 2 )  and of = 1-41 - q) (E , lM, ) l~ .  

For any physically reasonable stress re- 
lease mechanism, ol 2 Q. Wi th  this con- 
straint, an  upper bound for q is given by 

and a lower bound for of is given by 

Using ER = 5.2 X 1QI6 J (10-12), = 

1.2 Mbar, and A o  = 1.14 kbar for the  
Bolivian earthquake, we obtain qlll-lk = 

0.Q36 and o ,,,,,, = 550 bars. From 7 ,,,,, the  
lower bound of the  nonradiated energy can 
be estimated as H,,,, = K7 - ER = E R ( l  - 
7 ,,,,, ) /q  ,,,,, = 1.4 X 10'' J .  For comparison, 
the  total thermal energy released during the  
1980 eruption of Mount St.  Helens was 
about lQ1' to 10" J (20).  Although this 
amount of heat does not  significantly con- 
tribute to  the  global heat flow, it can influ- 
ence the  local thermal budget in  subduction 
zones. 

T o  estimate the overall thermal state in 
the  focal region of the  Bolivian earthquake, 
we consider the  gross energy budget. If Hf = 

ofSD is used to raise the  temperature of a 
thin layer wit11 thickness Ad, then the  tern- 
peratme increase AT over the  volume SAd 
is given by 

Table 1. S e ~ s m ~ c  moment M,, rupture area S 
source durat~on T ,  and rupture speed V of the 
1994 Bollv~ar, earthquake as  determined In varl- 
ous stud~es. The flrst moment IS from the Harvard 
CMT solut~on 

3.0 CMT 
3.0 40 X 40* 40 1 (5) 

3 0 x 5 0  40 1 t 0 2 . 6  (17) 

^The area of man energy release s even smaller -:-Area 
of m a r  energy release i M a x ~ ~ n u ~ n  rupture speed. 
$Rupture speed wthn en echelon subevents The apparent 
rupture speed s 1 to 2 km/s Total area of rupture 

if n o  melting occurs. Here, p is the  density 
and C is the  heat capacity of the bulk rock. 
If melting occurs a t  temperature T,,,, then 
C A T  should be replaced by ClT, , ,  + H + 
C L ( T  - TI,,), where AT,,, (estimated as 
600°C) is the  temperature difference be- 
tween the  melting temperature and the  am- 
bient temperature in the  slab (21) ,  C L  is the  
heat capacity for the  liquid phase, and H is 
the  latent heat. 

T h e  thickness Ad derends o n  how the  
heat is generated. If faulting occurs o n  an  
infinitesinlallv thin laver and heat diffuses 
out from tlleri, Ad will'be of the  order of the  
thermal penetration depth given by Ad = 
(k~ ' , ) '~ ' ,  where T~~ is the  time scale of fault- 
ine alld ic is the  thermal diffusivitv. If we 
ch;,ose T ~ ,  = 1Q s as a characteristic local 
time scale of faulting for the  Bolivian earth- 
quake and k = 1.35 X l op2  cm2/s, then 
Ad = 3.7 rnrn (22) .  If faulting occurs o n  a 

u 

distributed fault zone or in shear bands, I d  
can be larger. T h e  resulting A T  from Eq. 5 
is s l~own in Fig. 1. In  this computation, H 
and the  difference between C and CL are 
ignored. W e  find that melting is likely to  
occur in some region near the  fault zone if 
the  slip zone is over a thickness of less than 
31  cm (indicated by a dash-dot line at 
A T  = 600°C in Fig. 1 ) .  If the  thermal 
penetration depth, Ad = 3.7 mm, is used, 
the  local temperature rise is of the  order of 
52,0QQ°C (indicated by a dash-dot line in 
Fig. 1 ) .  Figure 1 also compares the  thermal 
energy density Hf/AdSp in the  slip zone 
\vith the  latent heat for melting, enthalpy 
for phase changes (because both are about 
the  same o n  this scale, the  range of AH for 
both is indicated by a dash-dot line a t  about 
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Fig. 1. Changes n temperature AT and enthalpy 
AH due to fr~ctonal heatng as a funct~on of the 
th~ckness of the sl~p zone Ad (u; = 550 bars and D 
= 15 6 m) The densty p = 4 g/cm3 for the depth 
of 637 km was used The value of C (1 14 J/gnC) 
used to calculate AT, and the values of AH of 
melt~ng, phase changes, and d~ssoc~at~on for 
M~,SIO, are taken from (33) 

AH = 1Q3 J/g in Fig. I ) ,  and dissociation ( to  
elements) ellergy (indicated by a dash-dot 
line at about A H  = 1.5 X lQ4 J/g in Fig. 1 )  
of Mg2Si0,. If Ad is less than a few milli- 
meters, the  available energy is sufficient to  
dissociate olivine to elements, and the  ma- 
terial will be in  a plasma-like state. 

T h e  thickness Id cannot he determined 
directly from seis~nological data, hut weak- 
ening as a result of melting is likely to 
localize deformation o n  a th in  zone, as is 
seen in pseudo-tachylytes. T h e  s~na l l  upper 
bound for the fault-normal displacement (5, 
13, 14) also suggests a fairly s i~nple  disloca- 
tion source, and a large complex volu~netric 
source is probably ruled out. Thus, Ad as 
s~na l l  as a few ~nillirneters is plausible. 

T h e  slow rupture speed V = 0.2P oh- 
served for the Bolivian earthauake is an  
independent observation that also suggests 
a dissipative rupture process. W e  discuss the  
implication of slow rupture speed using a 
s i m ~ l e  crack theorv. For Mode I11 cracks 
(anliplane shear crack), Kostrov (23) and 
Eshelhy (24) showed that the  energy flux to  
the  crack tip (energy release rate) G is 
given by 

where G *  is the  value of G c o ~ n ~ u t e d  for a 
quasi-static situation, and g(V) is a univer- 
sal function of V. Eshelhy gives 

g(V) = [ ( I  - V / P ) / ( l  + V/p)IL" (7 )  

T h e  equation G; motion for rupture prop- 
agation can be obtained by equating G to  
2y, where y is the surface energy. If y is 
independent of V, V increases from 0 to P as 
the crack length increases. Thus, the  limit- 
ing rupture speed is p, which does not fit the  
characteristics of the  Bolivian earthquake. 
However, if y increases with V as a result of 
extensive plastic defor~nation near the  crack 
tip, as experimentally demonstrated by Ro- 
sakis and Zehnder (25),  V can be signifi- 

cantly lower than the  S-wave velocity. 
In  the  above, frictional energy loss is not 

explicitly included, but during complex rup- 
ture propagation that involves large plastic 
defortnations near the  crack tip, distinction 
between surface energy and frictional ener- 
gy is not obvious, especially if rupture prop- 
agation is slip-like (26).  If we include fric- 
tional energy loss in the  surface energy (27) ,  
then the  efficiency q is given by (G'" - 
G)/G*',  and using Eqs. 6 and 7, we obtain 

T h e  exact relation bet\veen q and VIP de- 
pends o n  the  specific crack model. If lve use 
the  energy-based crack model of Mott (28) ,  
t he  kinetic energy is proportional to  V2, and 
a relation 

is inferred instead of Eq. 8. Because V/P = 

(2.2 for the  Bolivian earthquake, we obtain 
q = 0.18 and (2.04 from Eqs. 8 and 9, 
respectively. These values are consistent 
with the  low q,,,,, estimated from seisnlic 
data for the  Bolivian earthquake. 

T h e  molten layer can be very thin com- 
pared with the  di~nension of the fault plane. 
T h e n  a question may be raised as to a.het11- 
er such a th in  layer call have significant 
effects o n  slidin. friction or not. In  this - 
connection, the  effect of a thin tllolten 
layer o n  ski sliding, studied by Bowden and 
Hughes (29) ,  provides an  interesting analog 
of frictional melting during earthquake 
faulting. Boa.den and Hughes experimen- 
tally demonstrated that a sliding ski can 
produce a th in  film of water lop2 ctn thick 
or less and promote sliding with a low co- 
efficient of friction p, = 0.Q3. 

It is unclear whether the  Bolivian 
earthquake is funda~nental ly  different 
from other  dee~- focus  earthauakes. T h e  
ratio of ER to  Mo is generally low for most 
deep-focus earthquakes (10,  30 ) ,  suggest- 
ing a fairly dissipative rupture mechanism. 
However, because of the  limited resoht- 
t ion of deterlnination of source ditnen- 
sions, t h e  static stress drop and rupture 
speed for s~nal ler  deep-focus earthquakes 
are not  well-determined. No evidence for 
slow rupture speed has been found for 
o ther  deep-focus earthquakes, with the  
possible exception of the  equally large 
1970 Colotnbia earthquake (M\, = 8.2),  
for which a rupture speed of 1 to  3.2 km/s 
was suggested (31). Because of these un-  
certainties, it is unclear whether melting 
plays a major role in  other  deep-focus 
earthquakes. Deep-focus earthquakes may 
be different from event to  event (32) .  I t  is 
possible, however, that  when the  slip 

ceeds a thresholcl, melting occurs and pro- 
tnotes extensive sliding, ~vh ich  results in an  
exceptionally large deep-focus earthquake, 
such as the  1994 Bolivian event. As the 
quality and quantity of seisnlic data improve, 
the accuracy of source-parameter determina- 
tions will improve, so that we may eventu- 
ally be able to resolve this cluestion. 

For most shallow earthquakes, the  ratio 
of the  rupture speed to  the  average crustal 
S-wave velocity is about 0.7 to  0.8. Consid- 
ering the relatively low S-\lave velocity 
near the  fault zone and the  various rupture 
modes in faulting, this ratio may represent 
an  even higher ratio of rupture speed to  the  
limiting velocity (for example, Rayleigh 
wave velocity) appropriate for a given rup- 
ture mode. If the  ~ l ~ e c h a n i s ~ n  of friction for 
shallow earthquakes is sinlilar to  that of the  
Bolivian earthquake, then the  high ratio for 
shallow earthquakes may suggest a relative- 
ly nondissipative brittle rupture process, 
that is, faulting with low frictional stress. 
Resolution of this problem, honrever, re- 
quires further studies o n  the  mechanism of 
friction during seisnlic rupture. 
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A Determination of the HDO/H20 Ratio in 
Comet C/1995 01 (Hale-Bopp) 

Roland Meier,* Tobias C. Owen,* Henry E. Matthews, 
David C. Jewitt,* Dominique Bockelee-Morvan, Nicolas Biver, 

Jacques Crovisier, Daniel Gautier 

Deuterated water (HDO) was detected in comet C/1995 01 (Hale-Bopp) with the use of 
the James Clerk Maxwell Telescope on Mauna Kea, Hawaii. The inferred D/H ratio in 
Hale-Bopp's water is (3.3 ± 0.8) x 10~4 . This result is consistent with in situ measure
ments of comet P/Halley and the value found in C/1996 B2 (Hyakutake). This D/H ratio, 
higher than that in terrestrial water and more than 10 times the value for protosolar H2, 
implies that comets cannot be the only source for the oceans on Earth. 

I t is assumed that comets contain unpro
cessed matter from the earliest history of 
the solar system. To pursue this subject 
further, we measured the abundance of 
HDO in the coma of comet Hale-Bopp 
using the James Clerk Maxwell Telescope 
(JCMT) on Mauna Kea. The resulting D/H 
ratio helps define the processes leading to 
comet formation and trace the contribution 
of unmodified ice grains from the original 
interstellar cloud to various reservoirs of 
HzO throughout the solar system. 

The HDO ground-state 101-000 transi
tion at 464.92452 GHz was detected on 4.9 
April 1997 UT (universal time) (Fig. 1), 
about 5 days after Hale-Bopp passed perihe
lion (1). At the time of the observations, 
the comet was 0.917 astronomical units 
(AU) from the sun and 1.385 AU from 
Earth. We used the C2 single-channel su
perconductor-isolator-superconductor (SIS) 
receiver in a double-sideband mode, which 
convolves the two sidebands into one spec
trum. Our setup enabled simultaneous mea-
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surement of two high rotational transitions 
in methanol (CH3OH) and the HDO line 
without overlap. In the upper sideband, the 
CH3OH 92-9x A± transition at 464.835 
GHz and the HDO transition yielded line-
integrated antenna temperatures JTAdv = 
2.37 ± 0.11 and 0.64 ± 0.11 K km s_1, 
respectively. The CH3OH 112-1 lx A± line 
at 457.006 GHz was detected in the lower 
sideband and had an integrated line area of 
JTAdv = 1.71 ± 0.15 K km s"1 (2). At the 
beginning of the HDO observation, we took 
a SCUBA image of Hale-Bopp at 850 |xm 
(3). Within the typical root-mean-square 
mechanical stability of the telescope of 
±1.5 arc sec, this map allowed us to check 
our pointing. The stronger of the two 
CH3OH lines was then used to monitor our 
tracking of Hale-Bopp. To achieve contin
uous sky cancellation, we nodded the sec
ondary mirror at a rate of 1 Hz with a chop 
throw of 180 arc sec in the azimuthal direc
tion. During its peak-activity, Hale-Bopp 
was a daytime object, reaching zenith 
around noon. The solar elongation was 41°. 
JCMT is the only telescope of its class that 
is protected against direct solar irradiation 
with a membrane of woven polytetrafluoro-
ethylene (Gore-Tex), which shades the an
tenna surface. The membrane transmits 
over 80% of the incident submillimeter ra
diation but reflects most of the solar light at 
shorter wavelengths. We obtained the 
HDO spectrum during a period of excep
tionally dry weather. The zenith opacity at 

225 GHz was <0.06, which corresponds to 
a precipitable water column of about 1 mm. 

To obtain an accurate D/H ratio in wa
ter, one would ideally want to compare 
HDO with an optically thin line of the rare 
isotopic molecules H 2

l s O or H 2
1 7 0 using 

the same telescope; however, all of the 
stronger transitions of H 2

l s O and H 2
1 7 0 

are inaccessible to JCMT. Hence, we com
pared our observations with production 
rates measured elsewhere at about the same 
time. For the first week of April, a water 
production rate Q(H 2 0) = (1.0 ± 0.2) X 
1031 ; derived from OH observations 
at the Nancay radio telescope (4). An in
spection of the spatial distribution of HzO 
(5) and ground-based OH data in the near 
ultraviolet (6), however, revealed that de
rived production rates may depend on ap
erture size. Follow-up measurements of 
HDO on 5 April indicated that the absolute 
calibration of the C2 receiver was not fully 
reliable at the time of the HDO experi
ment. As a check, we compared the 
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Fig. 1. Spectrum of Hale-Bopp showing the HDO 
10 1 -000 line together with two methanol transitions 
(120 min, on and off). The CH3OH 112-11., A± 

transition originates in the lower sideband (LSB) 
(top frequency scale); all other lines belong to the 
upper sideband (USB). Because of different cali
brations of the two sidebands, the intensity of the 
line in the LSB has to be multiplied by a factor of 
1.41 (2). Each bin covers 313 kHz and is an aver
age of two adjacent channels. Antenna tempera
tures have been calibrated against internal stan
dards and pointing sources W3(OH) and N7538 
IRS1. The velocity scale for the HDO line is relative 
to the rest frame of the cometary nucleus. The 
double-peak structure of the lines is caused by the 
velocity distribution in the comet. 
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