
17. Tlie concentraton of NO, IS estmated frorm the olio- 
tochern~cal steac1)state reaton ~nbolbng tlie leac- 
t on  v'!~tli Gi ancl pliotol)s~s as 

vhere brackets denote concentraton, kyc, IS the 
reacton rare coefiicent of 0, ;'!~tli NO, ar7a J N ~ ?  

is tlie pliotolysis rate coeff~cent of NO, to NO ( 7  ' I  

T l is assumption can be made because the solar 
zenth angle IS lo;'! (55') and the pLlme age exceeds 
a fevi nnutes  The reacton oi NO + CIO does ,lot 
con:rbute n Eq 3 beca~rse C O  reacts ~'11th NO, to 
torrn CIONO, v'!ith~n a tevi minutes n tlie pl~rlne 

18 D J. Hofmarin and J bl Rosen, Geop!l)S Res Lett 
5, 51 1 (19781 

19. M 9 W~lliams, n "Procced~ngs ot the Second Con- 
ference on the Cl~~mat~c rmpact Assessment Pro- 
gram," DOTTSC-OST-73-4. A J 8rocler1ck. Ed 
(Nat~onal Techn~cal nformat~on Ser.!~ce Spr~ngf~eld. 
VA. ; 973) 

20 E A Br~ ln .  Coqrie o'Eic,oes SL:, ies Co.isey:ie.ices 
des Vois Siratospll8rq~1es COVOS) Act:v:ies 
'972-7975 (Soc~ete ~eteoroog lque cle France. 
Bo~rlogne 19773 

21 P C bllake-lye eiai . .  J Alrct 30. L57 ,199; I 

22 F Arnolcl, J Sche,d, Th S t p .  H Sclilager. M E 
Pe~nharclt, Geopiiys Res Lei i  19, 2421 $1 992) 

23 T Hansco eta!, n preparaton 
2L In tlie lovier stratosphere, the ratlo of HG, to OH s 

approxnatecl bv 

[HG21 k;b.o [G-] 
- - 
[OH] I<,, .iro[NG] + lito [GL] (4) 

;'!liere n are assoc~ated rate constants (271. By EU L,  
tlie large decrease in HOi in the p i ~ r ~ n e  IS q~ lant ta-  
tbe)  cons~stcnt ' ~ t h  the large NO baues n the plume 
ancl G3 ,values that arc unchanged from backgrouncl 
\/slues 

25 J Zhao ancl P P Turco, J Aeroso:Sc:, 111 press, 9 
P TLIICO et a; , J Aupi :Aeieoroi 19, 78 $1 980). P C 
Make-Lve, R C Brov/n M 9 Anderson, C E Kob.  
paper presented at iqoac i  ofEm:ssro~~s fro? A:i.ct.a~? 
ail0 Soacecraft upon the Airnosonere, Deutsche 
Forsch~rngsanstalt f~rr  Luf-uncl Raumfali-i, Kcln, 
German), 18 to 23 Apr~l 1994. 

2E. In acldton to tlie CN counter a par tce  spectrome- 
ter probe aboard tihe EP-2 measbred the concentra- 
t ~on  of partces oetween 0.08 and 2 p.m n ciameter. 
Tl i~s ns t r~~rnent  shoviecl no response dur~ng the 
p l ~ m e  encounters ndca tny  that part~cles cletected 
15) the CN counter were srmaler than 0.08 WIT. 

27. P O il'ennoera er hi. . Scrence 266 398 (19941 
28 F. Selbard, ancl J H. Se~nfeld J Coibjd. 1,-teiface 

Sc: 78. 485 $1 980) 
29 The aerosol slze clstr~but~on orocluced l.v the Con- 

corde purne coagulation model for a g\/en plume 
age IFg 4) s ass~rmed to nstantaneo~rsy mlx . i t0  a 
,!ol~rne representinc tlie stratosphere poeviard o+ 
20'N and f r o ~ r  12 to 20 km n a t tude Tlie pa-ice 
nurmber n the box bourne IS scaled to match partce 
erm~ss~ons for the expected HSCT stratosplier~c f ~ r e ~  
Llsage 70 x 10"g year i2. 8). and Includes a 
steady-state backgro~nd aerosol Tlie stead)-state 
aerosol .mass enhancement, fro,ii the i n p ~ ~ t  ot air- 
craft-emtted s ~ l f ~ r r  and the 1-yea8 remo~~al  t ~me  rs- 
s ~ l t n g  frorii transport, IS 4 x 10 " kg m ", ap- 
proxrately equal to the non~olcanic backgro~~nd 
aerosol mass oadng. 

33. C. Y. V/e~sensten. M. K. '$'I!, Yo, J. M Rodriguez, 
N.-D. Sze, J. Geoonrs. Res. 98 231 33 (1 9931, 

31 J. C lfililson e i  a;. , Sc1et;ce 261 11 40 (1 993) 
32 P. J Salas.fii~tch e i  ai . 1h10' , p. : 1 4  
33. P N e ~ ~ m a n ,  pr~bate comm~~nca t~on .  
3L K. P. Chan, S S Scort 7 .  P B ~ I .  S, iL'. Bovien. J 

Dab, J Geopbjs. Pes. 94, 1 1573 (1 9891. 
35. D. LL'. Fahey e: a1 . rbrd., p ' 1299. 
36 R S. Gao et ai. lulo. 99 20673 (1 994) 
37. C. P 'Nebster e i  ai  SCIPIJC~ 261 . 11 3b (1 993) 
38 K K K e y  eta,. J. Geoonys. Res. 94, 1131 7 i19891. 
39 J C VJllson, J. H Hyun E. D. Blacksnea:, rbrd 88. 

6781 (1983i 
40 M Lsevienstein, J Fc. Podolske. K. P C:ian. S E. 

Strahan, rbrd. 94 11589 11989) 
il M H. Profltt et ai , :b:o , p 165L7 
i 2  Exper.nen:s ~ r s n g  the Concorde engne were per- 

fornecl n a Britsli hgli-alt~tucle test cell at tlie Na- 
tonal Gas Turiine Estabshnei t  n P)estock. Eli- 
gancl, for tlie folowng conditons Mach 1.95, 15.4 
to 16.5 km 227 K, stratosplier~c water vapor ~CILIIII- 

alent, and f ~ r e  f l o ' ~  of ' 5 kg s Tliese 8-esults ancl 
theoretca calc~rlatlons are pad of tlie U.S C~rmatc 
Impact Assessrlient Program iCPP) (70) 

L3 Exper~ments were concl~rcted on the Glvmp~rs 593 
Mk 602 (uroduct~on \ /erson engne 1.7 a hgl i -al t t~rne 
test cell at tlie French Centre cl'Essals cles Prop~ll- 
scurs de Sacav of tlie Societe Natonale cl'Et~rde et 
de Constructon de Mo te~~ rs  cI'A\fliaton tor tlie f o o w -  
n g  concl~t~ons blach 2 0, 16 2 k ~ n ,  222 K, strato- 
spheric v/ater ,vapor equ,!aen!, ancl fuel flov'! of 1 6 
kg s - '  Tliese res~rlts are part of COVOS (20) 

14. We apprecate the eftorts of pilots J Barrlea~rx of 
NASA ancl F. Pude of A r  France n acqLrlrng thls data 
set, Aerospace i~ re l s  Laboratory of tlie U S A I ~  
Force n analyzng the tue samples J A. Eers. M 
Cra~g, P l\il Stmpfe, ancl M. H Prof~ t t  for CIO ancl 
0 a data: D K lfilesensten ancl B blasse for helpf~rl 
djsc~~sslons, ancl rnany othe8-s ~n France ancl Ne;'! 
Zeaancl for gro~rncl support operatons K A B, ac- 
kno;'!ledges the support of a Global Change Ds tn -  
g~risliecl Postdocto8-a Fellovisli~p frolii the U S De- 
pa-iment of Energ) The H~gh-Speed Researcli and 
Upper Atmosphere Research progralns of NASA 
liawe Supported t hs  research 

28 A p r  1995, accepted 26 July 1995 

P'P' Precursors Under Africa: Evidence for 
Mid-Mantle Reflectors 

Yves Le Stunff," Charles W. Wicks Jr. ,-t Barbara Romanowicz 

Observations of precursors to P'P' from a recent exceptionally large deep earthquake in 
the Fiji Islands (moment magnitude = 7.6) at an array of broadband stations in California 
revealed mid-mantle reflectors near depths of 785 kilometers and 1200 kilometers under 
the southern African rift. Such observations, previously reported primarily in subduction 
zones, suggest that these reflectors may have a global character. Our analysis, which also 
indicated a sharp, uplifted 670-kilometer discontinuity, demonstrates the power of sparse 
regional broadband arrays for the study of weak, frequency-dependent features in deep- 
Earth structure. 

Se\.eral  st~idies arniind 1970 s~igqe-ted the 
existence of steep v e l o c ~ t ~  graci~ents or iiis- 
contini~it ies a t  various depths In the Earrh's 
mantle (839 km. 990 Itm, aliii 1209 km)  
and in \.arioils regions (1-3), I.ut reference 
global Earth nloclels de\,elopecl since the  
1970s 11al.e not  h i n d  a colilpelli~lg need tor 
any of them. More recently. contra-ts in 
seisniic velocity cor impedance have l3ee11 
iiiellrifiecl near s i ~ ~ d i ~ c t i o n  zones at  cleptlis 
of 909 km (4 -6 )  and 1299 kni ( 6 ) .  Tlie 
ohservat~on of precursors to PKPI'KP (1°F") 
has allon.ed ~nve-tigarion of lnantle dlscon- 
r in i~ i r~es  of regions like Antarctica ,ind rlie 
miii-Inclian Ocean riiige \\-it11 some success 
( 2 ,  7, d ) ,  biit so far continents lia\.e heen 
poorly sampleci. T h e  array-proces>lng tech- 
n iq~ies  appear to he the  Ixst for the detec- 
tion of thew phases (9-1 I ) ;  they enahle iis 
to siippress aml3ient noise and properly es- 
tmiate the  slon.ness of the s e i s ~ n ~ c  phases. 

On 9 X~larcli 1994% a deep earthq~lake 
occurreil in rlie FIJI i-laniia [laririiile, 
- 18.Q39; longitiide, - 17S.411; iiepth. 563 
km; orlgin time, 23:25:96.7; moment mag- 
~iiruile (hi,,), 7.61, tlie largeit in thi- region 
since the iieplovmenr of nen. :eneration 
l~roaiihancl \ratii)ns norliinicle. This el,enr 
lvas recorcied on 22 l>roadband stations in 

Seisrmogra;:nc Staton and Depa-iriient of Geology ancl 
Geopllyscs. Clnberst) of Caforna at Berkeev, Berke- 
ley CA 93723 USA 

'To ;'!horn corresponclence sno~,lcl be adc~ressecl 
1 Present address, 111st1:ut firr Geophysik D-37075 Got- 
:ngen, Germany 

California (Fig. 1A). Tlie location of tlie 
silrface boiunce points of P 'P '  follox- a 
~ i o r t l i e a s t - s o ~ ~ t l l ~ ~ ~ e s r  trend soi~tli  of Lake 
Tanganr.llca 111 a region myhere the  Afl-ican 
Rift is hending In a southeastern direction 
t i ~ ~ v a r d  the  Lalce XlalaLvi reglon (Fig. I R ) .  
W e  now iiemonstrare the  potential of the  
sparse hroailhand net~vork to cierect anci 
cliaracrer~ze. in a \vide t;-ecji~etlc\~ \?and, 
~veak  phase5 silcli as precursors to 1"I" and 
ident~fy clisconrlnu~ties in the mantle. LVe 
ilse obser\-arlons of the same event on the 
ilen-e California -hurt-perloci arrays (Fig. 
1.4) [Northern Callfornm Se l sm~c  Network 
( N C S N )  and Soilthern California Seislliic 
Ne ta~ork  ( S C S N ) ]  to clieclc tlie validltv of 
the  hi-i>aiibanil ol~servatliins in the common 
freq~lency band (0.2 to 5 HI).  

P 'P '  Ilrecur\ors have previou-ly l ~ e e n  oh- 
ser\.eii at  eplcentral ilistances of -79" for 
~vl i ich  P 'P '  ilsually ha; high a~ i l~ l i r i i de  civ- 
ell the temporal p ros~mi ty  i>f c~ r r~ \ - a l s  of 
different core 'ranches. Qiir station- lie in a 
rallgti from 76.4" to abo i~ t  8d.2" where (~nl \ i  
tlie DF branch (which t r a x l s  throi~gh the 
Inner core) is expecr4d PC, he seen. A- oiir 
ray tracing experiments ciemonstrate (Fig. 
2 ) ,  thi, is ,111 ideal distalice range to look for 
iilalitle Ji\continiiities a t  iiepth- of 659 rc 
1 100 km. 

W e  $tack the I~roaiihand (RR) anil the 
short !.erioii (SP)  arrays using three differ- 
ent  l~ani i l~ass  filters: 3.5 to 12 \ ,  2.5 to 4 s, 
and 1.5 to 3 s (Fig. 3 ) .  In  the bandpass 1.5 
to 11. s for the RR stack (Flg. 3A), there are 
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two main energy arrivals, at about 245 s and 
180 s before P'P'. We  have tried to explain 
these phases in terms of standard phases 
(like PcPPKP or SKKP), but none of our 
ray-tracing experiments was successful in 
matching slowness or arrival time. P'P' pre- 
cursors reflected at a depth of about 1180 
k m  and 785 k m  match the arrival times as 
well as the observed differential slownesses 
(1.3 s per degree for the first arrival, mainly 
BC branch, and 2.0 s per degree for the 
second one, mainly AB and BC branches) 
(Fig. 2B). In the SP stack for the same 
frequency band (Fig. 3D), one single phase 
is clear and common to both stackings: the 
P1785P' phase. A comparison of spectral 

- 

32:\i40 - 1 i z o  -1i00 - 1 i w  -1160 ' 
Longitude 

Fig. 1. (A) Geographical distribution of recording 
stations. Circles are BB stations (1 1 Berkeley Dig- 
ital Seismic Network and 11 TERRAscope sta- 
tions). Dots are 342 SP stations of the SCSN and 
NCSN. The SP arrays have previously been used 
for P'P' precursor studies (13). (B) Source-receiv- 
er geometry. The enlarged plot shows surface 
bounce points near the southeastern extension of 
the African Rift. Corresponding names of BB sta- 
tions in California are indicated. 

amplitudes of linear stacks shows (Fig. 4) 
that no  signal is recorded o n  the SP instru- 
ments above 5 s, providing a possible expla- 
nation why the 1180-km reflection cannot 
be seen on the SP stack. At slightly higher 
frequency (Fig. 3B), the main phase appears 
about 149 s before the main P'P' arrival. 
The differential slowness suggests that this 

arrival corresponds to the DF branch of a 
precursor reflected at a depth of 655 km. 
For this depth, this is the main expected 
phase (Fig. 2B). In this frequency range, 
there i s  again energy arriving about 180 s 
before the main ohase (P1785P') wi th a 
slowness comparaile to  ;hat at lower fre- 
quency (Fig. 3A). Lit t le energy i s  seen at 

B-5 . . . . 
-4 P'P' , . 

; ;  A 

Bounce point depth (km) 

Fig. 2. Ray-tracing experiments for a 563-km- :;I -1 dl/ . , 
deep earthquake for different bouncing depths. . . 
IASP91 model (17) is used. (A) AB-BC caustic 140 120 100 80 60 40 20 
(focal distance) for a given P'P' precursor reflec- Epicentrai distance (degrees) 

tion depth. The two horizontal lines indicate the epicentral range of this study. Vertical dashes correspond 
to mantle discontinuities. The caustic area is reached for P'P' precursors bouncing between 670 and 
1070 km; even if the reflection coefficient is small, precursors may be observablefor deep discontinuities. 
(B) Slowness ($degree) as a function of epicentral distance (degrees) for three different bounce point 
depths. Names of different branches are marked on the top panels of each plot. Vertical lines indicate the 
distance range of our observations. Discontinuities above 600 km (like the 400-km discontinuity) would 
be difficult to observe unless their reflection coefficients are particularly high. 

Fia. 3. Stackina results " ~ -  -~~ u ~- - 

for a time window from 
270 to 50 s before P'P', 
using a nonlinear 3rd- 
root stacking method 
(35). BB stacks are on 
the left (A to C) and SP 
stacks are on the right (D 3 '- I .-.? ; mi: . - .a 

X l U ~ "  X l U ~ .  
to F). The square of am- $ -3 
plitude is plotted as a m 
function of time (s) and Z'' 
slowness ($degree) rel- -1 
ative to the arrival of P'P' 
across the array. Vertical O 
color bars indicate the 1 - l)r9 
ratio of the maximum 
precursor stacked am- a plitude to maximum P'P' 
stacked amplitude. Data 
are bandpass-filtered 
between 3.5 to 12 s (A 0 
and D), 2.5to4 s(Band 1 I0 
E), and 1.5 to 3 s (C and 
F). All traces are first 
aligned and normalized 

250 200 150 100 250 200 150 100 
Time betore P'P' (s) 

with respect to the P'P' phase. Bars on thex axis indicate theoretical arrival times for precusors (from left 
to right: 1180 km, 785 km, 655 km, and 400 km). The stacks are exceptionally clean in the interval 
between 400 and 50 s before P'P'. The ratio obtained through stacking 342 SP stations is about 
one-third lower than with the BB stations (36), which is not the case with linear stacking. No energy arrival 
is seen near the theoretical arrival corresponding to a reflector of -670 km, in either stack, for the 
low-frequency window (A and D). No significant energy is observed in any of the frequency bands from a 
discontinuity near 400 km, in agreement with what is predicted from Fig. 2. This absence may be also 
explained by topography on this discontinuity (1 1). 
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-245 s before P'P', indicating a frequency 
dependence of the phase P'1 180Pr observed 
in Fig. 3A. The SP stack (Fig. 3E) is com- 
parable to the BB stack. 

In the period range 1.5 to 3 s (Fig. 3, C 
and F), the P'655Pt arrival, 149 s before 
P'P', is the dominant phase. This observa- 
tion confirms that this event is ~articularlv 
energetic and that the source-array geome- 
try is highly favorable. Little energy is seen 
at -245 s and 180 s. 

The frequency dependence of the ob- 
served energy arrivals may indicate that 
the corresponding mid-mantle reflectors 
have some topography or variations in 
thickness ( I  1 )'. To investigate this further, 
we e rou~ed  our stations in different clus- 
tersvand looked in the highest frequency 
range (1.5 to 3 s) for possible energy ar- 
rivals at -250 s. We found a regional 
clustering following a roughly north-south 
trend (Fig. 5) with consistent, clear energy 
arrivals. The most characteristic feature is 
a variation, for BB and SP stacks, in ar- 
rival times with clustering for the 1180- 
km reflected ~hases  (UD to 6 s between . A 

cluster 1 and cluster 3), implying a varia- 
tion of the reflector depth (of 30 km). 
This variation is not observed for the 655- 
precursor and is therefore difficult to ex- 
plain in terms of varying near-station or 
surface bounce-point effects. The 785-pre- 
cursor is not observed at this freauencv. 
The energy arrivals have a slowness that 
differs by 1.3 s per degree from the obser- 
vation at lower frequency, where another 
branch (BC) was observed (Fig. 2B). We 
estimate that a dip of 4" to 6' on the 
interface (to northwest, that is, in the 
direction of the azimuthal plane) could 
result in this shift in apparent differential 
slowness (the BC branch being reflected 
as a DF branch at the interface). This dip 
corresponds to 30 km of topographic vari- 

Period (s) 

Fig. 4. Amplitude spectra for SP (dashed line) and 
BB (solid line) linear stacks bandpassed between 
3.5 and 12 s (compare Fig. 3, A and D). No energy 
is detected by SP instruments above 5 s, whereas 
the BB signal has a broader frequency content. 
This may explain the absence of the P11180P' 
phase in the SP stacks. The spectra of these in- 
struments are comparable in the other frequency 
windows of Fig. 3. 

ation in a distance of 400 km. essentiallv 
the same variation inferred from the trav- 
el-time differences shown in Fie. 5. 

v 

The BB complete stacks show an unex- 
pected observation of the 670-km discon- 
tinuity. It is observed in the range 1.5 to 3 
s, implying a sharp discontinuity [less than 
5 km (12)] in agreement with other SP 
observations (10, 13). The fact that ener- 
gy is not observed in the lowest frequency 
range implies a more complicated zone, in 
which a s h a r ~  discontinuitv mieht be as- , " 
sociated with a high-velocity gradient 
zone (14-1 6) (creating low-frequency de- 
structive interference) or where large- 
scale topography implies defocusing of the 
waves ( I  I). The clustering experiment 
suggests, however, no significant local to- 
pography. The estimated depth (655 km) 
is obtained with the radially symmetric 
IASP91 model (17). However, lower than 
average velocities in the uppermost man- 
tle may exist under south central Africa, as 
indicated by arguments in favor of a rift 
continuation in this region, on the basis of 
seismicity (18, 19) and heatflow measure- 
ments (20). Recent tomography models 
also display a slower than average mantle 
in the topmost 300 km in this area (21). 
Therefore, an actual depth as shallow as 
650 to 645 km is not excluded, in agree- 
ment with results by Shearer and Masters 
(22), although these authors had poor res- 
olution in this region. Given the negative 
Clapeyron slope of the 670-km disconti- 
nuity (23), this result would imply a hotter 
than average mantle in the region of our 
bounce points. 

It is unlikely that the energy arrivals, 
interpreted as Pr785P' and P'1 180Pt, would 

be due to scatterers near the core mantle 
boundary, given their early arrival times in 
front of the main P'P' ~ h a s e  and the size of 
the array (24). The friquency dependence 
of the 785-km reflector suggests that the 
reflector is rather sharp and has a maximum 
thickness of 7 to 10 km. The nature of this 
reflector is not clear. It could be related to 
observations in the same depth range in 
other regions, such as in the northeastern 
Pacific, near 830 km (I) .  More recently, 
Petersen et al. (5) have observed S-wave . , 
impedance contrasts and Kawakatsu and 
Niu (4) have observed S-wave velocity con- 
trasts at depths of -900 km in subduction 
zones. Relatively large depth differences 
(-50 km) are apparent in adjacent areas 
(4, 6), implying significant topography. 
The region of study could be the site of hot 
upwellings, possibly related to the "great 
south African plume" (25), seen as a broad 
zone of very low velocities in the lowermost 
mantle in recent tomographic models (26- 
28). The uplifted "900 km discontinuity" 
described here would then indicate a 
strongly negative Clapeyron slope, if it is a 
phase change (29). 

The deepest reflector seems rather com- 
plicated. Low-frequency observations imply 
a maximum thickness of 20 to 25 km. The 
fact that, at higher frequencies, this reflec- 
tor is seen on subarravs but not on com~lete 
stacks, is an indication of a complex struc- 
ture with some sharp features. It is possible 
that the absence of high frequencies on the 
complete stacks is due to defocusing of en- 
ergy caused by a dipping interface or that 
we are looking at a zone of random reflec- 
tors or scatterers. The similaritv of the 
depth range of these reflectors with obser- 

Fig. 5. Regional stacks for three 
clusters of stations, in the highest 
frequency range of Fig. 3 (1.5 to 3 
s) for time windows from 265 to 
235 s. The first column shows the 
different clusters, the second and 
third columns, the corresponding 
BB and SP stacks, respectively. 
Although the stacks are noisier 
than in Fig. 3 for the BB stations 
(because fewer stations are used 
in each of them), they do show 
consistent main anivals between 
300 and 50 s before the P'P' ar- 
rival. Vertical bars indicate theo- 
retical arrival times for precursors. 
Arrows indicate arrivals identified 
as corresponding to P'1180P'. 
The amplitude varies as a function 
of the number of stations because 
of the nonlinearity of the stack. 
This is seen when comparing BB 
and SP stacks, but also SP 
stacks for C1 and C3 where 1 108 
and 35 stations, respectively, are 
used. BB and SP stacks are sim- nmo bdol. P'P' (s) 

ilar. No time variation is observed for the 655-precursor. The 785-precursor is not consistently seen. 
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vations of a discontinuity near 1150 km in 
subduction areas [ (3 ,  6 ) ,  for example] indi- 
cates that this may be a global feature o t  yet 
unknou.n nature. 

T h e  observation of reflectors at mid- 
luantle iiepths comparable to those in sub- 
duction zones, hut in a different environ- 
ment,  i~ldicates that a search for yet un- 
identitied nlineral asse~nblages o t  global 
significance may he ~\.orthn.hile. Recent ex- 
periments have shown the possihle exis- 
tence of phase transitions a t  lower mantle 
conditions: orthorhomhic-to-c~113ic silicate 
perovskite (3d)  and rutlle SiOz to CaClz  
structure ( 3  1 ) .  T h e  role ancl proportions of 
volatiles such as water or carbon dioxide in 
the lllantle remain largely unknown and 
co~ l ld  he o t  importance (32) .  

Additional seismic observations with 
the  great resolving power of BB arrays 
should help answer the question o t  the 
global character of our observations. 

REFERENCES AND NOTES 

1 L R. Johnson, B~i l l .  Seisi-riol. Soc. Am 5 9  973 
(1 969). 

2. J. H. Whltcomb and D. L. Anderson, J. Geophys. 
Res. 75 571 3 (19703. 

3 L. P Vinnlk, A. A. Lukk, A. V. NlkoIae?i, Phys. Ear?h 
Planet. Inter 5, 328 (1 972). 

4. H. Kawakatsu and F. Niu /Vatlire 371, 301 (19941. 
5. N. Petersen, J Gossler, R.  Kind, K. Stammler L 

Vlnnk, Geophys Res. Lett 20, 281 (19933. 
6. C. W Wicks and M A. Richards, Eos Fal lS~ippl 74, 
550 (1 993). 

7. E. R. Engdahl and E. A Fltnn, Science 163, 177 
(1 969) 

8. R .  D Adams, Bull. Seismol. Soc. Am. 61, 1441 
11 971 \ > -  , 

9. I .  Nakanshl, Geophys Res. Lett. 13 1458 (1 986). 
10 , Geo,ot?ys. J lnt, 93, 335 (1 9883 
1 1  J. P Davls, R.  Klnd, I S. Sacks ibid. 99 595 (1 989) 
12 P. G. Richards, Z Geophys. 38, 51 7 (1 972) 
13. H M. Benz and J. E Vidale, Nature 365. 147 (1 993). 
14 L. P. Vlnnlk, R A. A?ietlsjan, N. G. Mlkhailova, Phys. 

Earth Planet, lnt 33, 149 (1 983). 
15. N. Petersen et a/., Geophys. Res Lett. 20, 859 

(1 993). 
16 V. S. Soomatov and D J Stevenson Ear?h Planet 

SCI. Lett. 125, 267 (1994) 
17. B, L N Kennett and E. R. Engdahl, Geophys. J, lnt. 

105, 429 (1 991) 
18. C. H. Scholz, T. A Koczynskl, D. G Hutchlns, Geo- 

pliys J. R. Astron. Soc. 44, 135 (1 9763. 
19. G. S. Wagner and C. A. Langston, Geophys J. lnt 

94, 503 (1 988). 
20 D. S. Chapman and H N. Pollack, Tectonophysics 

41. 79 (1 9771. 
21. S. P. Grand, IUGG Abstr Week B 74, 395 (1 995) 
22 P M. Shearer and T G. Masters, ~Vature 355 791 

(1 992) 
23. E. Ito and E Takahash J. Geo,ohys. Res. 94 10637 

(1 9893 
24. R. A. W Haddon, E. S. Husebye, D. W King, Phys. 

Eaim Planet lnt. 14 41 (1 9773 
25 A. M Dz~ewonski A M. Forte, W.-J. SLI, R L Wood- 

ward AGU Geophys Monogr 76 67 (1 993) 
26 W.-J Su R Woodward, A. M Dziewonskl, J Geo- 

phys. Res 99, 6945 (1 994). 
27 T G Masters, H. Bolton P Shearer EOS Spnng 

Suppl. 73 201 (19923. 
28 X. D L and B Romanowicz, Geophys J. lnt. 121, 

695 (1 995) 
29 Bukowinsk and Wolf (33) calculate that changes in 

symmetry of silicate perovskite would involve a pos- 
itive Clapeyron slope, If the 900-km discontinuty has 
a negative slope as we suggest t hs  woilld rule out a 
structural change in perovskite as a cause of the 

900-km dlscontinulty, In agreelnent v\/~th (34). 
30 C Meade, H K. Mao, J. HLI, Sc~ence 268, 1743 

(1 995). 
31. K J Kingma. R E. Cohen, R J. Hemley, H -K. Mao, 

Nature 374, 243 (1 9953 
32 J A Tyburczy,T. S Duffy,T. J. Ahrens, M A. Lange, 

J. Geophys Res 96. 1801 1 (1 9913. 
33. M. S. T. Bukov\/nski and G. H. Wlolf, ibid. 95, 12583 

(1 990). 
34 L. Stixrude and R. E Cohen, /Vatlire 364 613 (1 993). 
35. K. J. Murhead and R. Datt Geoohvs. J. R Astron , , 

Soc. 4 7  197 (1 976). 
36 This alnpltude difference colnes froln the fact that 

there IS less coherence In the SP data than in BB 
data, so that usng a large number of statons atten- 
uates slnal signals, whereas larger sgnals are unaf- 
fected. This IS, however, concomitant to a reducton 
in nose amplitude (35) so that coherent phases can 
be detected. 

37 We thank L Vlnnk for comments and suqqestons 
and J. Vdale for provdng short-period array data. 
This study was partially supported by the France- 
Berkeley Fund and 1s the Berkeley Seislnographc 
Stallon contribut~on 95-6. 

1 May 1995. accepted 1 August 1995 

Coherent Laser Control of the Product 
Distribution Obtained in the 

Photoexcitation of HI 
Langchi Zhu, Valeria Kleiman, Xiaonong Li, Shao Ping Lu," 

Karen Trentelman,-1 Robert J. Gordon$ 

Active control of the distribution of products of a chemical reaction was demonstrated by 
using a method based on the principle of quantum mechanical interference. Hydrogen 
iodide (HI) molecules were simultaneously excited above their ionization threshold by two 
competing pathways. These paths were absorption of three ultraviolet photons of fre- 
quency w, and one vacuum ultraviolet photon of frequency w, = 30,. The HI- and I -  
signals were modulated as the phase between the lasers was varied, with the HI+ signal 
lagging by 150" i- 15". A mechanism consisting of autoionization and predissociation is 
proposed. 

A fundamental goal in synthetic chemistry 
is to develop methods tor lnaximizing the 
yield o t  a desired compound while reducing 
the yields of u~ln.a~l ted by-products. T h e  
traditional approach to this problem is to 
~nodify the experime~ltal conditions (such as 
temperature, pressure, or pH) so as ti> opti- 
mize the product distribution. This is a pas- 
sive strategy in that it relies on the natural 
response of the chemical system to external 
cond i t io~~s ,  alld there is 110 guarantee that 
there exist co~lditiolls that co~lld produce 
the desired result. For example, one may 
wish to photodissociate the stronger of two 
hol~ds  in a molecule. Although for some 
molecules it may he possible to tind wave- 
lengths of light that call acconlplish this task 
( I ) ,  for many others the weakest bond 
breaks prefircntially at ally ~vavele~lgth. 

In recent years, a nuinher o t  strategies 
have bccn proposed to achieve inorc actlve 
control o t  chcmical reactions (2) .  T h e  cell- 
tral idea is to lnallip~llate the reacting mol- 
ccule with clectrolllag~letic fields, which al- 
low the exper~menter to guide the molecule 
along the desired reaction path. W e  report 
hcrc active experinlental control of the iiis- 

tribution of products in a cheinical reaction. 
O n e  approach for controlling chemical 

reactions, developed by Tannor,  Rice, and 
ccl-workers (3 ) ,  is to excite a molecule with 
a sequence of ultrashort light pulses. This 
method has been used, for example, hy Ger- 
her and co-workers (4)  to control the ion- 
izatloll and fragmentation o t  Nap  

Another approach to acti1.e control is 
hased i>n the principle of quantuin-mecha111- 
cal interterence. This nrincinle states that if 

A L 

there exist more than one independent way of 
reaching a final state, the overall prohability 
of reaching that state includes the prohahili- 
ties clf the individual paths and colltrih~ltiolls 
arising from interference hctaecn them. The  
hest kno~vn esalnple ot  this principle is the 
interferellcc ot  particles passing through a pair 
of slits hetore hitting a screen. T h e  intensity ot  
particles reaching soille point on the screen is 
the sum of the i~ltensitics ohallled from each 
slit independently, plus a n  tnterfcrence term 
that depends oil the relative distailce of the 
noint trom the two slits. 

T h e  photochemical analog of the twcl slit 
experinlcllt d x  first proposed by Brumer and 
Shapiro (3). Their strategy involves the si- 
i n ~ ~ l t a l l c o ~ ~ s  excitatioll i>t a molecule by two 
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