
GEOPHYSICAL RESEARCH LETI'ERS, VOL. 20, NO. 12, PAGES 1135-1 138, JUNE 18, 1993 

.-IN .ANOJI.ALY IK T H E  XlIPLITUDE RATIO O F  SIiIiS/SIiS 
IS T H E  R A S G E  100-108" FROM PORTABLE TELESEISXIC' DAT.A 

Paul G Silver 

Depaitillent of Telrestlial l l agne t i sn~ .  Cainegie Institutioil of \\ashington 

Craig Bins 
Departmeilt of C;eological Sciences. So l thnes te ln  Yiii.i~eisity 

.-ll~stract,. \ \ e  have esa~ni~lecl  the  amplitucle ratio 
.CIi I<,s'/.s'I<.S from txvo cleel) focus event.? iecorclecl by the  
.APT89 portable seisirlic e s l ~ e r i m e ~ i t .  For one of the events 
( I~enea th  the Solomon Islancls). xve o l~ ta in  a profile of 18 
statioils in the  clistailce range 99-10S". \\'e ol~serve large 
systematic variations in this ratio as a function of clis- 
tailce. Fro111 99" to  106" the ratio is fairly constant ancl 
in the  range 0.1 t o  0.5. but it the11 ral~iclly inci.eases to 
the  range 0.5-:3.5 het\reei~ 106" ancl 108". Such variations 
are in fact preclictecl IIJ- stantlarcl earth moclels. such as 
P R E l I .  although this feature of the ~vavefielcl has not pre- 
viously been ol~ser\-ecl. It  is clue to  the momentarj- cli.op in 
9Ii.s' amplitucle at  the ray paraiueter ~r l i e re  the  reflected 
phase ,ScP is critically reflectecl. Because ray theory is 
not ~ a l i c l  in this distance range. xve use Full \Vaw theor>- 
to  nloclel the amplitncles. \ \ e  have l ~ e e n  aide to match 
the  clistance pattern reasonal~lv x'iell if me use a rllodel 
\rith the  P-velocity at the base of the mantle reclucecl I)!- 
1.5% comparecl to  P R E l l .  .Ilthough fewer statioils are  
availal~le. the  second event shot'is the same l~as ic  clistance 
pattern. escept t,hat the  a l ~ r u p t  increase in the  ratio oc- 
curs a t  a closer clistance. This suggests an el-en lo\ver P-  
\.elocity for this region (ahout 3.5% s lo~rer  than PREAI) 
and is consistent, with lateral heterogeneity at  the  hase of 
the  nlailtle of a fexv percent. 

.A portal~le  teleseis~nic esperiment was concluctecl over 
a four month periocl (15 .Jtuile - 1.5 Octoher 19S9) along 
a l.500lil11 traverse in Xorth .America (see Silver el al. 
199:3). 22 port,able three-component seistriic sj-stenls were 
cleployed: S instruments in a X-S line in wester11 On- 
tario 11-ith approximately 3Olil11 spaci~lg anel the remaining 
1 1  along a XE-S\\,- line fro111 the  1-S-C'anaclian I~orcler t o  
Wyoiniilg \rith 100li111 spacing. The  array passed through 
the  RSON (Red Lalie. Ontario) anel RSSD (Blacli Hills 
South Daliota) stations. nhich rvere ~ecord ing  continu- 
ouslv (long ailel intermediate periocl cha~lnels)  [luring the  
experime~lt .  12 of tlie instrullleilts xvere eclt1ip1)ecI u-ith 
I.'nivei.sit>- of \<-isconsin data  loggcrs anel 3-compoiient 
HS 1Hz seismometers. Thev triggered on P and then 
recorclecl for 20 minutes (a t  2 . 5 ~ 1 ~ )  in orcler t o  assure 
the  recording of the nraill S l ~ l ~ a s e s .  10 i~lstlwments hacl 
IRIS/P.ASSC.AL Reftek clata 1oggei.s with inte~,metliate- 
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l)eriocl seismomrtrl~s (Iiinemrtrics i a ~ ~ t l  C;~~i .alp C'SIC;:?I) 
anel recorclecl co11t inuouslx. at IOs/s. Of t llc large snit? 
of teleseismic ex-ent s recorclecl. 5 l~osse.~setl n ell-I e c o ~  clecl 
.s'Ii.s' ailcl .SI iI i .S phases. One event in particlllar. SC12t33 
(TalIle 1 ) .  proclucetl esccllent recoiclings of I>otli of these 
phases at  1s of the stations. (Seismograms are shoxvll 
in Silvei e t  al. 1<)<1:3.) It is this suite of recordi~lgs that  
constitutes t,he primary data  set for this report. It spans 
the distalice range $19-108". oxw \vliich the  amplitucle ra- 
tio of these tt'io phases esllil~its striking x.ariations as a 
ft~ilctioii of clistance. .-\s x'ie nil1 s l ~ o x ~ .  this is due to a 
~reviousl>-  unol)serx-ecl l ~ l ~ e n o ~ r i e n o n  that ma>- provicle im- 
portant i n f o i m a t i o ~ ~  ahout the  structure of the  earth near 
the  core-mantle I~ounclary (C'JIB). 

Data and hlethocl 

For each iecoicl. \re have computed tlie spectlal am- 
l~ l i tude  i a t ~ o  R(L)  clehnecl l ~ v  

tvhere . S I i I i S ( d )  ant1 l S I i l S ( ~ )  rep~esent  the  Fourier- 
transformecl 1,aclial componei~t of the xvavelet f~unctioils for 
,5Ii 1i.S ancl .SIi ,S. respectivel~. Indix.iduall>,. .S ' l i I iSR(d)  
a11cl . S I i , S R ( ~ j .  clepencl on sex-era1 functio~ls of frecp~ency 
such as the iilstruille~lt response. a t tenuat ioi~.  artcl the  
source t ime fu~lction. In acldition. shear xva\.e splitting 
xvhicll has bee11 ol~servecl for the statioils used in this s tudy 
(Silver and I<aneshima. 1993) ~'iil l  have a freclueircy depen- 
clerlt effect 011 the  x'iavefbnn (see S i l ~ e r  ant1 C'han. 1991). 
Because SIi,s' and .SIi 1i.S travelse nearly the  same path 
through the  mantle. each of these frequent- clepei~clent ef- 
fects should cancel out of a spectral ratio. Figure 1 shoxvs 
a plot of the  ol~servetl ratio R o ( d )  at 0.2. 0.-l. and 0 6132 
(\\-here the  signal-to-noise la t io  is gleatest for the  largest 
nuinl~ei  of statiotls) . 

Note that  a t  all tltrer i're~~uencies. R,[~J)  is fa i r l~ .  cou- 
stant ancl gene la l l~  in the range 0 1 to  0.5 from 100" t o  
106". I-Iotvever, it then increases to  as  l~igll as 3. J the  
range 106" t o  10dL'. 

To our knoxvledge.. this feature of navefielcl has not 
bee11 ~ r e ~ i o u s l y  ol~serx-ecl. Sex-ertheles. it is an espected 
featme.  The  rai.  theoretical values of for P R E l I  
(Dziexvons1;i ancl .Inclrrson. 1981) eshibit this same 1)e- 
havior. except that  the rapicl rise occu~.s  hetn.een 105" and 
10(iO. The  cause of this variatioir can 11e unclerstoocl 11y 
considering the  scat t e ~  iilg inat r i s  for a shear xvace iml)ing- 
i11g upon tile CAI13 S~onl  al~oce.  One ol~tains  a reflected S 
x'iave (.Sc.5). a reflectecl P \\axe [.s'cPj. and a t~ansmit tecl  
P n-ax-e (.qI<.S'). .-\t a riitical ray pai,aineter llc,";r (231s/rad 
ill PRESI) .  corrcspontling t o  a critic.al tlistance . t h e  
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Fig 1 Obsei\ccl amplitude iatio of tlir iaclial colnpo- 
ilelit ,\'I\ I\ .S/>'It .S' Ro(c.) evaluatccl a t  ( a )  0 2. ( I , )  0 4. 
anel ( c )  0 6IIz fol el cut 89233 (see Iallle 1 )  .Also sliol\-n 
a le  p~eclictecl ~ a l u e s  R s ( d )  foi nloclel~ PRESI (do t t rd )  and 
.4 (colicl) a t  these same f~rcluenciei Model -4 is PRESI 
n i t h  a,,,,b clecirasecl 1 5% Calculatiolis n e l e  ~ilacle using 
Full \ \a\-r the01 \ 

~eflectetl P u-a\-e attains grazing inciclence: no energy is 
preclictecl to  racliate illto the core. ant1 tlie amplitucle of 
.SIi.S goes t o  zero. 

Ho\ve\ el.  geometric.al optics is no longer valicl i f  tlie 
turrliiig poilit of one of' the  phases is near a cliscontinuit>-. 
ancl a higher orelei. tliroly is neeclecl for proper intel.preta- 
tion. The  moat con\-enient formulatioii for s t u d i l l g  tliis 
effect is Full-11al.e theor). (Richards. 1973. 19'76). Ila~ecl 
011 tlie Laiiger Apl)roxiinat ion. n.liicli is uniforml~ asymp- 
totic ill approximating tlie radial 1cal.e functions. ill par- 
ticular. near a Ilou~iclar!. Tsing this foimulation. C'lio!- 
(1977) lias sho\\--n that for finite freclueiicies energy cloes 

tliis call 11e accoruplislietl 11y varying either r.,,,,~) 01 CI,,,,~). 

Since r., , , ,~ i d ; ~ ~ o \ n i  to mucli greater precisioti than n,,,,b 
this ultimately I~rcomes a constraint 011 Ho11-e\ el.  
n.e really o1i1y lino~v R ( d )  as a f ~ ~ l c t i o i i  of dis ta~ice 4. so 
tliat another way of fitting tile data is to  cliange the i'mic- 
t iol~al  ~elatiol~sliil ,  11 = / ) ( A )  for .SI\".S \\.hilt Iieel~i~ig I I ~ . ; ~  

rixecl. Fol e x a m ~ ~ l e .  p ( 4 )  to11lc1 I,e altered I,? i~iciraiilig 
the P-velocity n ~ , ,  in  he top se\.rral hunrlletl Iim of tile 
outer core (don-n to the l~ottorning tleptli 01 .PI<$) n.liich 
\\.ol~lcl clrcrease t l ~ e  di.stancr of a rav \\it11 ra!. palametel 
p,l.;t. Similarlv.. a s1lil"i i l l  the  iutegratetl S -~e loc i tv  of the 
Ion-el. illaiitle .i\.o~~lcl also yield a change in tlie _1 corre- 
s p o ~ d i n g  to I I ~ , . ; ~ .  

C'omparisol~ of the Data 11 it11 5 '~ iltl leiic~ 

111 orcle~. to  c.oml>iilr data \\.it11 s~.ntlietics. \ \ e  h a l e  
calculatecl R(L.1 for tlie ilioclel P R E J I  as nr l l  as h r  other 
lliodels Ivith reduceti nc,,,lj. 111 ~>artic.ulal.. \ir Ila\'.e con- 
structecl a liiocl~l .-L siliipl!. 111 aclopti~~f; PRJ<SI I ) ~ i t  cle- 
creasing n,,,,h 111. L.52. The  pert ~ul jat ion to PRESI liii- 
earl>- changes from 0% at 15Ol;m allole tlie (?SIB to -1.5% 
at  the C'SIB [the prol>el ties of ,'. Pdjll I<.< are apparentl! 
insel ls i t i~e to  tlie type of ~ r a d i e n t .  ~ i e g a t i ~  r or positi\.e 
((:'ho!.. 19i'T)]. Synthetic. alnl~lituclr ~.at ios  R.s(A:) \vere 
calculatecl at 0.2. 0.-l ancl 0.613~ for tlie g r o m e t r ~ .  ofe\c~i i t  
592'33 (Table 1) using a F'1111 \\'a\.e code (P. Ricliards. pers. 
coliim. ). Figure 1 illustrates tlie espectecl I,eliavior both 
as a f~uilctio11 of clistance ancl of freclue~lcj-. r o t e  that the  
region of i~lcrease in Rs(d)  l~rcomes  Inore pronouncecl ancl 
moves to  a shorter distance n i t h  ilic~easillg f~eclue~lc\-. \\h 
note tliat tlie clata share this same character. The  com- 
parison l>etween R, , (d)  and tlie ol~servecl ratio R O ( d )  il- 
lustrates that  PRESI does ]lot fit tlie clata very ~vell ailcl 
that  r~ioclel "4 appears to  ~~ro\.icle a better fit. 

Another \Yay of' exariiilliiig the data  is to  cornpal-e 
Ro(d)  aiicl Rs(;) at a particular station. Fol this pur- 
pose. Ire consicler station DLOR. n.liicli lias exceptionally 
high signal-to-~ioise aiicl \\ hicli s I io \~s  tlie largest ampli- 
tude a~lomaly. .As is s l ion~i  in Figule 2. tlie data  in tlie 
0.0-1.OHz l~aiicl she\\. a peal; \ d u e  of 3.5 tliat is reached at 
allout 0.5Hz. T h e  s\.iitlietic for PRESI. h o ~ r e ~ e r .  ~)reclicts 
that  R ( d )  shoulcl 1)r a monotoliicall~. increasi~lg function 
of frecluency at  tliis tlistaiice. ~vhile moclel .-I elisplays a 
f~uiction that  is ~lealietl neal. 0.51-Iz m ~ ~ c h  lilie tlie data. 
As \\-it11 the clistallcc c1el)rnclelice. tliis suggests a illoclel 
\\-it11 lo~rel.  a,,,,l,, 

\\+ have esamiiietl a seconcl e len t .  89215 (Tahle 1 ) .  
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Frequency [!izj 

Fig 2 Fool eelelit 802'3'3 a~icl station DLOR. (solicl 
line) is compaied to R,(L) f o ~  moclels P l i E l I  (clash) ailcl 
.-I (clottecl) S o t e  that P R E l I  cloes not fit the  clata \ e l \  
well. pieclicting a mo~ioto~iicall! i ~ i c ~ e a s i n g  fib(;) with 
fieclueiic\. nllile -1 pieclicts a11 R,(i-.) pcali at allout 0 SIIz 
of 3 0--i 0 as in the data 

TABLE 1. Events usecl 

Event Time, UT Latitude Longitude h nzb 
(y1.clay) (deg) (cleg) ( k m )  

8923:3 1S25:40.i -4.09 1 - 4 5  4Si.1 6.0 
89215 222,5:.5i.i -22 -1s 1 . 9 6  622.2 .5.5 

that is roughly in tlie same clistance range. .-\ltlioiigli \re 
have fewer data ancl can onlj. relialjl!" evaluate R,,(.;.) a t  
0.213~. there is enougli information to suggest tlic same 
liincl of pattern as see11 lor 592'33. 111 this case. ho\rever. 
tlie illcrease in R o ( d )  is seen at a .shorter clistance 1,. allout 
2O (Figure 3 ) .  O n l ~  aljout 0 :3O call 1 1 ~  esplai~lecl ljy the 
cliff'erent clepths of the eve~olts (622li1n \ s. -1S'Tli111). .Igaili. 
\re Irere able to  i~npiove the fit I~e tneen  s? .~~the t ics  aiicl 
data  by clecieasi~lg tlie P-1 elocitv of D" (ljot to111 1501im 
of the mantle).  111 particular. \re constructecl moclels C' 
ant1 E (same manner as moclel .-I) I,\ atlopting P R E l I  Ijut 
clecreasi~lg n,,,,b 1ly 3.3% ancl 4.0%. respecti\ el!. 

The  above analyses assume that P R E l I  velocities are  
g i o s l y  correct. ant1 tlie clata are fit I,! 1jertu1,ljing onl? 
a,,,Jll in tlie nioclel. I-Io\vc>\-er. as clisc~~ssetl allox-e. i t  is also 
possil~le to  fit tlie data I,\ cliauging the I"~inctio~lal ~ e l a -  
tioiisliip p = p ( L )  lor 51Y.i' at fisecl P,,.;~. For e s a ~ n p l ~ .  
increasing no, I,?. 1.7% relati1.e to  P R E l I  yielt1.q r r s l~ l t s  
identical to those for motlel .-1. .I 1111ifo1.1n pcrturl~ation to 
the outer core \-elocitj. of this magnitiirlc, llo~rever. 11.oi11cl 
lead to large anomalies (several seconcls) iii tlie cliff'erential 
t i~i les  PIiiICP - PCP ~rliicli ~roulcl be ii1co11siste1it \\-it11 
tlie tiines r~ieasurecl I,!. Eiigclalil et al. (1974) a11cl usecl 
to  constrain the PRELI outer core velocities. Thus. this 
sort of p e r t u r b a t i o ~ ~  in the top several liilometers of the 
outcJr core 'rroulcl require conseclue~lt clia~iges thro~ighout 
the  o11te1 coole. .Ilteol~iativel~. one can i n t ~ o d u c e  a iliift in 
the  i~itegiatecl S-xelocitv ot the  lo~re i  1i1a1itle FOI exam- 
ple. n hile inodel PElIC' (Dzienon~li i  et a1 . 1975) exhibits 
S-velocities which avelarre allout 1 3% slonei than P R E l I  " 
throughout the  lolrer mantle. it j-ielcls amplitucle 1s. dis- 
tance curves ~ i e a r l ~ .  icle~itical to  those ol~tainecl by aclopt- 
iiig P R E l I  11ut decreasing a,,,,ll I)? 1.83.. IIo~vever. sucli 
large clepartures from P R E l I  \voulcl he expected to  result 
in oljser\aljle tra\.el time al10rilalies of several seconcls. 
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Fig. 3. Ratio Ro(.;,) as a fiul1ction of dis ta~lce for ex-ent 
8921.5 (solicl triangles. Ta l~ le  1 )  ancl S9'2:33 (open tria~igles) 
a t  a foleclue~icy of 0.3-Iz. Xote the appal.eut 'lo shift in the 
profile for 59215 relative to  59233. .Ilso shon-n are pre- 
clictecl x-alues R.q(d) for moclels P R E l I  (clotteclj. .-I (solicl). 
C' (shoit-clash). ant1 E (long-clash) at the same I~.ecluenq. 
lIoclels C' aiicl E are PREbI ~ r i t h  a,,,,l, clecreasecl 3 :3% 
ancl 4.0%. respectivel?. Calculations were made using Full 
\\:a\.e tlieoi y. 

In order to  checli tlie sj-stematic pro~)wties  of t lie F~il l  
\\:ave sviitlietics. \re have also generatecl Reflectivity seis- 
mograms (Iieniiett. 1953). using a cocle proviclccl I,>- T. 
C'larlie (pers ,  comm.) .  The seis~nograms h a w  ljeen pio- 
cessed in the same 'ira!- as tlie clata. I\-liile tlius far n.e 
have restricted our Reflectivitx comparison to a fiecluenc>. 
of 0.2f.I~. we finel that tlie gene~a l  features of the elistarice 
profile. namely the lotatioii a~icl magiiitucle of tlic peal; 
in R ( d ) .  are close to  those olltainecl by the Full \\-aye 
methocl. \Ve were unaljle to  rnalie suitallle cornparisoils 
at higher f"recluenc\. Ilecause the reflecti\.it!- seis~nograms 
I~ecame too noisy. presumaljly cllie to artifacts in t~oduced  
I>\- layeriiig as iiotecl 11) C'ho? et al. (19SO). \\'e nevei- 
theless conclucle that tlie two i1letllods illlistrate the same 
properties. 

\\-hat can n-e conclr~dc aljout the pi ope^ tie.; neai tlie 
(-'LIB! .Issu~llirig that these oll.;ei~ ationc a le  clue to stiuc- 
tu ie  at the lmie of the mantle. the! suggest that a t  this 
clepth the Eal th  is i l o n e ~  than P R L J I  ill tlie legions sam- 
ljled. More sucli measu~ements  are reclliirecl to  tletermi~ie 
i f  this is a systematic feature of the base of tlie man- 
tle. Ft~rtheimore. the clifferences I~etween tlie profiles for 
the  t n o  events suggest that t h e  is latrial l ie te~oge~ie-  
it!.. ;\ssuming. again. tliat it is on the mantle sicle. lateral 
variations of '2.0-2.5% in ct,,,,~l are suggesteel In princi- 
ple theie  are t11.o regions along the path. tile soiuce and 
rec.ei\-er interaction poi~lts.  that coiilrl give rise to  the 01,- 
serx-eel lateral hete~ogenei t \ .  as these regions are \\here 
the  phase ,T;Pdilf I<.< exists. .Is slio\vn i r i  Figure -1. lion- 
ever. the receiver interaction points for the  tn.0 events are 
allout '2501i111 apart at the C'lIB while the source points 
are nearly '2000li111 a p a ~ t .  Talieii at face value. these clata 
~voulcl suggest that n,,J,,l a t  tlie source iiiteraction point 
for 8921 5 is '2.0-2.5% slower than for S!Z3:3. "Also shown 
in Figure 4 is the lon.er ina~i t l e  :3-climensional P-velocit~- 



Fig. 4. \\'orld nlap sho~ving event locations. e v e n -  
station paths. the center of the array (station F\ 'SR).  anel 
interaction points of .i;Ji.': phases at tlie C'IIB. .Also shon.n 
is the laterally varying P-velocit~. ~noclel LO256 (Dziexvon- 
ski. 1984) evaluatecl a t  the C l I B  for angular olclers 2 and 
3 (units: m/s ) .  Note that the interaction point fol S9215 
(just north of Tonga) is centered on the \.elocity ~ u i r l i ~ n u ~ l l  
for this map. wllile the point for 5!)2:3.3 (Solomon Is.) is off 
t o  the sicle of this mi i~ imum.  The  cliffe~.e~~ce in P-vcloci t~ 
at  the  base of the nlantle I,etn.een these two pointy is esti- 
mated to be 2.0-2.5s (S9215 has slo\cer velocil>-) I~asccl on 
the  value of R(u.). This is in the same sense as i~iclicalecl 
11y L02.56, although much greater in magni t~~t le .  

model LO256 (Dzie\vo~lslii. 198-1). It is evaluatecl a t  the  
ChIB for angular orclers 2-:3. the  part of the  moclel for 
\vhich t,llere is agree~neilt n.ith other methods (I-lager et  
al., 19S.5). \\;e note that  the  interactio~l point for 8921.5 
plots within the slowest zone in the entire map. the  ~vell- 
confirmed region of lo\v velocities in the south-central Pa- 
cific. The  interaction point for S92313 skirts arouncl the  
side of this minimum. Tllus. the clifference in velocities 
between these two points for our clat,a anel for L0256 have 
the  same sign. although the predictecl difference for LO256. 
0.25%. is an order of nlagnitucle smaller. T h e  variations 
we see. however. are consistent in magnitucle  it 11 those 
obtai~led from eliffraction studies in ~ l e a i l ~ y  areas (\\:yses- 
sion et  al.. 1992). 

.4cknowleclge1n t n t s  11% especiallx thank Paul 
Richa~cls for numerous cliscuss~ons concelning the ~ n t e l -  
p ~ e t a t i o n  of this clata wt .  fol the use of liis Full \ \ a l e  
code. and fol a helpful leview \Ye aclclit~onall~ t h a ~ ~ l i  
T i m  Clarke fol discuqsions of the leflectil it! methocl. 
Ranel) Iiuehnel fol fielcl supl101t ancl da ta  processing. 
blilie .Acterno for compute1 suppolt.  and Janice Dt111lap 
fol assistance with manusclipt plepalation \ \ e  a c l i ~ ~ o n  1- 
edge the suppolt of the Ca111egle Institution of \\'aslling- 
ton (DT1I)  and the Sational Science Foundation (EAR- 
9158594) 

C'ho): G.. 1977. Theoretical seis~nograms of core phases 
calculated 11y frequency-clepe11cle11t full \rave tlteory. 
and their interpretation. G ~ o y l ~ ! j . s .  J . .  51. 275-1312. 

Choj-. G.. 1.". F.  C'ormier. R. Iiillcl. G. 1Iuller.. ancl P .  G.  
Richarcls. 1980. .A con~parison of s~. t l thet ic  seisn~ograms 
of core phases generated by the full n-a\-e t h e o r ~ -  anel by 
the  reflecti~.it). methoel. G'eophys. J . .  61. 29-31. 

Dzie\vonslii. .A. 11.. 1984. 1Iapping the lower mantle: De- 
t e r ~ n i r ~ a t i o ~ l  of lateral heterogeneit~- in P velocity up t o  
degree and o~.cler 6. J .  Geop1ry.s. R e s . .  8.9. 5929-5952. 

Dzie~vonslii. .A. >I.. .-\. L. Hales. ancl E. R .  Lapnoocl. 1975. 
Parametrically simple earth n~ode ls  corlsistent \pith geo- 
physical clata. P/~!jsic.s Enrflr P l n n c f .  Irzf.. 10. 12-4s. 

Dzie\vo~lski. .A. 11. ant1 D. L. .Antlerson. 1SSl. Prelimi~lary 
reference Earth moclel. Phys ics  E r c ~ f h  Plnnc t .  Irrf.. 25. 
297-:3.?6. 

Engclahl. E. R. . E .  .A. Flinli. and R. P. Masse. 1974. 
Differential PI i i I iP  travel times ancl tlie radius of the  
inner core. C;eophys. J .  39. -157-464, 

I-Iager. B. 13.. R. \Y. Clayton. 11. .-\. Richarcls. 
R. P. Comer. anel .-\. 11. Dzie~vonslii. 1985. Lon.er man- 
t le lieterogenei t!-. clyl~amic topography ancl the geoicl. 
.\'nturt. 31 3. 5-1 1--.5-L.5. 

I<ennett. B. L. 5 .  1!)S:3. .Seiarvic i lkc .~ Pr.opngntior1 i n  
.S't~.crtified .\Irrlin. C'alnl~ridge IYni\-ers i t~.  Press. Cam- 
l>~iclge. t71< 

Richards. P. G.. 1979. C'alcl~lation of l~ocly n.al es for caus- 
tics and tullllelling in core phases. Geoplrys. J .  R .  n s t r  
.Sot.. 35. 24:3-26-1. 

Richarcls. P. G.. 1976. 011 the adecluacy of plane wave re- 
flection/tra~lsmission coefficients in the  a ~ l a l ~ s i s  of seis- 

- 
rnic 11od3- \raves. Birll. s t i s m .  .S'oc. .4r11.. 66. 701-718. 

Silver. P. G .  and 11' 11:. C'han. 1991. Sheal,-~va\e split- 
ting anel sul~continental mantle cleformation.. J Gee- 
phys  Res. 96. 16.-129-16,434. 

Silver. P. G. ancl S. Iianeshi~na. 19913. Constraints on 
mantle anisot ropy l~enea th  precarn l~~ian  Yo1 th .America 
from a t ra~ lspor ta l~ le  teleseis~llic experiment . G t o p h y s  
Re.$ L ~ f t .  this iss~ie. 

Silver. P. G.. R. B. Jleyer. anel D. E. .James. 1993. 
I~lterr~lediate-scale o l ~ s e ~  vat ions of t l ~ e  Eart 11's tleep ill- 

telior fro111 thc .APT89 transportal~le teleseismic expel- 
iment. C;eophye. RFR.  L t f f . .  this iss~le. 

\\:?session. 11. E.. E. .-\. Olial. ancl C'. R Bina. 1!)!)2. T h e  
s t l .uc t~ue  of the  co~.e-mantle I ~ o u ~ ~ c l a r y  f~ .om clift~,actecl 
~vaves. J .  C;eophys. RcB.. 97. Sr-ll)-$r(i I .  

P G Sill el. D e p a ~  tment of Tellestlial Magnetism. 
Ca111egle Institution of 11'ashington. 5241 Bloacl Blanch 
Road. Z \I-.. \Yashi~lgton D C 20015 

C'laig Bins. Department oi C:eological Sciences. S o l t h -  
westein Vni\elsit\  1847 Slle~idatl Road. E ~ a l l s t o ~ ~ .  IL 
6020s 

References 

(Received: August -1. 1992: 
revised: Septernbe~ 10. 1992: 
accepted: Octubet 13. 1992 ) 


