
(glass) that formed the  perlllleter of the  
l m a l  plane. Our  geometry differs fro111 H111- 
IF'S 111 that each facet 1s hor111de;l b\- hot11 a 
fo r s~gn  material ( the  cell \vlnLion..;) and the 
other facet. T111 geolnetr\- al1on.s us to mea- 
sure the relati1.e ~ r o \ \ - t h  vell)c~t\  of the t\vo 
facet planes. T h e  maximnm unile~-coollng is 
the same tor both face,. T h e  ratlo ot  the 
v e l o c i t ~ e  of the  tn-o faces cletermine\ the 
~ i i r e c t ~ o n  ot  advance of t h e ~ r  intersectic>n. If 
the \-elocltv I' of each face is u v e n  by an  
~ n i i e ~ e n ~ l e n t  nucleat~on pr~)cess, then this 
ratio \\.ill be g i ~ ~ e n  I'y ( i L?)  

n-here a l  anL{ a2 are related to the nucle- 
atlon l~arrierh on the  ~niilvi; l~~al facet ala~lez.  
For a homogeneous :L> nucleation process, 
1, = 211, predicting a \ r ec i f~c  Llirsction tor 
the  facet gro\vth. For heterogeneou,- nncls- 
atlon, a ,  i a;,  anti as the \upercooling is 
~lecreaseL1, the velocitv of ~ ) n e  of the r.lane\ 
moulii predom~nate,  can\ing the facets to 
move 111 a different, nell-Llsfineci cllrsct~on. 

\S'hen the temperature I> rampeJ Lluickl~-, 
cauiing the ice perinleter to ailvance at a high 
velocity, the facets pro\\. out 111 a purely- radial 
Lilrectlcml (FIG. 4). This 1> ivhat mlght he es- 
pecteil \vhen the groi\-tll rate ot each facet is 
llm~teii 1.: the , i i~~r . a t lon  of latent heat. In 
the l i m ~ t  of slow gron th,  we expect the hce t  
gro~vth to lie go\rer~-ieil hy ~nterface processes 
\uch as ?L> 11~1cleation. O n  reduci~~n the 
gro\vth rate, the growth i1lrect101-i change\ anLl 
a~~proac lxs  a nen. heading that is rare-miie- 

neorls or heterogeneous nucleation. C o n e -  
q ~ ~ e n t l y ,  \ye speculate that the grc>\vth process 
tor each ~lal-ie is not ~ n ~ l e ~ ~ e n ~ l e n t  of the oth- 
er, but rather is controlle,l in \ome ~-io~-itri\-ial 
wav by t h e ~ r  cc~mmon ho~lnilarv. 

The  presence of the facets also p rov~~le i  an 
~>pportu~lity t ~ )  \tu,iv the relavatlo~l of t\vlit 

Fig. 4. The poston of the veriex icrces) plotted 
reIat1:'e to the ce-water Interface (bold inei at 
equally spaced iiine ntervas. The \vertex ntial\] 
grovis oc~t quickly n a radial drect~on but con- 
?:eryes to a neiv ddrecton as i -e  groir5!th slows. 
Also shoivn are the t-eoretca directons for -0- 
rrogeneous ~luceailon (u. = cr,) and heieroge- 
neous nucleation (R, = a,). 

along prain lx)~~ni iar~es .  '4, the ice interface 
grow, out, the gram Ix)~~ndarv i l r ~ s n t a t i ~ ) ~ ~  dt 
the ~ c e  e&e 1s pinned to the line of lntersec- 

L 

t ~ o n  <)f the t\j-o hasal tacsth. Once t;>rmecl, 
honever, a graln l>ounLiar\- ~voulcl like to relax 
to a11 orientation that mi~-iim~:es its tree en- 
erg>-. 111 the absence c>t '  an) anisotrap~- 111 the 
~nterfacial energies, the m i ~ ~ i m u m  ensrgv orl- 
entatlon n-auld he 1,ertlc~I ireruendicular to 

~L A 

the plane of the ice disk) l~ecauie this 11li1li- 
llllres the craln horu-idarv area. \X7hsn an~so-  
tropy is ~ncln~le<l, the r d i n  1~~1ni iar1-  1 1 1 ~  

pref" some other o r~sn ta t~on .  I11 Fiy. 16,  the 
gra111 b0~111;larv ha\ relaxe,i tram the pinneLl 
orient at^^)^^ at the edge to a m~>rs  snergetlcallv 
fav,)re~l one at snlaller radiu\. 

T h e  faceted ?roo\ es a l ~ ~ e r v e J  1ler.e n.ere 
not rare examples: t\-pically, 12 to 1C"u of 
all gro~)ves ivers facete,l. This percentage is 
a t t r i l~ute~l  to the cell geometrv anil the 
manner in \vhich the ice i\ nucleareil. KLI- 
cleation 1s accomp11:hc.ii 17y sudilenly 1111- 

posine a sharpl~ lo~ver temperature at the 
center of the top face i>t the cell, forcing a 
temperature gradlent 11i~rmal t ~ )  the \v in~io~v 
plans. Initial grc?\vth IS 111 the qallle d ~ r s c -  
t i ~ ~ n ,  ~lurlng 11-Ihich the tastsht yon-lng do- 
mal11s 111;1y ~veilge out other O ~ L ~ I I ~ ~ ~ L O I I ~ .  
Gecauhe ice griws fastest alonc! the  n axis, 
the  re\nlt is to pro,incs dc?mainb n.1t11 the c 
asis m o t l y  111 the plane c>f the  Ice dlhk. 

REFERENCES AND MOTES 

1 3 6  (1963;. G. E .  Vash and lii. E. C,l,cks~*ian 
Phdos. M s s  24. 577 l l971) :  C. F. P .  Jcnes and G .  
A. Chad,rilck ,!>,a. 22, 291 (1 9701. S. C. Hardu. mid. 
35, i 7 1  (19771 , G. B. ivlcfadden S. R .  
Cor~ell, P ' r \ l  Vcorhees R F Seerka  ,I. 9 y s r  
Growii; 114. 367 119911, Yl. ' r \ l  i v l uns  and P. G .  

3. E. Arbel ana J. Yl. Cahn Su!i So. 66 14 (1977): P. 
\V Vccrhees, S. 5, Cor~ell G. B, liicfadden, R. F 
Sekerka J 9 y s r  Grow:!: 67, i > 5  : I9841 

3 L. A. Wlen and J G. Dash, Phys. Yev. Let:. 74. 5076 
I1 995). 

5. ' r \ l  K Burton, V. Cabrera. -. C Frank Plidos T!si;s 
R. Soc A 243, 299 (1951 1 

E J, D. \Weeks ana G. H Glmer A& Ci:em. Pilys 40. 
157 ((1 979:. 

7 Such a s t ~ ~ a t c n  IS ana lc~cus tc n~ l cea tcn  n three 
dmenscns. see C. Turnbull n Solid State Pi;jsics. 
Ac17.~s!;ces i~ Reseai-ci: a~dAup:~cario!:s F. Setz ana 
C. TurnI;ul Eds. (Academc Press. New York 1 956), 
pp 2 3 - 2 6 >  

8. \I,' B H i  13, in G~ow:~? s!:d ,Oe;feci,oo of(."ysisrs, F. 
H Dorelm~ls B. \V. Robe-is. D. Turnbull, Eds. (Wley, 
hew York 1958)  pp. 353-360. 

9. k A. C?ernc. Mociero C~ysta11ograpi:y ill Ciys:ai 
Gr~-~vr i ;  (Sprnger Be rn .  1983:: C P. \l,'oodruf, The 
Soiid-Lic;~,id l r~te~iace :Cambr~dae Un1.1, Press. Lcn- 
don, 19731 J Taylor. J \V Cahn, C . A  Hand;.erker 
Ac:a i~Astari 40, 1 / i 3  (1 992): A. J. \!I en<in and A. 
Src.;~nan J Cys t  Givwib 123, 251 11992i J S 
'r\letta~lfer lii. Jackson, lii Elbaun J. Phys k 27. 
5957 (1 %/I, lii Acca Bedlaand PJ' Ben Apnar, Phys. 
Rev E 51 1268 (1995), E Raz S .  G L ~ p s o n  E 
Pclt~~rak. PIys YEL, k 40. 1088 ;I 989). 

10 Wle haue lnade an i l ~ p l c ~ t  assutiiptcn i-ere tPat the 
prefactor riiultplylng the exl~cr-ental IS the same 'cr 
grcrith cn both faces [ ( S : ,  p 1831 However our 
man  pont s that we can test t?e :~redctons cf 
,I~~IOLIS tnociels 'ritb tbe exoer1Terita technq~le vie 
descr~be. 

11 We acknoweage manv f r u t f ~ ~ l  dscusscns w t l i  J. 
Wletta~lfer and J. Cai-n. Supported ~lnder hatona 
Scence Fo~~nda ton  grant Dl\jiR-9300637 and Cffce 
of Vava Researell grant h3331 /-90-J-1369 

10 July 1995. accentec 13 September I 995 

Partitioning of Tungsten and Molybdenum 
Between Metallic Liquid and Silicate Melt 

Michael J. Walter* and Yves Thibault 

The "excess" of siderophile elements in Earth's mantle is a long-standing problem in 
understanding the evolution of Earth. Determination of the partitioning behavior of tung- 
sten and molybdenum between liquid metal and silicate melt at high pressure and 
temperature shows that partition coefficients (D,,,,,,,lll,,,,) vary by two orders of mag- 
nitude depending on whether metal segregated from a basaltic or peridotitic melt. This 
compositional dependence is likely a response to changes in the degree of polymerization 
of the silicate meli caused by compositional variations of the network-modifying cations 
Mg2+and F e 2 .  Silicate melt compositional effects on partition coefficients for siderophile 
elements are potentially more important than the effects of high pressure and temperature. 

lt core fL>rmation 111 the Earth \\-as a slmp!e 
ei1uilll?rl,l~ll process nhershy ~ue ta l  Cepregat- 
eL1 fro111 sil~cate,  then the ai~unciance i)t 
\icierophlle (metal-srt.kinE) ele~ilents re- 
t a l~~cc i  ~n the  sllicate m , ~ ~ l t l c  ot the Earth 
shoulci reflect the i c> l ld~ t~L>l~~  ot  e q ~ l l l ~ l l r ~ ~ ~ l l i .  
011 the bas15 i)t mctal/\illcate 13artitlonlng 
data collecteLl at 1 atm and ion-tempera- 

cure conLlitions ( I  6C2 t ~ l  192C K) ( 1 ,  2), 
s~derophile element,s are overal-rmdant in 
the Earth's upper ~ r i a~ l t l e  by as n ~ u c h  as 
sel.sral or,lers at magnit~rcle (3) .  Recent ~ L I -  

merical models ot  the thermal hi.;ti>r>- i>t the 
early Earth that are based 011 larqe-lmpact 
aicretliln m~3~lels (4) precl~ct large or \vl~ole- 
hale llleltillg (>f the proto-Earth (5. 6) .  It 



then egrecatlon may have l x e n  a h1g11- 
pressure and high-tcrnpcrat~irc process. It 
has heell ~os tu la t ed  that bath  ~lrcssure and 
temptxat~lre s~gnlficantly affect siderophlle 
elenlent p a r t ~ t ~ o ~ n ~ ~ ~ g  behavior ( 7 ,  8). Sev- 
eral stuLiles ha\-? reporteci I~~lu1.1 metal/Alll- 
cate mclt p a r t ~ t ~ o n ~ l ~ g  cixa at estrelne pres- 
sures allJ temperatures (9-1 1 )  allil have 
h o \ v n ,  fc~r example, tliat lncreaslng pres- 
sure and temperature s ~ ~ n i t ~ c a l i r l y  reil~~ces 
the  part~t~oln~lnq cocff~clellt of I~cjn~ci metali 
slllcate melt (D tor Ni  anL{ Co. Elc- 
ment partltlonlng bet\veen cocsl>tlng phas- 
e potentially Llepel~;ls 011 the bulk compo- 
sitlon of a s>-stem, hut ~t has l x e n  a:sumed 
111 previous p a r t ~ t ~ o n i n g  atud~es and ~n mod- 
els of corc format1011 tliat the bulk comp~) -  
s1tlo11 o t  the s ~ l ~ c a t e ,  \\,1t11 the exceptLon of 
oxvgei1 C O I I ~ C I I ~ ,  iloes not have a a ~ ~ l l ~ f l c ~ ~ l i t  . >  
effect o n  mctal /s~l~cate  parti t~onlng. Here,  
\ye present results ~ ) n  the partltlolllllg be- 
h a n o r  of \%' xlii  hie-130th 111~l l l~-  char?eii 
moilerately ~ lc i c ro~h l l e  elelilellts (\%'"+ and 
hlo")-bet\\-cen liclu~~l nictal anii s~licate 

A'llstures \vlth hulk compos~tiolls 111 the  
svstem 5i-Al-Fe-A'k-Ca-(\%' clr h lo)  \\.ere 
prepareci from h l g h - p ~ ~ r ~ t v  po\vciercd ux~des ,  
carbo~late ;CaCOj) ,  anLl metals (Fe, \XT, 
2nd h io ) .  Iron \\.as ailiied to nilstllres ai 
Fe,Ol and Fe metal, and the c~xygell co11- 
tent of these mlstures \\.AS varied 137- chanq- 
1 1 1 ~  the  ratlo o t  Fe,O:  to Fe ln the mlx. In - 
our stucly c ~ f  Ni and C o  partltlonlng, the 
relatlvc alluntlances of SI, Al. Mg, a11J Ca 
ivcre fixetl , ~ t  that fc>r a mcxiel C 1  chonLir~te 
( 1  1 ). Here, \ye varleci not only oxrqen con- 
tent anlonq the startini_r materials, h ~ i t  also 
S ~ / h l g  trom -2.7 to -2.1, a range tlhat 
encompasses Sl/hlg of fertile pe r~~ lo t i t e  
(-2.9),  ch~n i l r i t e  ( -  1.1). komatilte 
( - I . ? ) ,  anLl picrltic l?a,alt (-2.2).  T h e  val- 
lie of D ,,,,,.,,, ilclicnLls on cxycr~mental toll- 

i l ~ t l o n ~  anil can he quite large f i ~ r  W allid hlo  
(>l2CC). T h ~ i  m,~kes electron m ~ c r o r r o l ~ e  
analys~s ~t thclr abunciances ln tllc 
cluencheLi s~licatc impossible ~f c h o l ~ ~ i r ~ t ~ c  
alxindances are ~ i s c J  in s tar tqg mlstures 
[for example, 92.6 ppi' of W ancl 928 ppl1 of 
h io  (1 2 ) ] .  For t h ~ s  reason, \\.e ailLlecl 1L7'~ by 
\vc~irht of elt11t.r \%' 01. l l o  to each rnlxture. 

came an  intezral component of the metal 
alloys (-5 ~\-elght "C ) 111 our e x p e r ~ ~ n e n t \ ,  

I\,I. J. ;',:alter, Gesdiys ca  Laiisratol-; and Centel '01- Hgti 
Fressure Fesearcii. Carnec: e 11-st t~lt'oti of '<?'asii~~ic:toi. 
5251 B-oad Blancti Road NY,: i '?'ash~igts~i. CC 200.5 
USA. 
Y. Thiiia-~lt. Depa-tlneit o' Ea~tti Sciences Bosgy a ic  
Seosgy EL ding Un~e~s t ; .  sf\:';estern Cntalo Lontion 
Ontarlo NEA 567, Canada. 

-To ',:;iis-n correspo~icei~e siio~1IcI be acdlessecl at n -  
st t~lte for St~d;. of Ealiii's nterol-. Okayal'ia cln,,versty 
'4 sasa, Tottollken 582-01 ,man. 

i~11l\- an ~nsiqnltlcant amount of carl1on 1s 
hel~evcd to ha\-c il~ssc>lved ~n the s l l~cats  
lnelt (1 1 ). 

W s  report hcrc expcr~mcnts made at 2 
and 6 GPa,  alL1 from 23GC to 2722 K, for 
the \XT-bearing samples, m d  at 1 and 7 GPa,  
and troll1 22C2 to 2722 K. for the A'lo- 
l ~ e a r l l ~ ~  sanplcs (T'lble 1 ) .  Esl~erlrnellts 
\\-ere run e ~ t h e r  111 a piston cyllniler or 
mr~ltl-an\-ll apparatus (1.3). Our  results 

Table 1. Data for experilnents n i th  V:- and Mo- 
bear~ng salnpes Microprobe caia are a?:a~lable 
upon request. Uncerta~nt~es gi\veti In parentheses 
are =2  SEM. Values for f,, viere as calculated in 
(211. 

Pun log D f V Si Mg NBO/I 

W/, 2 GPa, 2300 K 
3.33(7) -1.91 (1) 1.27(1) 
2.87i4) -1 76\11 1.18(2) 
2.74(3) -1 63 i l )  1 27\11 
2 57i3j -1.52(1) 1.27(3) 
2.1 7i2j 1 . 3 2 i 1 )  1.29i2j 
1.92(1) -11911)  1 28i4) 
1 .99 i l j  -1.31(1) 1 21(3) 
2.0@(3) -1.45(1) 1.03(3) 
1 .73(3) -1.28(1 1 1 .02i3) 
1.53(6) -1.20(3) 1.06i4j 
1.57(2) -1 64(2j 0.73i l )  
1.32i4) -1.40i3) 0.75(2) 
2.16i3) -1.71i1) 0.88i3J 
2 .535)  1 . 9 3 i 2 )  0.78i4) 
3.5,: -1 70(1) 2 10i1) 

bovL 2 GPa. 2600 K 
3.16i5) 1 . 8 7 i l )  1 23 : l j  
2.80(3) 1 . 7 4 i 2 )  1.17i4J 
2 67i2) - 1 6 1  1 231)  
2 48i2) - 1.51 il) 1 29\31 
2 18i2) - 1 3 4 1  1.25i l  j 
1.95i1) -1 2 0 1 )  1.27!1) 

1l1J. 6 GPa. 2300 K 
3.3.; -2.13(2) 1 .21(2) 
2.95(5) -1.78i2) 1.20i l )  
2.84(5) 1 . 7 7 i l  j 1.16i3) 
2.57(3) 1 . 5 3 i l j  1 .23i l  j 
2.12(3) -1.34i2) 1 .24 i l j  

42 2 08(3) -1 2411) 1 29i11 2 40 
IllJ 6 GPa 2700 K 

liAo 7 GPa 2200 K 
01 3 647)  1 47i1) 1 '0i2) 2 33 
07 3.41(8) -1.22i2) 1.1 1i4) 2.33 
12 3.02(14) - 1 0 1 4  1.1 1i5) 2.71 
15 3.06i40) 1 . 6 2 i ' )  0.74i2) 3.33 
16 2 637)  -1.24i4) 0.77\2) 3.55 

~l/;lo. ! GPa. 2600 K 
03 3.26(7) 1 . 4 8 i 2 )  1.09(1) 2.44 
09 3 .03 i l0 j  -1.31(3) I .I lil) 2.49 
13 2.79i13j - 1 , 0 8 5  1.07i7) 2.73 

ivlc. 7 GPa, 2300 K 
02 3 .34(10~ -1.30(1) 1 .10 i l j  2.40 
05 3.07(8) -1.23(2) 1.1 lil) 2.50 
11 2.73(10) -1.08i3) 1.10i2) 2.67 

?'do. 7 GPa. 2700 K 
04 2.90(2) 1 . 4 3 i 1 )  1.12i1) 2.39 
10 2.46(4) 1 . 2 5 i 3 )  1.13i IJ  2.49 
' 4  2 33(7) -1.04(4) l l l ( 2  2.72 

' E x x r  n e i t  ,;,.it11 oliy jC3 I:\.' n tile start ng liatel'al. 
Y,: Ibelo,;; detection I ' I T I ~ .  D ,.- ;, 1s a rnlnlrn~:~~i. 

show that tor \%' at 2 (;Pa and 23CC K (Fiq. 
I A ) ,  log D ,,, \.;isles a s a  f i " ~ t ~ o n  of 
oxygen t;ieaclt>- (Ii, ) and Sl/Aig accorciing 
ti> the lmear relatioil 

lo? D,,,,, ,I = a + h(IP ) + i ( S ~ / h i ~ )  

\vlt l i~n -2'2, a\.erapc L lcv la t~o l~  [\\,e~ghtcii 
sum of L l e \ - l a t ~ o ~ ~  sil~~areci (WSDS)  = 2.Cil. 
A t  c ~ l l s t a n t  values c>t f,, (ebsent~ally con- 
stallt FeO In the  sll lcate), loq D, ,e, .,, ilrops 
b>- n o r e  t h a l ~  a lo? unit as a result of 
\7arlatloli ~n S ~ / h l g  ti-om 1.3 to C.7. Thus, a> 
the  rc1atlr.c ab~ ln~ iance  a t  hig'+ Increases 
anil that of S i i  Jeereases 111 the sll~cate 
melt, \X' l?ecomes n o r e  soluble. Slrn~lar re- 
sults \vere obta~lieil for Llo (Flq. 1B). Again, 
tllc so lub~ l~ t>-  of Alo In the slllcate melt 
lllcreases as Sl/Llg ilecreases. 

A t  constant Sl/Aig, the only compobl- 

Fig. 1. Log D .-,, versus log f,, (3IV:j for \J!! at 2 
GPa and 2300 K (A),  Values for D,, I are in 
v;eig"t percent. A n a y t ~ c a  uncerta~ntles are about 
the s ~ z e  of t-e syinbols for V:, lndiv~dual data 
polnts are labeled accord~ny to the S I M y  of the 
silcate i i e l t .  Linear contours of constant Si/My 
i s o d  t i e s )  ivere calculated by best-ft  multiple 
h e a r  reyressioti to  a the so ld  c~rcular data points 
n i th  t i le equation log D = a - h t o g  i3:1 ( I l l??l j  + 
ciSi Mg) (L"?ISDS = 0.05). The slope of the re- 
gressed cotitours is -1.9. Tlie open c r c e ,  not 
i t icuded in the regression, is from an experment 
In ir'!tiich W was beov; the detection l im~t, so its 
partition coefficient is shown as a loir5!er bound. 
T-e solid square is from an expe~.i~nent ih~iih only 
3O0 \A/ rattier than the usual 1 OOo. iB) M o  oata at 1 
GPa and 2200 K. Numbers are as n iA) Error bars 
shos,v analyt~ca uncertainty (2 SEM). The re- 
gressed slope to data iu t -  constant Si/Mg or 
-1 .I has a slope of -1.3 (P = 0.96). 



t ~ o n a l  paraliletcr that \.dr~es 111 the hulk 
compL>sitloli 1s oxyeen, producing \.arlat~ons 
of FcO 111 the sillcate liiclt fro111 -6 vvclght 
L3/ at 2 lo.: unlts helon. the ~ ro l i - \ \~us t~ te  
buffer (IW-2) to -2L1 ~ v e ~ g l l t  ?O at  I\V-1. 
The  eLlu~l~briuni e~luatloli iiescr~bllig the 
p a r t ~ t ~ ~ n ~ ~ ~ g  of\V or Llo lxt\veen metal 2nd 
slllcdte can he ivritten as 

~vhere hl 1s the metal catloll and Y 1s deter- 

metal specles in the  slllcate 2nd ~ilctalllc 
I~qulcis mlx ~cleally, the \.alelice state of M 
111 the s ~ l ~ c a t c  is gl\.eli by 2 linear relat1011 
bet~veen log D ,,,,,,.,, anii loq I,,, such that 

loy D ,,,,,,, I = A . loy fC,: t- B 

wliere A = - y i 2 ,  and B contains actlr-lty 
and equdillrlnrn c011stdnt terliis t h ~ t  arc 
ass~~liied to 1.e constant at constant temper- 
ature aliii pressure (2 ) .  If LY exists 111 the 
silicatc nlelt ~n a 6- valcncc state, then the 
slope of the lines of constant S i l l lg  (\vhere 
only FeO of the silicatc melt varies) o n  Fig. 
1'4 should he - 1.5. T h e  ol3served slope 1s 
- 1.9, h o ~ e v e r ,  and this value yields a cal- 
culated valence of 7.6, which is ~mpossible 
for LV. Our  results a t  6 GPa , ~ n d  230L1 K 
J-ielded a valence of 6.6, again larger than 
the ideal value of 6. T h e  apparent increase 
in valence coulcl he an  artifact of a s>-stem- 
atlc change in the  actlvlty of iron in the 
sillcate 1 ~ 1 t h  clianglng vahles off,,.. '4 rc- 
cent experinielltal stud7- 117 HillgrPn (14) 
was deigncii  to test this hypothesis, ani{ for 
1-alucs of fL,~in the ranyc of IW-1 to IW-2, 
Hlllgrcn's rcsults slion.eJ a constant <iiffer- 
ence hetwecn calculated alnd measureii val- 

- , 
ues of j,, . 

Thus, i ~ n  the l3asis of thesc rcsults, no  
change in slopc i)n Fig. 1 n o ~ l l ~ i  be expected 
as a result of challgilie actir,ity of FeO in the 

L ~, 

silicate. O n c  possihlc c rp lana t~on  is tliat 
thc nonideal slopc for W reflects clianges 111 

the s o l ~ ~ t l o n  hcliav~or of the LY spcclcs in 
the silicate liielt nit11 changing FeL- in tlie 
melt. This pres~lmption is s~~pporte i l  hy the 
decrea.;e In log D /.,, assoc~ated ~vitl i  dc- 
creasing Si/hjlg of thc  silicate ~i ic l t  (tliat IS,  

i~lcrcasing Llg2+) .  T h e  slope of loy D ,,,,, :.,I 

versus tliat of log f,,.for hjlo (Fly. 1B) \-iclii- 
ed a valence of 5.2, anel data a t  7 GPa 
1-ieliicJ a valence of 5.6. However. uncer- 
tainties in D,,,t,r:.,, are larger for M o  than for 
\Y1, anLi we have felver data, so n.c cannot 
resolr-e the meaning of this value. 

LYhat compos~tional paranieters produce 
our ohscrvcd incrcasc in W and hjlo solu- 
bility in the  silicate melt xi11 depend on tlie 
iilolecular species present in the silicate 
mclts produced here. '4 qualitative ~ilodel 
can lie constmctcil to iiescril?e the ol~scrveLi 
behav~or.  T h e  S i O ,  tctraheiira arc tlic basic 
itruct~iral units il; silicate iilelts and, iic- 

1~enLi~iig o n  lion. ox\-gen atonis arc shared 
\~ . l th  n c ~ y h h o r ~ ~ i y  tetralicdra (bridglne osy- 
gens), the\- form a varlet\- o t  13osslblc net- 
ivork structures ( 1 5 ) .  Intelislve \-arlables 
s ~ ~ c h  as c ;~n ipos~ t~on ,  temperature, m d  pres- 
s ~ r e  can ha1.e s\-stematlc effects o n  lilclt 
spccl~t~011-fo1- exanlple, the t>-pe mi i  
a h u n d x ~ c e  of structural u l i~ t s  such as 
s10t4-, ,sI,o,?-, 211ci ,SI,O;"-. CXLOIIS 

that are not tetrahcLirall>- coordlndtcd, such 
as hlq2+ xlci F$+, L T L L I S ~  compete for oxy- 
gen atoms In the lnelt stnlcture (non-l~rldy- 
111q os~.gel is) ,  and 111 i io~ng so they depoly- 
merl:e the melt i t n~c tu re  and create new 
opportunities for colnpetition for oxygen hy 
catlonlc species. Hlqhly charged catiolis 
such as W m d  h10 ha1.e a strong aftililty tor 
osyqeli, and thelr solut~oli  properties ma>- 
be ~lifluenccii h ~ .  slllcate structure (16) .  011 
the basl.; of a\railal~lc data, hlqlily charycLi 
catlons sliould be ~l ios t  stroliqly pa r t l t~one~ l  
into depol>-merired silicate lilelts ( I  7) 

Hcre, we c a l c ~ ~ l a t e ~ i  tlie ~n l rn l~e r  of non- 
l> r~dg iw osygens to tetralieiirally coord~nat-  
ed catlorn (NROIT) for thc sillcatc ~uel ts  in 
our experiments (Tahlc 1) .  NRO/T gives 
the degree of po1ymeri:atlon of a slllcatc 
melt, n i t h  a value of 0 ind ica t in  a f~llly 
pol>-merl~ecl melt and a vahle of 4 inchcat- 
ing a completcl>- ~icpolymcr~:eil melt (15).  
T h e  sllicatc iilelts liavc calculated KBO/T 
values rangi~lg fronl -1.3 to 3.6. W c  tit 
parti t ion~ng data for LY at 2 GPa and 2300 
K to a linear cquation of tlle fol lo \~ing form: 

log D ,,,,, ' , ,I = cc + h(f,,~) + c (KBO/T)  

A least-squares regression rcproiiuccd the  
data to  \ v ~ t h i n  -3% average clelrlation 
(~velghteii  sum of Lieviatlon squared = 
0.06).  If KBOIT is a reasonal3le orouv for 

L .  

the  complex varlahles in the  sillcate lilelt 
that  cause the  ol~serl-ed changes in \Y1 and 
hjlo soh~ l i i l~ t \ - ,  tlicn cllangcs in log D,,,e,,.,, 
as a function of log f,,? shoulcl no t  he 
affecteJ a t  constant KBOYT. T h e  calcul,1t- 
cd valcnce of \Y1 at constant K B O / T  is 
-5.8 icomrlare to a 1.alencc of 7.6 calcu- 
latcd from the  slope a t  colistant S ~ / h l g  o n  
Fig. l r \ ) ,  a value that  is close to the  ideal 
valencc of 6C. This near ideal calculated 
valcnce likcly reflects the  compositional 
iicL~eniicnce of \Y1 si , l~~hili t \-  o n  tlie al3un- 
dance of nctnork-mod~f\-il iy cations such 
as Fez- anii Llg-. Hlllgren er (ti. (18)  
have also ohtained csaer iment ,~l  evidence 
that sholvs a dere~l i ience of D,,,e,:,,, for W 
and M o  on silicatc nlclt composition. 
Their data suggest that other s~dcroplhile 
and lithophile ele~iicnts ( N I ,  C o ,  P ,  G a ,  
anLi G e )  are also affecteJ, although thc  
magnltudc of tlicse effects has >-et to he 
isolated. 

Support for the importance of melt 
structure on partitioning coliics horn a 
study o n  the effect of pressure on albite melt 
stnicture inaiie liy Kcppler anci R~lhie  (19) .  

NBOlT 

Fig. 2. Log D ,,,,, for W (solid line) and Mo 
(dashed lne) as a function of NBOir at log f,? 

(AIL",!) of -1 9. The trends are extrapolations 
based on linear regressions to the W data at 2 
GPa and 2300 K [excluding runs \~!!57 and L",!59 
(Table I)] ,  and to the Mo data at 1 GPa and 2200 
K, accordng to the equaton log D = a + b log f3. 
(L\J!!) - ciNBOIT) (WSDS = 0 06 for \J!! and 0 01 
for Moj. Also stioir5!n are the NBO,T of typical tho- 
lei~t~c basalt, komatiite. and peridotite composi- 
tons, and the log D,,,,, that IS Inecessarj to ac- 
count for the abundances of W and Mo In the 
upper mantle assuming equlbrum core forma- 
tion between a13 Fe-rch core makng ~ i p  -30% of 
the mass of Earih. 

The>- sho\ved that a n  uicrcasc 111 pressure in 
the ranee of 5 to 1L1 GPa increases tlic 
opport~u~~i t les  for octalledral coorLiination of 
Ni  anii Co, therch\- lilaking them Inore 
sol~thlc 111 the melt. Slncc that study, it llas 
hcen confirmed that N I  and C o  l~ecome 
more so1~113lc in nlelts of basaltlc to periiiot- 
ltlc composition ~vltl i  incrcasc ~n prcssure 
anii temperature (9-1 1 ), anii this phcnom- 
enon likcly reflects a change in silicatc melt 
structure. O n  the l3as1s of our iiata over a 
range of temperatures and pressures (Tal3le 
I ) ,  at collstant sillcate lnelt composition 
D ,,,, for \Y1 sliows no clianye, u-ithin u ~ i -  
certainty, ivitli increase in tcnipel.aturc or 
presx~rc. Ho~vcvcr,  log D ,,,L, ,,,,, for M o  Je-  
creasea at a rate of -0.07 per 1 GPa,  anii 0.1 
per 100 K, over thc rangc of coniiitions n.c 
inve>tleateii. 

'4 possll>lc reason for changes 111 the LY 
and Mo s o l ~ ~ b ~ l i t y  in tlie silicate nlelts in 
our ex~~er imcn t s  is cxtrcme deviation from 
l~ehavior accor~linp to Hcnr\-'s Ian.. W e  feel 
that tills is not a primary effect for tlle 
following re,lsons. T h e  llquid nletal alloy 
phase contaiiis -30 wciglit ?b of LY' or Llo, 
so it is like11- that activity-com~~osition re- 
latlons J o  not follon. Henry's Ian. a t  such 
higli concentrat~ons. Hoivever, the varia- 
tion in LY and hjlo in tlie lliruid metals 
anlong cx'cr~ments with i i l f f k n t  bulk 
compositions is typically ahout 2 to 5'%, and 
these clianges shoulLi not proiluce such 
large clia~lges 111 \Y1 and Llo solubllit\- in thc 
silicate. T h e  silicatc nlelts contain hct\vecn 
100 p p n  anil li,L100 ppni of W ( n l ~ s t  have 
<10,L100 ppm) and het~vecn 1L10 anii 20C0 



T o  test the effect of \Y1 collcelltratloli in 
the cacxlstlng mctal and sillcate pllascs o n  
partitlonlng, we ~lsed old\- jn/'o by \\.eight of 
W in the hulk conlpositloli a t  2 GPa and 
2309 K (Fig. l a ,  solid square). Within  un- 
certainty, our result was consistent \\.it11 
iiata ol~taiiied n.itli the usual 1L1";1 of LY in 
the hulk comnosition. This result suoeests ,~ ,-, 

that Lieviations from Henry's la[\. cannot 
account for the ol~served effect of silicate 
melt coinposition on partitioning. A t  con- 
stant values of f,,:, tempcraturc, pressure, 
and W c o ~ i c e ~ l t r a t i o ~ i  111 tlic bulk composi- 
tion, \-arlatlons in Sl/l\/lg fro111 1.3 to  0.7 
proih~ceil nearl>- an  order o i  mqni tui ie  
change in vah~cs  of D ,,,c ,,.,,, whereas chang- 
ing the W colicelitration h\- half produceii 
no  ol~serval~le change 111 parti t~oning. 

Segregation of lnetal from s~ l i ca tc  to 
tor111 Earth's core allnost certainly in- 
v01vcCI both a liil~liii ~ n e t n l  and a silicate 
melt ,  although the  amount of silicate melt  
necessar>- to promote metal segregation 
could he small ( 2 Q ) .  Depending o n  thc  
dcgrcc of melting, thc  s i l~cate  lllclt in 
euuilihrium n l t h  llletal could ranee cssen- 
tiall\- from basalt (low melt  fraction) to 
periiiotite (high ~ n e l t  fraction). For a value 
off,,, at  which core segregatioli will leave 
a lnalitle ~ v i t h  -9% FeO I,\- \\.eight, D,,,~,.,, 
for LY is - lo4 ,  and for b lo  is - l o5 ,  in a 
illclt of basaltic co~nposi t ion (Fig. 2).  
However, in a peridotitic melt ,  D ,,,e ,,.,, for 
W and Mo drons to -1L1' and - l d i ,  re- 
spect~vcl\- .  Tllus, depclld~lig o n  tlic iiegree 
of melting of the  ~ n a n t l e  in the  Earth's 
earl\- histor\-, LY and Mo partition coeffi- 
cients call rra1-y over t ~ v o  orders of magni- 
tude. \Y1lien the  adcied effects of tcm~iera-  
turc and pressure o n  hjlo partitioning arc 
taken into account (for example, increas- 
ing pressure h>- 5 GPa and temperature by 
500 K decreases tile va1~1e of D for Llo b\- 
a l ~ o u t  1 log unit)  the  magnituLie of the  
ah~lndanccs of W a~ i i i  Llo in tllc upper 
l l la~itle call be exnlained bx- ciluilibrium , L 

'ct~vccn liquid-metal and u l t r a - ~ n ~ ~ f i c  sili- 
cate lllclt a t  higli pressures and tcmpera- 
tures (Fig. 2 ) .  This result gives support to 
models that  s h o ~  the  core segregating 
fro111 a higlil\- or completcl\- ~ l l o l t c ~ i  early 
Earth.  
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Fas Ligand-Induced Apoptosis as a 
Mechanism of Immune Privilege 

Thomas S. Griffith, Thomas Brunner, Sharon M. Fletcher, 
Douglas R. Green, Thomas A. Ferguson* 

The eye is a privileged site that cannot tolerate destructive inflammatory responses. 
Inflammatory cells entering the anterior chamber of the eye in response to viral in- 
fection underwent apoptosis that was dependent on Fas (CD95)-Fas ligand (FasL) and 
produced no tissue damage. In contrast, viral infection in gld mice, which lackfunction- 
al FasL, resulted in an inflammation and invasion of ocular tissue without apoptosis. 
Fas-positive but not Fas-negative tumor cells were killed by apoptosis when placed 
within isolated anterior segments of the eyes of normal but not FasL-negative 
mice. FasL messenger RNA and protein were detectable in the eye. Thus, Fas-FasL 
interactions appear to be an important mechanism for the maintenance of immune 
privilege. 

T ~ l a t  solile sites in the  l,od>- are lmmuno- enjoy prololigcii survixral relativc to  otlier 
logicall\- "privilegeii" has l ~ e e n  recognlzeii areas. Thus,  tllesc sites 1ial.e been defined 
for more tliali 120 \-ears ( I ) .  Classicall\-, as regions in the  l3ody \\.here the  immm~ne 
an  immm~ne-privileged slte 1s wlierc allogc- s\-stem appcars not to f~ lnc t ion .  O n e  ex- 
neic or xe l iqene ic  ( 2 .  3 )  tlssue grafts anlple of such a site is tlie e>-e, \\.here even 

minor cpisocles of iliilamlnation can r e u l t  
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