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Percolation of Core Melts at 
Lower Mantle Conditions 
M. C. Shannon and C. B. Agee 

Experiments at high pressure and temperature to determine the dihedral angle of core 
melts in lower mantle phases yielded a value of -71 "for perovskite-dominated matrices. 
This angle, although greater than the 60" required for completely efficient percolation, 
is considerably less than the angles observed in mineral matrices at upper mantle 
pressure-temperature conditions in experiments. In other words, molten iron alloy can 
flow much more easily in lower mantle mineralogies than in upper mantle mineralogies. 
Accordingly, although segregation of core material by melt percolation is probably not 
feasible in the upper mantle, core formation by percolation may be possible in the lower 
mantle. 

C o r e  formation is bv far the  largest mass 
transfer event in ~ a r t l l  h~story,  ~ o r a  homo- 
geneous c h o ~ ~ d r i t i c  Earth this event in- 
volves the  separation of iron metal from 
s i l~cate  material to form a metallic core 
with a n  overly~ng silicate mantle. Two pos- 
sible separation mechanisms have emerged 
(1 ) :  melt segregation through a molten ina- 
trix, a process com~nonly referred to as rain- 
fall, and melt segregation through a solid 
matrix, usually termed percolation. Rainfall 
reallires that  some or all of the  silicate 
~ n a n t l e  was molten, allo\ving the  molten 
Iron dronlets to "fall" to the  center as a 
result of their greater density. Percolation 
i ~ ~ v o l v e s  inolten iron ~nov ing  through solid 
rock by flowing between grains along an  
i n t e r c o ~ ~ ~ ~ e c t e d  grain-edge pore neta,ork. 
Several experimental studies sho\ved that 
percolation in the  upper mantle \\,ould not 
be possible (2-4). T h e  fluid-solid interfacial 
enerol- of molten iron and ~ r o n - s u l f ~ ~ r  allovs ", 
in  lo\ver ~ n a n t l e  aggregates is too high, rel- 
ative to  the  grain boundary energies of a 
rock matrix of olivine (and its higher pres- 
sure polymorphs), pyroxene, and garnet, t o  
permit the  melts to form a n  interco~lnected 
network, Percolation is therefore ineffi- 
cient, stranding some of the  metallic alloy 
in  the  silicate matrix, Because rock sa~nules 
from the  upper mantle sl1o\v n o  evidence of 
stranded core material, true percolation is 
ruled out. In  the lower mantle, however, 
the  mineralogy changes to a matrix domi- 
nated by (hlg,  Fe )S i03  perovskite and mag- 
nesio\vuestite (5). T h e  physical properties 
of perovskite and magnesio\vuestite differ 
from those of olivine and pyroxene because 
of the  coordination change of silicon from u 

tetrahedral (coordinated to  four oxygen at- 
oms) to octahedral icoord~nated to  six ox- 
ygen atoms). It is unknown horn, iron alloy 
interacts with these lower inantle nhases. 
although a n  e n l ~ a ~ ~ c e d  percolation ability is 

aepanment of Eanh and plan eta^; Scences. Haward 
Universty, Camcr~dge. MA C2138. USA, 

susnected ( 1 ,  6). Here we examined the  
ability of iron alloy to form a n  intercon- 
nected grain-edge net\vork with perovskite 
and magnesio\vuestite. 

Experiments were performed with a 
multi-anvil device; the experimental setup 
\\,as similar to that described in (7) except 
that a carbon capsule was used to  separate 
the starting material from the heater and n o  
thermocouple was present. Temperature was 
estimated o n  the basis of power consumption 
and a coinnarison of textures from similar 
experiments run with a thermocouple (8). 
W e  used t\vo startino mater~als: Homestead 
ineteorite ( an  L5 ordinary chondrite) and a 
mixture of enstatite and iron sulfide. Both 
starting materials were ground to an  average 
grain size of 5 to  10 bin. The  materials were 
aressurized to -25 ' G P ~  and heated to  a 
noint iust belo\\, the  silicate sol~dus where 
the silicates and oxides are solid and the iron 
allol- is molten, about 210C°C. These condi- 
tions were ~naintained for 3 hours to  achieve 
a close approximation to textural equilibri- 
um. In the 25-GPa runs, the original phases 
of Homestead recrystallized to form perov- 
skite (bfg,i,Fe,,4)Si03, magnesio\vuestite 
(Mg,,,Fe,,,)O, garnet, calcium perovskite, 
and quenched iron-nickel-sulf~~r melt 
(Fe,,NiiS,,) (Fig. I A ) .  T h e  original ensta- 
tite recrystallized to form perovskite 
(Mg,,Fe,,,)SiO, in contact with queilched 
iron-sulfide melt (FegoNi, S ,  ,) (Fig. 1 B) .  

T o  characterize percolation ability, we 
de te r in i~~ed  the dihedral angle that the  
quenched alloy (molten during run condi- 
tions) forms \\lit11 the  solid silicate nhases 
from the  polished sections. Because the  di- 
hedral angle is measured in  the  plane nor- 
mal to  the  axis of the  triple junction be- 
tween t\vo solid grains and a ouenched melt 
pocket, ineas~lred angles in  a single section 
will produce a distribution of apparent an- 
gles (9 ) .  W e  approximate the  true angle 
\vith the  median of the  distribution of ap- 
parent angles (10). A dihedral angle of 60" 
or less indicates that efficient percolation is 
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possible. A value greater than 60" implies 
that some melt will be stranded, with the 
amount of melt stranded increasing with 
increasing angle (1 1-1 3). All three distri- 
butions show broadening relative to the 
theoretically expected distribution charac- 
teristic of matrices with nonisotropic phases 
(9, 10, 14). In addition, the broad distribu- 
tion of the Homestead experiment (Fig. 
2A) results from contact between several 

different solid phases and melt. The distri- 
bution of angles is narrower for contacts 
measured between only perovskite and the 
alloy (Fig. 2B). 

Another possible explanation for the 
broad ~ e a k s  is that the textures are not in 
equilibrium. In that case, the median may 
not be a good approximation for the dihedral 
angle. However, we suggest that these tex- 
tures are in equilibrium for three reasons. 

Fig. 1. (A) Results for the Homestead meteorite starting composition (run 760), run at -25 GPa and 
-2100°C. The matrix is dominated by perovskite (pv) with grains of magnesiowuestite (mw), garnet 
(gar), calcium perovskie (cpv), and pockets of quenched iron-nickel-sulfur melt (fe-ni-s). (B) Results for 
the enstatite starting composition (run 762), obtained under the same conditions as run 760. The matrix 
is entirely magnesium-rich perovskie (pv) with pockets of quenched iron-sulfur melt (fe-s). 

Fig. 2. (A) Distribution of 
apparent dihedral angles % : 40 

for all phases formed c 
from the Homestead 5 30 

meteorite starting com- O 20 20 

position. The number of 3 10 10 

contacts measured was o 
375. This peak is broad- = OO 20 40 60 80 100 120 140 160 180 o 20 40 60 80 100 120 140 160 180 

er than the peaks in (B) Apparent angle (degrees) 

and (C) because of the presence of magnesiowuestite, gar- I" net, and calcium perovskite in addition to the perovskite in a 
the matrix. (B) Distribution of apparent dihedral angles for 30 

contacts between iron-alloy melt and perovskiieformed from 20 
the Homestead meteorite starting composition. The number 
of contacts measured was 263. (C) Distribution of apparent 10 

dihedral angles for contacts between iron-alloy melt and 2 
perovskite formed from the enstatite starting composition. o 20 40 60 80 10o12014016o180 

The number of contacts measured was 215. Apparent angle (degrees) 

Fig. 3. Dihedral angle versus pressure di- 160 
agram for the Homestead L5 chondrite. - 
The plotted value of dihedral angle 0 is the 1 140 
median angle of a distribution of apparent $ 
angles; error bars are 2 10". Open symbols 120 
represent upper mantle phases (circle, oli- 
vine; triangle, p-phase; square, y-spinel), 100 
which all yield a dihedral angle of -108", % 
from (4); the filled circle represents run 760 5 80 
from this study. The point at 23.5 GPa was P 
run in the same setup as the runs in this 5 60 
study and is a "bridge" to our previous re- 
sults. y-Spinel, perovskite, and magnesio- 40 
wuestite were all stable in the charge; how- 0 5 10 15 20 25 30 35 
ever, only angles at junctions with y-spinel Pressure (GPa) 
were measurable. 

Previous studies have shown that at elevated 
pressures and temperatures, the dihedral an- 
gle does not change significantly after a few 
hours of run time (3, 4). Second, the results 
from preliminary experiments run for 5 to 60 
min or at lower temperatures give bimodal 
distributions or broad peaks (15). The rela- 
tively narrow, single peaks of the two exper- 
iments here show that the dihedral angle is 
approaching a single value. Finally, a quan- 
titative analysis of the angles formed at triple 
junctions of perovskite grains shows that the 
perovskite matrix that forms the bulk of the 
sample has reached an equilibrium texture 
(16). Therefore, we are confident that, 
within error, the median of the apparent 
distribution is re~resentative of the dihe- 
dral angle. 

Both the iron-bearing ~erovskite - .  
(Homestead sample) and the magnesium- 
rich perovskite (enstatite sample) produced 
a dihedral angle of -71" (Fig. 2), suggesting 
that the iron content of the perovskite has 
no effect on the percolation ability of the 
melt. The value of 74" produced by the 
entire Homestead matrix (Fig. 2A) agrees 
with the perovskite values and reflects the 
dominance of perovskite in the solid matrix 
of this meteorite. The other solid phases 
present, magnesiowuestite, garnet, and cal- 
cium perovskite, were not abundant enough 
to vield distinct dihedral angle measure- - 
merits or change the percolation ability of 
the melt (1 7). The decrease in the dihedral 
angle to 71" from the 108" value measured 
for the Homestead meteorite composition 
at upper mantle conditions (Fig. 3) (4) 
indicates a change in the interfacial ener- 
gies of the solid phases when the minerals 
y-spinel and pyroxene transform to perov- 
skite and magnesiowuestite. Such a shift 
does not occur at lower pressures when 
olivine transforms to P-phase and y-spinel 
and may in part be due to a change in 
atomic ~acking. - 

The reduction in dihedral angle indicates 
a change in the percolative ability of the 
melt. In experiments simulating upper man- 
tle matrices, the larger dihedral angle indi- 
cates that the fraction of melt that will be 
stranded is at least 6 to 10% by volume of the 
sample (1 2, 13, 18). The lower dihedral 
angle measured here in experiments simulat- 
ing lower mantle matrices indicates that the " 
stranded melt fraction will be smaller, al- 
though how much smaller is not precisely 
known. For a melt forming a dihedral angle 
of 71" with a monomineralic isotropic ma- 
trix, the stranded melt fraction is about 2.5 
to 3% (1 3). When the solid phase or phases 
are anisotropic, as perovskite is, the fraction 
of melt stranded has been shown to be high- 
er (19). , , 

Changes in pressure, temperature, and 
composition with depth can also change the 
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dihedral angle. Prevlous \\-ark ha> sl1o\v11 
that, 111 slmilar s\-stems, dihedral angle de- 
creases lvitli i~icreaslng temperatire (2 .  2C). 
A t  the same Lime, ~ncreasi~lg  pressure may 
increase dihedral angle (3 .  4) .  hlelt compo- 
sitlon also has a n  l~ltl l ie~ice ( 2 .  3 ) .  T h e  
yrof~le of dilieilral angle t l i r o ~ ~ g l i o ~ ~ r  the lo\\-- 
er mantle then iv~ll  depenil o n  the interac- 
tion of all of these factors as the pressure and 
temperature increase. Better constra~nts on 
the effects of pressure, temperature, and 
composi t io~~ are needeil before the percola- 
tive ablllty of the Ion-er ~ l i a ~ i t l e  call be corn- 
pletel\- assesseil; however, the -35" decrease 
in ililiedral angle due to tlie m i n e r a l o ~  
change at the upper-Ion-er llla~ltle boundary 
suggests percolatlo~i in the l o ~ e r  ~ l l a ~ i t l e  may 
be a feasible core segregat~on mechanism. 

For the earl\- Earth, these results are most 
relevant to moilels of core formation. Core 
forlllatio~i by percolation 111 the entire man- 
tle is not feasible l~ecause of the large illlie- 
clral angle in  matrlces forllled a t  lolver 
preshures. Sonle meltilig of the  sllicates, 
dlaplrlc ~~istabili tb-,  or a noneql~llibrliull~ 
process such as slieari~lg may have l ~ e e n  
reiliiireil t o  mobl1i:e the  illelt i i o ~ n ~ v a r d  a t  
Iom-er pressiires. However, the  decrease 111 

dihedral angle in loner  mantle assemblag- 
es suggests that  percola t lo~i  in the  Jeep 
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Localized Reconnection in the 
Near Jsvian Magnetotail 

. - 

Earth ma\- be possible ~ m d e r  some conLli- 
tlolls. ~f so, tliell core forlllatioll coll~j  C. T. Russell,* K. K. Khurana, D. E. Huddleston, M. G. Kivelson 
ha1.e proceeiled b\- rainfall tliroiigh melted 
s~l icates  a t  lon~er  pressures (<25 to 30 
G P a )  (21)  a ~ i d  by percolati011 a t  greater 
pressures. If percolatlo~i is no t  e~iougl i  en-  
hanced by tlie decrease 111 ililiedral angle 
to  allow complete segregation of core ma- 
terial, the11 other mechanisms to lllobillre 
the  melt s i~cl i  as partial llleltillg of sllicates 
or sliear~ng are needed to complete core 
formation. 

These data also have rallliflcatlo~ls for 
Earth 1101~. T h e  abillt1- of core material to 
~ n f ~ l t r a t e  tlie Iolver ~ l i a ~ i t l e  a t  the core-ma~i- 
tle bounilary is also characteri~ed, in part, 
by tlie dihedral angle. ,qn angle o n  the 
order of 71" mealis that core lllelt could 
percolate upward, by capillary action, sollle 
distance Into the base of tlie lo\%-er mantle. 
T h e  density contrast between llia~ltle and 
core nlav allolv o~ i ly  a t h m  :one of nietal 
capillar\- ~~ i f l l t r a t io~ i .  If molten lroli 1s en- 
trained in D", tlien it will telid to percolate 
back to tlie core along grain boli~idar\- patli- 
\\.ays. T h e  amount of melt present anil the  
distance of illfiltratioll \vill provide impor- 

The oppositely directed magnetic field in the jovian magnetic tail is expected eventually 
to reconnect across the current sheet, allowing plasma produced deep inside the mag- 
netosphere near lo's orbit to escape in the antisolar direction down the tail. The Galileo 
spacecraft found localized regions of strong northward and southward field components 
beyond about 50 jovian radii in the postmidnight, predawn sector of the jovian mag- 
netosphere. These pockets of vertical magnetic fields can be stronger than the sur- 
rounding magnetotail and magnetodisk fields. They may result from episodic recon- 
nection of patches of the near jovian magnetotail. 

T h e  Galileo spacecraft has, since i l ~ s e r t i o ~ ~  
o n  7 December 1995, operated at Juplter 111 

a series of orbits \vliose lme of apsiiles has 
rotated from a positloli behind the iian.11 
terlluIiator to close to mi~lnlglht. T h e  elglith 
of these orbits had sufficient telemetry 
band\\-idth that nearly continuous measure- 
ments coulii be obtained throligh the  apo- 
lo\-e region and telellletered to Earth. Thls 
allon-ed us to study the telllporal stability of 
the  magnetodisk a ~ i d  near lliag~ietotall n l t h  
the  data from the magnetometer ( 1 )  from 
mid~iiifht to 3 , qLI  local time and at ciis- 

talices from 5L1 to 11717 lovlan railil (RI) horn 
the  planet (Fig. LA). O n  the basls of prevl- 
oiis olxervations b\- Pioneel li? and 11 ( 2 ) ,  
\'oyager 1 a ~ i d  2 ( 3 ) ,  and Ulysses (4), we 
expected the magnetospheric fleld to be 
radiall\- directed througli most of tlxs regloll 
except near the current sheet. T h e  tilt of 
the macnetic iliaole asis colitrols the cur- - 
relit sheet location so that the  ciirrent sheet 
is, 111 ~ e n e r a l ,  displaced from the rotational 
equator In nlilch Galileo orbits so that it 
call fly 1.y the four Galilean moons (Flg. 
1B). T h e  rotatin11 of Jupiter carries the cur- 

t a ~ i t  collstrai~its o n  models of the formation relit sheet hack and forth across Galileo 
C T. F ~ ~ s s e  2 1 - d  hl. G. Kive sol- I i s t l - ~ t e  or Gropiiyscs 

of D", i~iteractio~is at tlie core llialitle Panria> aid Depanlrer.t cf Ea31, a,d every 117 hours. 
boii~idary, and ~ u a ~ i t l e  dynamics (22) .  space ~ c r i c r s ,  U I - I ~ : ~ * S I - ~  o: ~ a i o ~ n a .  ~ o s  A ig res ,  T h e  1-olcanic moon Io siipplies up to a 

CA 90~35-I  3G7. USA. to11 of ions per seco~iil to the jovlan mag- 
REFERENCES AND NOTES K K. K,iular-a an3 D E. t ~ ~ c d l e s t o i  rst-u:e o' Geo- 

pi-yslcs Rrd Paietaey FFr,.scs, Uil s.t,. or Call:orl,la ~letosphere.  T h ~ s  ~liaterial is transported ra- 
Los Argres,  CA 90C95-1567, 3% dially outlvard to ultimately be lost don11 

- .  D J Steverson. I -  O:;p- 0:ii.e E~!TI:, J E N r~ :b '~o~ r  
at-d J. H Jcn rs  Eds. Ox'crcl Un,;. Fress, Ne~:~'Ycrk. *To l!?,io~r correspol-cleicr si-0.11~ be aadressec E-1ra11, in antlsolar direction (j. 6). In 
'9901. lpp 2 3 - - 2 9  c:r.~ssrE gpp.~~ca.eci .~ a perfectl\- electr~cally co~ldllctlng iluld, the 
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