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Because of dissolution of lighter elements such as sulfur, carbon, hydrogen, and oxygen, 
Earth's outer core is about 10 percent less dense than molten iron at the relevant pressure 
and temperature conditions. To determine whether hydrogen can account for a major 
part of the density deficit and is therefore an important constituent in the molten iron outer 
core, the hydrogen concentration in molten iron was measured at 7.5 gigapascals. From 
these measurements, the metal-silicate melt partitioning coefficient of hydrogen was 
determined as a function of temperature. If the magma ocean of primordial Earth was 
hydrous, more than 95 mole percent of H,O in this ocean should have reacted with iron 
to form FeHx, and about 60 percent of the density deficit is reconciled by adding 
hydrogen to the core. 

T o  simulate metal-silicate melt partition- 
ing of H in the early history of Earth, I 
svnthesized iron hvdride (FeHx) in an ul- 
trabasic hydrous silicate melt. Experiments 
were conducted at 7.5 GPa with a uniaxial. 
multianvil apparatus (I  ). Starting materials 
(Table 1) were prepared from mixtures of 
iron, MgO, brucite [Mg(OH)2], silica glass 
(Si02), silicic acid (Si02.0.4H20), and liq- 
uid H 2 0  and were sealed in Pt capsules that 
were 5 mm in outside diameter, 0.2 mm 
thick, and 7 mm long. These large capsules 
can enclose a maximum of 20 mg of H 2 0  
with the iron and silicate components, and 
this amount of H 2 0  was required to buffer 
hydrogen pressure (pH) throughout the ex- 
periments (2). Temperature variations 
within these capsules were reduced to less 
than 100°C by thermal insulation (3). 

The melting temperature of Fe is re- 
duced by addition of H (4-6). At 7.5 GPa 
the melting temperature of FeHx lies be- 
tween 1100°C and 1200°C (3), which is 
600°C lower than that of Fe. When FeHx 
melts in a molten silicate, it segregates, 
forms large droplets (4, 7), and rapidly set- 
tles to the base of the capsule because FeHx 
melt is immiscible in a silicate melt. The 
experiments should be finished before all 
the droplets settle; for this reason the dura- 
tion of each experiment was limited (Table 
1). This duration may appear too short but 
the equilibrium was confirmed by time stud- 
ies (8). The large diffusion length of H in 
metallic Fe (-500 Fm per 10 s) (9)' may be 
the reason for the short relaxation time 
needed to achieve equilibrium. 

Hydrogen dissolution into iron is signif- 
icant at pressures r 5 GPa (10-12). The 
product, FeHx, quickly decomposes into Fe 
and Hz at ambient pressure, so the H con- 
centration in FeHx is difficult to determine. 
In the case of crystalline FeHx, an in situ 
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x-ray diffraction technique was used to de- 
termine the H concentration from the ex- 
pansion of the unit cell volume of Fe lattice 
at high pressures, assuming a constant vol- 
ume expansion per H atom (6). However, 
the x-ray diffraction method cannot be ap- 
plied for molten FeHx. 

In previous high-pressure melting exper- 
iments on FeHx (4, 7), H completely es- 
caped from the Fe during decompression at 
a rate of several gigapascals per hour after 
the FeHx was synthesized (13). In these 
experiments, therefore, the pressure was re- 
leased rapidly (1.5 GPals) to prevent H 
from escaping from the FeHx. As a conse- 
quence of such rapid decompression, nu- 
merous bubbles formed in the recovered Fe 
grains (Fig. 1). These bubbles are now emp- 

ty but must have been filled with H2 be- 
cause no other volatile components were 
available in these experiments (3). Distri- 
bution of the bubbles differs in the solid and 
the molten FeHx phases. This difference 
can be explained by the different nucle- 
ation sites of H2 available in each phase. 
Solid FeHx is quenched without any textur- 
al change. During decompression, the bub- 
bles nucleate homogeneously in the Fe ma- 
trix. On the other hand, molten FeHx is 
quenched into an aggregate of quench crys- 
tals of solid FeHx. During decompression, 
the bubbles nucleate heterogeneously along 
the grain boundaries. 

The volume fraction of the H2 bubbles 
in the Fe was determined from the back- 
scattered electron images of Fe grains recov- 
ered after the experiments (Fig. 2). If the H 
cannot escape from FeHx grains during 
quenching and decompression, then the H 
concentration in FeHx should be equal to 
the total volume of the bubbles multiplied 
by the density of H in the bubbles. The 
density of H in the bubbles soon after de- 
compression was estimated by comparing a 
bubble volume in solid FeHx with a report- 
ed H concentration in crystalline FeHx 
measured in the in situ experiment (6). For 
this comparison, a series of rapid decom- 
pression experiments at 5.0 GPa were car- 
ried out, and a volume fraction of bubbles of 
0.30 was obtained for solid FeHx just below 
the FeHx solidus. In the same Fe-MgO- 
Si02-H20 system at 4.9 GPa and just below 
the FeHx solidus, an H/Fe molar ratio of 0.4 
was determined from the lattice constants 

Fig. 1. Backscattered electron images of recovered Fe grains in a polished cross section at 1200°C. 
Bright areas are metallic Fe. Dark areas in the grains are H bubbles. (A) Bubbles formed after solid FeHx 
single crystal. Because of instant decompression, H became visible as numerous small bubbles. An 
enlarged image of the bubbles is shown on the same scale with those bubbles in molten FeHx. (B) 
Bubbles formed after molten FeHx. The H bubbles formed along the grain boundaries of the quench 
crystals. Both (A) and (B) showing different textures coexist in the same recovered charge of run 499. 
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of solid FeHx (5). Froln these values, the 
de~lsity of H in the bubbles, when they 
reached their final size, was calculated as 
0.13 g/cm? This density can be applled for 
the rapid d e c o m p r e s s ~ o ~ ~  experiments at 2 5 
GPa,  because H bubble forlnation was not 
triggered untd  the  pressure was released to 
<i GPa even if the decoinpress~on started 
a t  a higher pressure (10. 1 1 ) .  Therefore, 1 
used this iknsity of H to estimate the H 
collcelltratioll in solid and molten FeHx at  
7.5 GPa  (Fig. 2) .  

T h e  H conce~ltratioil  in nlolteil FeHx 
increases with i~lcreasing temperature, fro111 
-0.4 a t  1200°C to -0.7 a t  lSOC°C (Fig. 2). 
B t  120Q°C, solid and illolten FeHx coexist, 
and the  latter is enriched in  H by 20 mole 
percent. This is co~lsistellt nit11 therinod\-- 
nalnic calculation, n ~ h i c h  predicts a slightly 
higher H concentration 111 the illelt than in 
the  solid (5 ) .  T h e  H distribution coefficient 
between ~lloltell  and solid FeHx is 

T o  deterilline the  metal-silicate illelt 
partition coefficient of H, the comr?osition 
of FeHx and coexisting silicate nlelt must be 
deterillined in each exneriment. I estilllated 
the silicate illelt coillpositio~l by mass-bal- 
ance calculation (Table 1 )  and de te r~n i~ led  
the compositions of the  olivine and pyrox- 
ene in each recovered charge by electron 
microprobe analysis (3) .  T h e  Fe2+/Mg mo- 
1, a1 . ., iatm ' of the  ~ u e n c h e d  silicate inelt was 
then calculated from the conlposition of 
residual olivine by using K ; ~ ~ ~ ; f ~ , , ,  = 0.36 
(14).  For a totally ~nol te i l  system, it was 
assumed that illost ma,onesian olivine 111 the  
iluench crystals n7as in ecluilibrium 'ivith the  
nlelt a t  the  beginning of iluench crystal 
gro\vth. T h e n  the FeO/MgSiO, ratio of the  
bulk silicate (11) n7as determined from the 
relative volume fraction and colnpositioi~ of 
the coexisting phases. T h e  H,O/MgSiO, 
ratio of the bulk silicate should be m - n, 
where m is the starting H,0/MgSi03 ratio, 

because all the FeO in the silicate was 
produced by colnpensatioi~ of a n  equivalent 
lnole fraction of H,O by reaction 2. This 
amount of H 2 0  should have been dissolved 
in the silicate melt. 

From the  composition of the  coexisting 
FeHx (Fig. 2 )  and s~licate inelt (Table l ) ,  
the H partitioning coefficie~lt in the AIgO- 
Si0 , -Fe-0-H system at  7.5 GPa  is deter- 
mined as a f ~ ~ n c t i o n  of temperature. Hydro- 
gen is a univalent catioil in silicate melt, 
nrhereas it is neutral in  FeHx (15) .  There- 
fore, during FeHx formation in  hydrous 
silicate melt, the H cation accepts one 
electron from the  Fe atom. Thus, the  reac- 
tions of H reduction and Fe oxidation are 
coupled: 

Fe H - 0  , Fe- + 

,,<r,1 + \ , l l L , ; ~ l , , < l t  - \ , l l ~ l t ~  ,\ ,<I  

T h e  equilibrium constant K is deter- 
mined from activities a of the  products di- 
vided by the reactants: 

T h e  natural logarithm of K has a linear 
depende~lce o n  the reciprocal absolute 
temperature: 

where AGO is change in  Gihbs free energy, 
AH0 is change in enthalpy, and AS0 is 
change in entropy. 

T o  calculate K from the  exper i~ne~l ta l  
results, I assumed an  activity lnodel for each 
compone~l t  in Ecl. 3 (Table 2) .  These activ- 
ities are defined as a simple mole fraction of 
the component to all available sites in the  
host phase except for are, \\-hich was a x -  
lytically defined fro111 aH through the  
Gibbs-Duhem relation. T o  estimate the  
l~umber  of interstitial sites (Table 2) ,  I as- 

sumed a close-packing structure for the 
molten Fe and the silicate melt. This is 
valid because the coordination number in a 
metal does not  change much upon melting 
(5), and because, under the  pressure adopt- 
ed in t h ~ s  e x ~ e r i m e n t ,  ultrabasic sillcate 
melt is a little less dense than the  slllcate 
minerals of the  oxygen close-packing struc- 
ture (1 6) .  T h e  a,: and aH,,, values may be 
slightly overestimated because O H -  may 

u ,  

form from H 2 0  molecules and bridging oxy- 
gens in the silicate lnelt (1 7). Because there - 
are not  lllally bridging oxygens in  the sili- 
cate melt with orthosilicate-like composi- 
tlo11 (Table 1 )  (14,  18) ,  this overestilnatioi~ 
may not  be large. 

There was a linear correlation betwee11 
111 K and the reciprocal absolute tempera- 
ture (Fig. 3 ) .  From the slope of the  regres- 
sion line, I esti~nated the  enthalpy change 
of reaction 2 as 140 2 27 kJ/inol within 2 0  
(19) .  This large and positive change in 
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Fig. 2. Bubble fraction of recovered iron grains 
(left ordnate) and hydrogen concentration in FeHx 
(right ordnate) as a fc~nct~on of temperature (ab- 
scissa). By comparng the result of rapid decom- 
pression experiments with the in situ measure- 
ment (6), the H densty in the bubbles is estimated 
as 0.1 3 g!cms This density is used for estimating 
the H concentraton n FeHx Open circles, molten 
FeHx with staring H,O concentration m 5 1.2; 
hatched circles, molten FeHx with 1.2 < m 5 1 4:  
s o d  circles, molten FeHx with 1 .4  < m ;  crosses, 
solid FeHx. 
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-A (Mg - Fe)iS ratlo of 1.7 IS assumed (78).  -?The same ratlo IS used w ~ t h  run  504. 
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enthalpy indicates that H partitionil~g into 
inolten FeHs increases with increasing tern- 
perature. T h e  correlation enables K to be 
extrapolated to temperatures higher tha11 
the  experi~nental conditions, which are rel- 
evant to the H partitioning into ~ n o l t e ~ l  
iron during Earth's core for~nation. 

Ringwood (20)  proposed a tn.o-compo- 
nen t  model for a11 averaged composition of 
the Earth-forming material, based o n  the  
ahu~ldance of lithophile elenlents in the  
mantle, and the  co~lde~lsat ion temperature 
of elements fro111 a gas of solar co~nposition 
(21 ). Using his model, I assu~ned that Earth 
was formed from 90 weight 96 of a high- 
temperature component, such as enstatite 
chondrites minus volatiles, and 1C m~eight 
$6 of a lonr-temperature component, such as 
C I  chondrites. This corresponds to 65Y0 
enstatite, 3396 metallic Fe, and 296 H,O if 
minor elements are neglected (22).  Startiilg 
with this composition, I calculated the  H 

-4.0~ I I I 
0.55 0.60 0.65 0.70 

10001 T 

Fig. 3. Eqc~ilibrium constant of the H pariit~onng 
react~on 2 plotted aga~nst rec~proca absolute 
temperature Equibrium constant increases with 
temperature. so the reacton is endothermc. The 
enthalpy change of the react~on 1s estmated from 
the slope of the regression n e  (see Eq. 4). Sym- 
bols are the satne as in Fig. 2. 

distribution between silicate inelt and 11101- 
ten iron a t  temperatures up to 2C00°C at  
7.5 GPa  by using the  regression line of the 
eyuilihrium constallt (Fig. 3 ) .  B t  tempera- 
tures above the dry silicate solidus (-  1800°C) 
(23) ,  a,., decreases as reaction 2 proceeds 
to the  right,  and finally equilibri~uin is 
achieved when Inore than 95 molYo of H,O 
is c o n s ~ ~ ~ n e d  to for111 FeHx. O n  the other 
hand, a t  temperatures below the  dry silicate 
solidus, the  silicate melt solidifies as the 
H,O is c o ~ l s u ~ n e d  to form FeHx. Because 
the  H,O concentration in the  silicate melt 
is fixed a t  a give11 pressure and temperature 
when the  melt coexists n~it11 solid si '1' icate 
phases ( I S ) ,  does not  decrease hut is 
kept constant even if reaction 2 proceeds to 
the right. T h e n  the  silicate melt fraction 

L z  

decreases, and eventually all the H goes 
into FeHx. In  other words, the  iron-water 
reaction in priinordial Earth dries the  sys- 
tem out, so that wet melting of the silicate 
is prohibited below the  dry silicate solidus. 

T h e  metal-silicate inelt partitioning of 
H in primordial Earth pres~u~nably occurred 
a t  the hottom of the magina ocean, where 
molten inetal lnay have stagnated as iron 
ponds (24).  Most of the H,O accreted to 
Earth should h a ~ . e  dissolved into the  mag- 
ma  ocean, whereas a n  iinvact-induced 
steam atmosphere in  eiluilibrium with the  
magma ocean may have held H,O in a mass 
equi\,alent to the  present oceans (25) .  
Therefore, if the  pressure at the bottom of 
the magma ocean was 2 7 . 5  GPa,  inore than 
95% of H,O accreted to Earth should have 
reacted with Fe to form FeHx. T h e n  the  
iron ponds sank to the  core by large-scale 
gravitational instability (24) ,  during which 
time the  pressure and temperature adjacent 
to the  ~ n o l t e n  iron increased. Because the  
~rolurne change of reaction 2 is negati~re 
(1 0 ,  26,  27) 'ivith a positive change in 

Table 2. Act~vity models for components in Eq 3. These are defined as a mole fraction of the 
component to a available s~tes  n each phase except for a,,. 

Com- No. of 
Phase cose- No of interst~tial Activity 

ponent sites* References 
packing sites 

Molten ron 1 Fe 

This study by 
Gbbs- 

(1 - ,) Dt~hem 
reaton 

NH&C Slcate melt N 2 2  t NHio (1 7) 
Nr2 + A/H~C 

( Fez- 
A ' F ~ ~  

No>- + Nb2=) x 1" This study 
N32- t Ni2,: 

'Roman nilmeras show coordnat on nu~nber of each nterstta ste. 

enthalpy, K should increase with increasing 
pressure and temperature. Therefore, once 
H is ~ a r t i t i o n e d  illto the molten iron a t  the  
bottom of the  magma ocean, it never re- 
turns to the  silicate and should ha\,e gone 
into the  core. 

Hydrogen abundance in  the  core has 
been discussed hy lnany authors ( 4 ,  6 ,  10 ,  
1 1 ,  13 ,  22 ,  26 ,  28) .  If t he  two-component 
inodel (20)  is valid for the  amount  of 
volatile components,  including S, C ,  and 
H,O, and if nearly 1C096 of the  H,O has 
reacted n ~ i t h  Fe to  forin FeHs, then  the  
lnolar conce~l t ra t ion of H in  the  core be- 
comes H/Fe = 0.41, which exceeds a n  
S/Fe ratio of 0.03 and a C/Fe ratio of O.C5 
(22) .  T h e n  the  density of n lo l t e~ l  Fe ill the  
outer core is reduced by H hy 5 .5%) which 
also exceeds the  contribution of S (1 .1%)  
and  C (2.2 to 2 .7%) (26) .  T h e  expected 
density reduction of -9% by H, S ,  and C 
a a e e s  wit11 the  observed densitv deficit of 
the  outer core, so that  further density 
reduction hv dissolution of 0 is no t  nec- 
essary (29) .  ~ y d r o g e n  nlay be the  pr i~nary 
light elelllent in  the  core. This  is true no t  
ollly for the  inolten outer core hut also for 
the  solid inner core, because Eu. 1 indi- 
cates tha t  the  H/Fe ratio in  the  inner 
core may reach 0 .34 (0.41/D1-1,,ls). T h ~ s  
amount  of H reconciles about two-thirds 
of the  observed inner core density deficit 
of -7% (26) .  
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Correlations Between Ground and Excited State portant roles. It is in this context that the 
generic spectral features of multi-electron 

Spectra of a Quantum Dot QDS are of oreat ~nterest .  

D. R. Stewart, D. Sprinzak, C. M. Marcus,* C. I. Duruoz, 
J. S. Harris Jr. 

The ground and excited state spectra of a semiconductor quantum dot with successive 
electron occupancy were studied with linear and nonlinear magnetoconductance mea- 
surements. A direct correlation was observed between the mth excited state of the 
N-electron system and the ground state of the (N + m)-electron system fo rm up to 4. 
The results are consistent with a single-particle picture in which a fixed spectrum of 
energy levels is successively filled, except for a notable absence of spin degeneracy. 
Further departures from the single-particle picture due to electron-electron interaction 
were also observed. Magnetoconductance fluctuations of ground states show anti- 
crossings where wave function characteristics are exchanged between adjacent levels. 

Q u a n t u m  dots (QDS) are small electrically 
conducting regions, typically I prn or less in  
size, containing from one to a few thousand 
electrons (1 ). Because of the  small volume, 
the  allowed electron energies within the  
dot are quantized, forming a discrete spec- 
trum of quantum states, not  unlike the  en- 
ergy levels of a n  atom. However, in  contrast 
to  the ordered shell structure of atomic 
spectra-a consequence of the  spherically 
symmetric potential that binds the  elec- 
trons-the generic energy spectrum of a 
Q D  (lacking any special symmetry) shows 
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n o  shell structure, but instead has universal 
statistical properties associated with the  un- 
derlying universality of quantum chaos (2 ) .  

Disordered or irregularly shaped QDs are 
examples of so-called mesoscopic systems- 
small electronic structures intermediate in  
slie between atoms and rnacroscoplc (classi- 
cal) objects that have universal spectral and 
transport properties that are independent of 
material, shape, or disorder. 111 the past few. 
years, a remarkable set of connections be- 
tween mesoscopic systems, complex quan- 
tum systems such as heavy nuclei (where the  
statistical approach to spectra was first de- 
veloped), quantum systems whose classical 
analogs are chaotic, and random rnatrlx the- 
ory has emerged, providing deep theoretical 
insight into the generic properties of quan- 
tum svstetns (2) .  These connections are 

- b 

T h e  electronic spectra of QDs are go\,- 
erned by the  interplay of two energy scales: 
the  Coulomb interaction or charglng ener- 
gy associated with adding a single electron 
to  the  dot, and the  confinement energy 
associated with auantization due to  the  
confining potential. 111 lateral semiconduc- 
tor QDs the  charging energy is typically a n  
order of magnitude larger than  the  quantum 
confinement energy, which suggests that 
the  quantum spectrum of the  ( N  + 1)- 
electron Q D  may be uncorrelated with the  
spectrum of the  hT-electron QD (1 ). O n  the  
other hand, in recent theoretical work (3) it 
has been argued that  modifications to the  
universal single-particle spectrum resulting 
from electron-electron interactions should 
be smaller than,  or a t  most comparable 
with, the  typical energy spacing between 
quantum levels, suggesting that spectra for 
successive N may remain correlated. 

Previous ~nvestigation of Q D  spectra by 
transport and capacitance spectroscopy has 
concentrated o n  analysis of the "addition" 
energy spectrum composed of the  ground 
states of the Q D  for successive numbers of 
electrons (1 ,  4-6). Several experiments (7- 
10) have also probed the "excitation" spec- 
trum of quantum levels in  the Q D  for fixed 
electron numbers using nonlinear conduc- 
tance measurements. These measurements 
showed spectral features attributed to elec- 
tron-electron interactions such as spin 
blockade (9)  and clusters of resonances iden- 
tified with a single excited state (1 0) .  M a n y  - 
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