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ABSTRACT : Earth outer core is composed of iron mainly with some diluent elements, which account
for the observed ca. 10% density deficit compared to the pure iron. Among candidates as the light
diluents, hydrogen and oxygen were selected, and the thermodynamic stability of the following reaction
was calculated; hematite + hydrogen — goethite + iron. At ambient conditions, Gibb’s free energy of
this reaction is 12.62 kJ/mol. On increasing pressure at room temperature, it decreases to zero at 0.068
GPa. This energy decreases at constant rate down to 200 GPa, which shows -208.26 kJ/mol at that
pressure. From these results, this chemical reaction prefers the reduction environment forming the iron
element and iron oxyhydroxide, so possible presence of iron oxyhydroxide with iron at proto-core can
not be ruled out.
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T 202 F3HM, IRg ¢ 05 gom’ AE
o7t o w2 Zloz ¢#A UthMaster and
Shearer, 1990). ©]2|3 AMEE A&7} 3o 3}3}
AR Aozt dthe A uigd AT e F
TAEEL AFe)¥ AL22 FHH e, 1 of&
© AA, AT o F3ahe =S HH o
dolghe 4, B4 22 AFANE SYNZL F Y
© EAZE A, AA A7 FHA 2Al6k= o
& 59 shupyt Holgks A W&ot} AF A A
718 23E& FH3] MEANA FE EAEZE A o
oo T2 daE obd d#A A Yt

AT o FfPste LE-AH2AE AJT
e AAQA 48 TAAAQA gololEE Rrly]
7)(diamond anvil cell) =& ¢ 249 A%
Z](shock wave experiment apparatus)E ©]-&3}o]
A 12-35 d7AFe A A5 AFAF 9
sHE, A2 Ho| 3 FA HEQ o] FA3A
T e 1 ghs 1sE =48 g2 7
AEol AZ ARG o 10% AR ol o},
I EE 93l UEE Yol £ 4 Y& 3
HEAo EASA gow ¢ A, o]HF JXE
A2E Ol 7H8 783 442 AZH 94
T, A2 FL2H) D A4S T5 AT
&l Hol & TMeAol woe AFAH) A&
Ao IEHI Qt(Stevenson, 1981; Ohtani and
Ringwood, 1984; Ohtani et al., 1984; Fukai and
Suzuki, 1986; Jeanloz, 1990; Badding et al., 1991;
Knittle and Jeanloz, 1991; Saxena er al., 2004:
Ohtani et al., 2005).

o EAA @ AA AL A3} 4agt A
o stllde ME 37t HA o, Ao ¢
XN E &371 7Hedthe Aol t(Knittle and
Jeanloz, 1991). FeOt Aol A 4357 ¢tomz
YA o] PE FAoE Ao EojZd F gA
ou, AT 727 AHE F AEF Yo ure
o ofs) HAHAE 7He4-E Ath(Jeanloz, 1990).
3 A 12-T9(75 GPa, ~2000 K) 39 4]
Ad49 T%(-Fes0)F  H 482 (double-hep
TE)o] EATto] YW HTh(Saxena et al., 2004).
o] A= Eo| sEWMERT0] oz} Yo
EAE 7HeAo] A& AANT Aoltt. o]HT}t
< 25(~1000 K)ot A oFE shollA, H 9

=47 - g2z

B3 W3t AssER FAsEo] A4
o] #& = U tHOhtani et al., 2005). )R
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T4 EX teALe ¥ Y FAdA 482
I AgsEo] YA HUOH, 3lEY W AT
HE b F49 F9 FF FHEE 1 wi%
of A%t EAstHE Y HHEHE F
£ Zlo|thBadding et al., 1991). $4& 3
ol wj$- =] W AFoA FIEL UE
71 o HAT A F] YAgo] HHE o) AR
73l wHoF Anpzke] H07F S48k AT,
H(Fe)d EL0)0] W3-8l sl E(FeO)d} 5
2H)E AT F vk 283 o] WA
A w471 UmA A3 $35¢ e § Y
< F4& wWiAE 4 {lth(Fukai and Suzuki,
1986). HZ 22 B2 ZcgolEY ARRAN A
T AFAY A B EA 7HsAel USSRy
FA Jon, FAdFEEl, 2E4 1 Al
o] BEo] 0.2 wi%~0.4 wi%2| &L 431 3}
BEE EAT § S0 FHLFEL 53 e
FAH(Murakami et al., 2002). WebA 3EWET}
& 279 n2-3SPFEHNA o] Bastd A
A Aot $49 EA 7HeAL Ugd] Eoh

Qe EAsts LA dI g0 9
o B7tHE AVl @A 2 =719 A3}
AR o|F RO AT 27, & FAA
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Table 1. Lattice parameters, unit cell volume and mole volume of goethite as a function of pressure

(adopted from Kim et al., 2007)

P (GPa) a (A) b (A) c (A) vV (A% V (cm’/mole) V/Vo
0.0001 4.613 9.973 3.017 138.80 20.90 1.000
0.90 4.596 - 9.957 3.014 137.93 20.77 0.994
1.84 4,578 9.937 3.008 136.84 20.60 0.986
2.64 4.568 9.921 3.003 136.09 20.49 0.981
3.47 4.549 9.899 2.995 134.87 20.30 0.972
4.29 4.531 9.885 2.993 134.05 20.18 0.966
4.88 4.519 9.871 2.988 133.29 20.07 0.960
5.68 4.507 9.853 2.980 132.33 19.92 0.953
6.28 4.500 9.876 2.971 132.04 19.88 0.951
7.18 4.489 9.830 2.976 131.32 19.77 0.946
7.92 4.463 9.758 2.961 128.95 19.41 0.929
8.84 4471 9.751 2.949 128.57 19.36 0.926
9.54 4.447 9.767 2.950 128.13 19.29 0.923
9.44% 4.450 9.779 2.950 128.37 19.33 0.925
8.81* 4.458 9.812 2.956 129.30 19.47 0.932
8.19* 4476 9.814 2.963 130.16 19.60 0.938
7.69* 4.483 9.819 2.968 130.65 19.67 0.941
6.84%* 4.490 9.846 2.976 131.56 19.81 0.948
6.02% 4.506 9.864 2.985 132.67 19.97 0.956
481* 4.530 9.891 2.989 133.93 20.16 0.965
3.06* 4,535 9.891 2.994 134.30 20.22 0.968
0.0001* 4.613 9.970 3.018 138.80 20.90 1.000
*: unloading process.
£ AQM 2Ad FeolEd gi@ 4E P = 15K[X X 1-£ (X)) )
Z}Ea BAstel o BEd B4 @it Fa9
AR Mol Westel YA JBolER ol 0 L mo gmays x = L e-
7%94 dodsty 485 o] gstel 1 2D Vi
Heo AAHS QARHA ALE B F (- )0l T, K = (ThE K02 PRI,

oo}‘ctﬂ THE 72U
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S oo A AX 58 FeolE
9] x-A A dolt), o] Hlo|HE B4 A=
olu] HEH Kim et al. (2007)9 71&Ho] glon,
delo] FddE Asrt F 19 yeERd Qloh
A= ARl AolEs} WAt 3o
W4 4] (Birch- Muma;han equation of state)S ©]-&
st AHBAES AAsHAT HA-MYR AH
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EEER
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Fe, 0, + 0.75 Hy — 1.5 FeOOH + 0.5 Fe )]
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Fig. 1. Pressure-volume data for hydrogen at 300 K

between 0.0021 GPa and 0.30 GPa. Data from

Michels et al. (1959).

HREA ()4 AN HEA 1B $£4
07523 Wredle] IElolE 1583 & 052
33t} o] stshik-go Bt ) 712 EA o
e e 2 2a ds ghe ® 20 YEhY 9

. TFAE AT YvA e 4 BHY 2
FE(300 K, 17]9holl A & Bulet dej AAe
AE & HA-HUS Fegao) 4z A 4A
A AbstRr).

T4 4EY E Ry ¥y ge Ny A7
(Ruoff and Vanderborgh, 1991; Michels et al., 1959;
Mills et al., 1977; Mao et al., 1988; Ashcroft, 1990)
A8E olgste] A4stAth. AH0.0001 GPa~
2.00 GPa A= 49 & B W3lEo| v
F ZEE vaF g o4Ed & By gk A8}
LTHEN gebA AHQbeME B ge ABE 8
3ttt a9 B Ry ghe w2 A
18520 em’/mol (Ruoff and Vanderborgh, 1991)& ©]
|319.2H, 0.0021 GPa~0.2986 GPa Alo} o8
ZAellAe 40709 A3 A+ AEMichels ef al,
1959)F ©]&3tATHRE 1). 0.2 GPa~2.0 GPa A}
oldlA 4ol & Hu gk Wie ov] Wy o
TolA o] 88 A (3)% L3l ALstgThMills
et al., 1977). %4=(F, 300 K)olA, ¢=€e 020
GPaoll A 2-E 0.01 GPa 7t2 2.2 2.0 GPa7lA 180
Nl ARE EEI}AHIE 2).
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Fig. 2. Pressure-volume data for fluid hydrogen at

300 K between 0.2 GPa and 2.0 GPa. Equation of

state from Mills et al. (1977).
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54 GPa~26.5 GPaAlo|dlA Fa&e 7|4 9A
IAZ FHolE FFEZ F49 dYd WE B
R3] Zk Hole ojn 2Ed Ny ATLF(Mao
et al., 1988)F ©|§3¥t}. 223 30 GPa~200
GPa7tA| e W9 A& Asheroft (1990)l 23l
AGHE A (HE o] 83l 10 GPa THECE 1870
of #4e B By ARE =&Y
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A71M, re $49 B EI(cm’/mol), PE ¢
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Table 2. Pressure, volumes, volume of reaction and Gibb’s free energy of reaction. Volumes in cm’/mole

P.GPa Vs 075Vi  15Vmoow  0sve VPV Jumme o
cm’/mol kJ
0.0001 30418 18520 31.345 3.553 -18515.5 0.000 12.62
1.00 30.267 10.955 31.110 3.531 -6.582 -0.066 -10.64
2.00 30.119 8.705 30.884 3.510 -4.429 -0.044 -15.97
5.4 29.644 5.994 30.171 3.446 -2.021 -10.966 -26.93
10.0 29.055 5.020 29.321 3.369 -1.385 -7.834 -34.77
20.0 27.944 3.960 27.801 3.086 -1.017 -5.455 -46.58
30.0 27.009 3.440 26.588 2.983 -0.878 -3.131 -55.92
40.0 26.204 3.120 25.583 2.895 -0.846 -8.620 -64.54
50.0 25497 2.890 24.728 2.818 -0.841 -8.435 -72.97
60.0 24.869 2.710 23.985 2.750 -0.844 -8.425 -81.40
70.0 24.304 2.570 23.330 2.689 -0.855 -8.495 -89.89
80.0 23.792 2.450 22.745 2.634 -0.863 -8.590 -98.48
90.0 23.323 2.360 22218 2.584 -0.881 -8.720 -107.20
100.0 22.893 2.270 21.738 2.537 -0.888 -8.845 -116.05
110.0 22.494 2.200 21.299 2495 -0.900 -8.940 -124.99
120.0 22.123 2.130 20.895 2.455 -0.903 -9.015 -134.00
130.0 21.777 2.080 20.521 2418 -0.918 -9.105 -143.11
140.0 21453 2.020 20.173 2.384 0916 -9.170 -152.28
150.0 21.148 1.980 19.847 2.351 -0.930 -9.230 -161.51
160.0 20.861 1.930 19.542 2.321 -0.928 -9.290 -170.80
170.0 20.589 1.890 19.256 2.292 -0.931 -9.295 -180.09
180.0 20331 1.860 18.985 2.264 -0.942 -9.365 -189.46
190.0 20.086 1.820 18.730 2238 -0.938 -9.400 -198.86
200.0 19.853 1.790 18.487 2214 -0.942 -9.400 -208.26
10 HUgk A A (el hEERE tidste ALt
Sttt HE|E SUA Y - *o“%i B Ra
Hydrogen, 300K -
81 (Vieoon) S &9 Z AF 13880 A’ o] &3}
= |\ o} Al4kste] A& 2090 em’/mololTh. o] FA A4
E Sr L g e EYf AAUANE ¥ R AUHL
§ 1 2 9o gestel 4FAY voleolng 1 3
§ 4r e A FAEE FAY o N0l & + UL
S B AoZ AgHEn),
I AN "o ALY B RyE o
, L dHA F EF Uxel BAFE o] gste] A4
%020 40 o0 80 100 120 140 180 160 200 stk AEA AL 159.692 gr/molo|H, H

Pressure, GPa
Fig. 3. Pressure-volume data for solid hydrogen at
room temperature between 5.4 GPa and 200 GPa.
Data from Mao et al. (1988) and Ashcroft (1990).

o 2> Fete|EY] AARAME FH(K, = 131.1
GPa)# LA 59 A B Ry z-8 nx-

|
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=
L.
T

e 5250 gr/em’ (Wilburn and Bassett, 1978)
S AT of
30.418 cm’/molo]Ylth, 2 WWog H(q-

2HE Add Ade) & 5

el YAE 55847 gr/mol, UE 7.860 griem’
(Takahashi et al., 1968)E ©]-8-38to] Al4tshd AFet
A Heol B B3E= 7.105 cm/molo| Tk A A A
7 Ao gk ugfelAY fEE & REus on|
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Fig. 4. Pressure-volume data for four materials (i.e.,

chemical reaction (2)) at room temperature between
0.0001 GPa and 200 GPa.

71€d FAetolEd A& WA Y W&
A&ttt &, do tig 19t M & R,
FEAFe Sl a-bec) o2 EAIFE A
112 GPa o) AHAME e-(hep)o8 A3}
= Ao] o] BAE nHste ANEY T (Giles
et al., 1971). W&tA < 11.2 GPa ©]4+9] &l A
e-49 Aol e 4% & F9(6.729 cm’/mol)
NS A8t 1Y oMY & F9
ARt Aldke] ALSE AXBYE FH2 &
2 AAY Ko = 199.0 GPa, ko' = 4 (Wilburn and
Bassett, 1978)%} H(a-4) Ko = 162.5 GPa, Ko’ =
5.5 (Takahashi et al, 1968) ¥ H(e-4) Ao =
192.7 GPa, ko' = 4.29 (Jephcoat et al, 1986)°]T}.
I8 45 B AP ALE oheE gl o2
Z i ER AEEY £ By HIE ggE=
Uehd Zlojth & dAellA A8 AdA A3
GHES Aoete] 4F4AE dolHE o] &3
2 stoll A HHEE FANHOERE B4 0]
Z 7 Utk old ", o A dHE G A
a7k ¢ g AFE o] ojw] dEH F A,
AA FFgd A7 o vlwd 19} shollA
Agste] AL g AEste o] g8y 3 &
S o3 YEFS meskA Rof YAy A
FHEY FaL 449 S = U 1HE T
T AL, G IA el did A shekE
=S ¢ el FAHE & A Boot

tu o rif

RS20l A dEZtel e AHEF WNEE
o] B 23| zpo|(1p-1r)9 g gAY 2R
Frol U A(Gibb’s free energy; 4G) &< 4 (5
o] &, Alste & 20 YeERAT. €ATE L5
A, A2AF A wstEFe 4Y o g
Vp-vre] W3S FHEsted 78 & e, 49
o g HA2AFANIA F JG¢= theH ol
vehd + o

AGP=A00+f(Vp— Vir)dp %)

Z+ B4 EEAE (300 K, 1719HAllA A=A
FoUA, 46" AEHo| -748.272 kJ/mol®| 1L
e} ET} -490.434 kJ/molo| ChFaure, 1991). 3}
ghkgo] Uit EEAE A H2ARFAYA,
4G AAEY A2AFAIA FF FrolA
SEY J2AfFANA FF k& W gholth et
A ¥y U 4G"= 12.62 k/molo] HTHA
6)). olAL EEAH Y SANA Q2 o
dhgol ARAYE onigit

I

Fe0; + 075 I — 1.5 FeOOH + 0.5 Fe
l l l !

AG™ (-748.272 kI/mol) (0 k¥/mol) 1.5 x (-490.434 kJ/mol) (0 kl/mol)
4G [1.5 x (-490.434 kJ/mol) + 0] —
[(-748.272 kl/mol) + 0] = 12.62 kJ/mol  (6)

2l Ae [ (V- Wi BE 7T AE &
o 9 & By Wzt fosof gt o
EAE v 0.0001 GPa~2 GPa Ao E F
A9 4EE B Yy Wslgo] uj$ 2] w i
g Z7lo) e AAHE dreEo E Ry Fo
(Vp-nzkel Adidel 93 Fo. =3 4Ed
B 5y)9 W o= m$ Atk wekA o
AN 4§ [ (- rdp % BTt 3F
A ALE] i E A kesE JHe
3 Fo Y YA EL FYTt

0.0001 GPa~0.0021 GPadllA] 42 W3lo] w2
(p-¥ne W8 FE oo 4 (N3 Hlud & <o
23,

(b
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Fig. 5. Plot of (Vp-Vr) vs pressure in reaction (2).
Smooth line is from regression analysis between
0.0001 GPa and 200 GPa. Vp is for the volume of
the product and Vr for that of reactant.

1.98353 x (1 — p~0:99253) @

A (T2 00001 GPa~200 GPa7tA9 5w
Vp-Vnek 66708 E5¢ &, vAg 34 23]
(Non-linear curve fit) ¥4-& 3l Q& gholt}. A
&3 ALHAL al-PO)olgl o, ARAS R
= 0.99999, 4 a = 1.98353 (+ 0.01637), &< b
= 0.99253 (+ 0.0009)E F-AFHATHLY 5). 4] (7)
< ARaE G pl ~p2atol A (1p-
e ARRE ey 4 )2 7+ + Yok

[—265.5327978 x POY™T 1 1.98353 % P72 8
pl

2] (8)2 ©]&3}a] 0.0001 GPa~0.0021 GPaAto)d
AN (Y FEZE 5720 KWE AAHQL
0.0021 GPa~0.3 GPaZtA & (Vp-Vr)e] A=
A )% ol g3t T £ 9oy AN Y
€ =o17] Asto] & FEFTDEE Vp-vne] A
BE 4SS 7F FUEE HEZS AN
0.0021 GPa~0.2 GPa, 0.2 GPa~2.0 GPa, 2.0
GPa~200 GParto|olA (Vp-1r)e AsE 7zt
3970, 1827, 267) 4tEdte] FEE AERHGS
AE3HT. 0.0021 GPa~200 GPa Abo]o A
[0 wdge AR Erpaeld
p1
A (Vp-Vr9] W7} Adolgts 744 st F
e HAE Asteted FEAY. a2 AAE
© $EE (p-rne Mstgho] vl gre 7o) A
= 83 Adgo] o ug AR FolE 3t
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Fig. 6. The Gibb’s free energy for reaction (2)

calculated on the basis of the present data as a

function of pressure.
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(Jeanloz, 1990; Badding et ai., 1991; Ohtani ef al.,
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