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P ARTITIONING BEHAVIOR OF Mn, Fe, Co, Ni AND Zn BETWEEN 
AN OCTAHEDRAL SITE IN OLIVINE AND SILICATE MELT 

Abstract 

by 

Hideo Hashizume* and Yu Hariya** 

(with 4 text-figures and 9 tables) 

Partition coefficients of Mn;+ Fe;+ Co;+ Ni'+ and 2n' + between olivine and silicate melt have 
been determined in the system Mg,SiO,-SiO,- H,O at high pressure and temperature. A partition 
coefficient is defined by the ratio of the concentration of an element in olivine to that of the 
element in silicate melt. Olivine has two octahedral sites (MI and M2 sites) . Elements are par
titioned among an MI , an M2 sites and silicate melt. We distributed the bulk concentration of 
the element in olivine to that in the MI and M2 sites with olivine using the intracrystalline cation 
distribution data. Partition coefficients between an MI site and silicate melt, and between an M2 
site and silicate melt are shown in a PC-IR (partition coefficient versus ionic radius) diagram. 
The partition coefficient of 2n2+ is exceptionally apart from a linear relationship that those of 
other elements show. 

However, a linear relationship is completed, including the partition coefficient of 2n'+ , in a 
PC-MO (a partition coefficient versus a metal oxygen distance) diagram. M-O distances are the 
parameter which show the characteristic of both an ionic and a covalent bonding of elements. 

Introduction 

An element partitioning between minerals and silicate melts has been one of 
the most fundamental problems in the solid earth sciences. The partition 
coefficients is strongly affected by temperature and pressure, and, thus, is used to 
estimate the environment in which an igneous rock has been formed (Takahashi, 
1978 etc.) . The factors, which the partitioning behavior is controlled except tem
perature and pressure, are the ionic size, crystal field stabilization energy, covalen
cy and electronegativity etc.. These factors have been studied by mineralogists 
and geochemists (Onuma et al., 1968; Henderson and Dale, 1969; Leeman and 
Scheidegger, 1977; Burns, 1970; etc .) . 

Onuma et al. (1968) showed a partition coefficient versus ionic radius (PC-IR) 
diagram for the first time from the natural andesitic rock system. Partition 
coefficients of divalent or trivalent cations between pyroxene and groundmass 
shaped a parabolic curve to ionic radii of divalent or trivalent cations. They 
proposed that the ionic radii, which positions of peak-tops of the parabolic curve 
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showed in the partition coefficient versus ionic radius (PC-IR) diagram, were the 
best suitable ionic radii in the structure of the relevant mineral. The similar 
results are shown by Higuchi and Nagasawa (1969), Jensen (1973), Matsui et al. 
(1977), Philpotts (1978), Onuma et al. (1981) and Yurimoto and Sueno (1984 & 
1987). Matsui et al. (1977) mentioned that the partitioning behavior was 
controlled by the crystal structure. The partition coefficient of Zn2+ is not on the 
parabolic curve in the PC-IR diagram. Matsui et al. (1977) and Yurimoto and 
Sueno (1984) suggested that Zn2+ was peculiar cation, and that the deviation of the 
partition coefficient of Zn2+ from the parabolic curve was due to the Zn2+ preference 
of a tetrahedral coordination to an octahedral coordination. 

We made a partitioning experiment of divalent cations (Mn~+ Fe~+ Co~+ NF+ 
and Zn2+) between olivine and silicate melt. It was attempted to obtain the parti
tion coefficient between an M1 site and silicate melt, and between an M2 site and 
silicate melt. Further, metal-oxygen (M-O) distances were adopted instead of 
ionic radii. We proposed the partition coefficients versus M-O distance (PC-MO) 
diagram and investigated the Zn2+ anomaly and the partitioning behavior. 

Experimental method 

Starting materials were mixtures of MgO, Si02, MnO, CoO, NiO, CuO, ZnO, 
Fe2SiO. (the synthetic fayalite) and Mg(OH)2 (the synthetic brucite). The com
positions of the starting materials 
(except H20 ) were checked by EDAX 
( S ) 0 Table 1 Chemical compositions of starting Akashi D - 130+ EDAX9100. H2 con-

materials. 
tent in the starting materials were 
checked by reducing the sample weight 
by T . G.. The chemical composition of 
the starting materials are shown in Table 
1. 

The high pressure experiment was 
made by piston-cylinder type apparatus. 
The pressure transmitting medium was 
molten pyrex glass. The design of the 
pressure cell was similar to that figured 
by Hariya and Kennedy (1968). The 
sample in the Pt capsule was placed in 

MgO 

Si02 

MnO 

FeO 

CoO 

NiO 

CuO 

ZnO 

H 20 

Total 

a 

41.2 
43.1 
1.1 
1.1 
1.2 
2.4 
3.6 
1.8 
4.5 

100.0 

Table 2 Experimental conditions and results of high pressure runs. 

Run starting Pressure Temperature Heating 
number material (GPa) CC) time(min) 

133 a 1400 60 
307 b 3 1400 88 

01; olivine, opx; orthopyroxene, m; silicate melt. 

b 

39 .6 
36.8 
1.1 
1.1 
1.2 
1.8 
4.1 
2.0 

12.3 

100.0 

Results 

01, m 

01, opx, m 
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the center of a graphite tube. Pressures were 10 and 30 kbar and a temperature 
was 1400'C (the temperature difference in the sample is within 10 'C) . The run 
duration was about 1 to 1.5 hours (Table 2) . We recovered the run products by 
the quenching method. The part of run products was used for the X - ray powder 
diffraction and the other part was used for the EPMA analysis. 

The chemical compositions of the run products were determined by EPMA 
(JEOL 733) . The analytical conditions for the major elements were different from 
that for the minor elements, because the content of the minor elements had to be 
exactly analyzed. Accelerating voltage, beam current and counting time for the 
peak and back ground were 15 kV, 20 nA, 20 sec and 5 sec for major elements 
(Mg and Si), respectively. For minor elements (Mn, Fe, Co, Ni, Cu and Zn) ac
celerating voltage, beam current and counting time for peak and back ground were 
25 kV, 28 or 30 nA, 100 sec and 50 sec. The beam diameter was about 3.um on 
olivine, and the beam diameter was from 10 to 30.um on the quenching crystals 
which showed the melt phase. The number of analysis points was from 30 to 50 
points in olivine and the quenching crystals. Walker and Agee (1989) was obeyed 
on the analytical points. 

Result 

The average composition of olivine and silicate melt are shown in Table 3. In 
this paper, the partition coefficient is defined by 

Ko (X/ Mg) = (XO/ MgO) OI / (XO/ Mgo) m (1), 

where XO is the concentrations of MnO, FeO, CoO, NiO and ZnO. (XO/ MgO)OI 
and (XO/Mgo)m show the ratios of XO/MgO in olivine and silicate melt, respec
tively. Error of Ko (X/ Mg) is calculated by 

O'Ko (X/ Mg) 2 = ( O'X/X) ~l + (O'X/X)~ + ( O'Mg/Mg)~1 + ( O'Mg/Mg)~ (2) , 

where O'X and O'Mg are the mean error of XO and MgO in olivine and melt, respec
tively. X and Mg are the averaged composition of XO and MgO in olivine and 
silicate melt, respectively. Ko (X/Mg) and the mean error calculated from the val
ues in Table 3 are shown in Table 4. Cu was very little concentrations in olivine 
and silicate melt, so that partitioning of Cu could not be determined in those exper
iments. 

The relationship between the partition coefficient and the ionic radius was 
shown in Text-fig. 1. This diagram is called as an Onuma or a PC-IR diagram. It 
showed an almost linear relationship between a partition coefficient and an ionic 
radius except Ko(Zn/Mg) . Ko(Ni/Mg) was the largest and Ko(Mn/Mg) was the 
smallest of all the partition coefficients. This means that Ni2+ is the most concen
trated in olivine, and that Mn2+ is the most concentrated in silicate melt. That is 
to say, this shows that the element which has the smaller ionic radius, is concen
trated in olivine. Ko (Zn/ Mg) was smaller than the partition coefficient estimated 
from the ionic radius of Zn2+. Zn2+ has a different characteristic as compared with 
other cations on PC-IR diagram (Zn2+ anomaly) . Matsui et at. (1977) and 
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Table 3 Chemical compositions (wt%) of olivine and coexisting silicate melt. 

Run No. 133 
01. M.E. m. M. E. 01. 

MgO 50.51 0.13 26.81 3.58 50.87 
SiO, 43.42 0.06 60.93 2.99 43 .46 
MnO 0.36 0.01 0.89 0.05 0.39 
FeO 0.41 0.02 0.87 0.04 0.46 
CoO 0.73 0.01 0.55 0.05 0.77 
NiO 1.88 0.07 0.48 0.07 1.45 
CuO 0.07 0.01 0.39 0.06 0.02 
ZnO 1.01 0.02 1.97 0.09 1.24 

98.39 92 .89 98.66 

Atomic ratio (0=4) 

01. m. 01. 

Mg 1.8180 0.9637 1.8251 
Si 1.0482 1.4692 1.0461 
Mn 0.0074 0.0182 0.0080 
Fe 0.0083 0.0175 0.0092 
Co 0.0142 0.0106 0.0148 
Ni 0.0366 0.0094 0.0284 
Cu 0.0012 0.0071 0.0003 
Zn 0.0180 0.0352 0.0222 

* oxygen number is 3. 
01.; olivine, m.; si licate melt, opx. ; orthopyroxene. 
M. E. ; mean error. 

Run No. 307 
M.E. m. M.E. opx. M. E 

0.14 35.99 2.30 37 .49 0.12 
0.22 56.34 1.82 61.22 0.12 
0.01 1.33 0.18 0. 43 0.02 
0.01 0. 78 0.09 0.27 0.01 
0.01 0.41 0.03 0.33 0.01 
0.04 0.21 0.04 0.36 0.03 
0.00 0.01 0.00 0.01 0.00 
0.01 2.46 0.35 0.82 0.04 

97. 53 100.93 

m. opx.*) 

1.2593 0.9311 
1. 3222 1. 0198 
0.0265 0.0061 
0.0153 0.0038 
0.0078 0.0044 
0.0040 0.0048 
0.0003 0.0002 
0.0426 0.0101 

Yurimoto and Sueno (1984, 1987) sug- Table 4 Partition cofficients Ko between 

gested that the different characteristic of olivine and si licate melt. 

Zn2+ was due to the Zn2+ preference of 
the tetrahedral coordination to the octa
hedral coordination. 

Discussion 

PC-IR diagrams of natural basaltic 
rock and another partitioning experiment 

Mn 

Fe 

Co 

Ni 

Zn 

Run No. 133 
Ko Error 

0. 21 
0.25 
0.70 
2.08 
0.27 

0.22 
0.15 
0.16 
0.20 
0.14 

Run No. 307 
Ko Error 

0.21 
0.42 
1.33 
4.89 
0.36 

0.17 
0.15 
0.12 
0.20 
0.16 

between olivine and silicate melt were illustrated in the same figune (Text-fig. 2) . 
The relationship between partition coefficients and ionic radii was almost consistent 
with each result. In this figure, Ko (Zn/ Mg) was also deviated from the linear rela
tionship. Text-fig. 1 was compared with Text- fig. 2. The PC-IR diagrams were 
similar to one another, though it is different from the condition in the patitioning 
behavior. 

The Zn2+ anomaly appeared in PC-IR diagrams (Text-fig. 1 or 2). This can be 
due to the Zn2+ preference of the tetrahedral coordination to the octahedral coordi-
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Text- fig. 1 Partition coefficient- ionic radius diagram for olivine and silicate melt system. Ionic 
radii data were employed in Shannon and Prewitt (1969) . 
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Text- fig. 2 Partition coefficient-ionic radius diagram for another experimental system and 
olivine-groundmass system. 

nation. However, the electrostatic site energy of Zn2+ was compared with that of 
Mg2+, Fe2+ and Mn2+ in the regular octahedral site. An element has an energy 
when the element enters a site. This energy is called the electrostatic site energy. 
It will become a parameter which shows the degree of the concentration of the 
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Table 5 Electrostatic site energy (kJ/ moI) 
for Mg'+, Fe'+, Mn'+ and Zn'+ in 
octahedral site of carbonates 
(Smyth & Bish, 1988). 

Mg 

Fe 

Mn 

Zn 

Site energy 

-255.2 

-253.8 

-24l.1 

-253.8 

element in a site. The electrostatic site 
energy of Zn2+ was almost same as that 
of other cations (Table 5). Therefore, it 
is difficult to explain the Zn2+ anomaly 
only by the preference of the tetrahedral 
coordination. We would devise the other 
factors to explain the Zn2+ anomaly. 

Olivine has two octahedral (an Ml 
and an M2) sites. An Ml site is almost 
a regular octahedron and an M2 is a dis

torted octahedron. The latter is a larger volume than the former. Therefore, the 
concentration of a trace element exchanged for Mg2+ in the Ml site will be 
different from that in the M2 site. In this expectation, the Zn2+ anomaly will be 
explained. The concentration of a trace element in olivine is too small to deter
mine it in the Ml and M2 site by the crystal structure analysis. It was attempted 
to get each concentration of trace elements in an Ml and M2 site, and to obtain a 
partition coefficient between an Ml site and silicate melt, and between an M2 site 
and silicate melt. 

A distribution coefficient between an Ml and an M2 site is defined by 
Kl)'IIM2 (X/ Mg) = (A~'/ A~D/(A~2/ A~P (2), 

where X is Mn, Fe, Co, Ni, and Zn. A~' and A~~ are the concentration of XO and 
MgO in Ml site, respectively. A~2 and A~~ are the concentration of XO and MgO 
in M2 site, respectively. The chemical composition of olivine is defined by (Mg

'
-Q 

XQ ) 2Si04, and A~' is defined by P. Q is the concentration of X in olivine. Then, 
the other site occupancy ratio are obtained. That is to say, A~'=P, A~~ I-P, 
A~2=2Q-P and A~~=1 -2Q+P (Akamatsu et at., 1988). A distribution 
coefficient Kl)" /M2(X/Mg) is rewritten by 

Kl)"/M2(X/Mg)= P(l-2Q+P)/(l -P) (2Q-P) (3) . 
We assumed that Kl)'IIM2 (X/Mg) was constant. The distribution coefficients were 
employed in Table 6. Q was used for atomic ratios in Table 3. The concentration 
of a trace element in the Ml and M2 site was calculated. The ratio of the Ml and 
M2 site of Mg2+ was obtained by subtracting the total concentrations of the Ml and 
M2 site of the trace elements from 1. The concentrations of Mg2+ in the Ml and 

Table 6 Site occupancy ratios and intracrystalline distribution coefficients for 
olivines. 

X M1 M2 
K~lfM' reference X Mg X Mg 

Mn 0.295 0.705 0.685 0.315 0.192 Akamatsu et at. (1988) 

Fe 0.077 0.923 0.057 0.943 l.380 Shinno (1980) 

Co 0.208 0.792 0.053 0.947 4.693 Miyake et at . (1987 ) 

Ni 0.767 0.233 0.263 0.737 9.225 Rajamani et at. (1975) 

Zn 0.273 0.727 0.162 0.838 1.942 Ghose et at. (1975 ) 
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Text-fig. 3 (a) Partit ion coefficient- ionic radius diagram for the Ml site in olivine and silicate 
melt system. (b) Partit ion coefficient- ionic radius diagram for the M2 site in olivine and 
si licate melt system. 



206 H. Hashizume and Y. Hariya 

M2 site would be calculated by using the atomic ratio in Table 3 from the ratio of 
the M1 and M2 sites of Mg2+. The concentrations of Mg2+ in the M1 and M2 site 
was also listed in Table 7. The partition coefficients between the M1 site and sili
cate melt (K~l fm (X/ Mg) = (A~l / A~~) / (A~ / ARlg», where A~ and ARlg are the atomic 
ratio of X and Mg in silicate melt.) and between the M2 site and silicate melt 
(K~2fm (X/ Mg) = (A~ 2 / A~D / (AV ARlg» are shown in Table 8. ARlg and A~ were 
used atomic ratio (0=4) of elements in silicate melt in Table 3. 

PC-IR diagrams for the M1 site and silicate melt and for the M2 site and 
silicate melt were shown in Text-fig. 3 (a) and (b) , respectively. Partition 
coefficients are almost linearly related to ionic radii. The relationship of partition 
coefficients between the M1 site and silicate melt to ionic radii are steeper than tha 
of partition coefficients between the M2 site and silicate melt to ionic radii. There
fore, an element, which has a smaller ionic radius, is concentrated in the M1 site. 
The M2 site is not sensitive on an ionic radius of an element. However, K~l fm (Zn/ 
Mg) and K~2fm (Zn/ Mg) deviate from linear lines. Zn2+ anomaly was not explained 
on the PC-IR diagram. 

An ionic radius was determined by an ionic bonding crystal. However, Zn2+ in 
the octahedral site is the cation which has the characteristic of both the ionic and 
covalent bonding. Therefore, it was unreasonable to explain the partitioning 
behavior by ionic radii. We propose a metal-oxygen (M-O) distance instead of an 
ionic radius, because an M -0 distance was the parameter which represents both the 
ionic and covalent bonding. M-O distances (M: Mn, Fe, Co, Ni and Zn) were 
average values of six distances from the metal to an oxygen in each olivine (Mn2 
SiO. , Fe2SiO., C02SiO. and Ni2SiO.) except Zn2SiO.. Zn2SiO. does not build the 
olivine structure. Therefore, the Zn-O distance of (Mgo.3.Mno.43Zno.lsFeo.o. ) 2SiO. 
(Brown, 1970) was employed. M (l)-O and M (2) -0 distances of each olivine were 
shown in Table 9 (M(l) and M (2) were the metal cation in the M1 and M2 site.). 
The PC-MO diagrams were illustrated in Text-fig.4 (a) and (b) . Partition 
coefficients were linearly related to M- O distances. For the PC-M (l)O diagram, 
the element which has a small M -0 distance was concentrated in the M1 site as 
shown in Text-fig 4 (a) . Partition coefficients of all elements between the M2 site 
and silicate melt were similar to each other as shown in Text- fig. 4 (b). There
fore, the partition coefficients were not dependent on the M (2) -0 distances of the 

Mn 

Fe 

Co 

Ni 

Zn 

Table 9 The M(1)-O, M(2)-O and average of MO) -O 
and M(2)-O distances (pm) (Avg.) for each 
olivine. 

M (l)-O 

220 .6 

216.1 

211.8 

208.0 

214. 8 

M(2) -O 

222.8 

217.7 

213.9 

209.9 

222.4 

Avg. 

221.7 

216.9 

212.9 

209 .0 

218.6 

reference 

Fujino et at. (981) 

Fujino et at . (981) 

Tamada et at. (983 ) 

Tamada et at. (1983 ) 

Brown (1970) 
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Text- fig. 4 (a ) Partition coefficient- M(l)-O distance diagram for the Ml site in olivine and 
silicate melt system. (b) Partition coefficient- M(2)-O distance diagram for the M2 site in 
olivine and silicate melt system. 

elements. KD (Zn/ Mg) does not almost represent anomaly for the Ml site and sili
cate melt system, and for the M2 site and silicate melt system. The Zn2+ anomaly 
in the PC- IR diagram is an apparent anomaly by using the ionic radii. However, 
the rugged profiles were not represented in the PC-MO diagrams (Text- fig. 4 (a) 
and (b)). Therefore, we proposed the PC-MO diagram for the investigation of the 
partitioning behavior instead of the PC-IR diagram. 
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Conclusion 

Elements of Mn~+ Fe~+ Co~+ Ni~ + and Zn2+ were actually partitioned among an 
Ml site, an M2 site and silicate melt. We obtained the partition coefficient 
between the Ml site and silicate melt, and between the M2 site and silicate melt. 
A partition coefficient of Zn both between the Ml site and silicate melt, and 
between the M2 site and silicate melt showed the anomalous behavior in the PC-IR 
diagram (Text-fig. 2 (a) and (b)). However, the partition coefficients were 
linearly related in M- O distances (Text-fig. 4 (a) and (b)). The Zn2+ anomaly did 
not appear. In investigating the partitioning behavior, we recommended the PC
MO diagram. 
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