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Abstract

Partitioning of Ni, Co and V between Cr-rich spinels and basaltic melt has been studied experimentally between 1150 and 1325
°C, and at controlled oxygen fugacity from the Co-CoO buffer to slightly above the hematite—magnetite buffer. These new results,
together with new Ni, Co and V analyses of experimental run products from Leeman [Leeman, W.P., 1974. Experimental
determination of the partitioning of divalent cations between olivine and basaltic liquid, Pt. II. PhD thesis, Univ. Oregon, 231—
337.], show that experimentally determined spinel-melt partition coefficients (D) are dependent upon temperature (7'), oxygen
fugacity (fO,) and spinel composition. In particular, partition coefficients determined on doped systems are higher than those in
natural (undoped) systems, perhaps due to changing activity coefficients over the composition range defined by the experimental
data. Using our new results and published runs (n=85), we obtain a multilinear regression equation that predicts experimental
D(V) values as a function of 7, fO,, concentration of V in melt and spinel composition. This equation allows prediction of D(V)
spinel/melt values for natural mafic liquids at relevant crystallization conditions. Similarly, D(Ni) and D(Co) values can be inferred
from our experiments at redox conditions approaching the QFM buffer, temperatures of 1150 to 1250 °C and spinel composition
(early Cr-bearing and later Ti-magnetite) appropriate for basic magma differentiation. When coupled with major element modelling
of liquid lines of descent, these values (D(Ni) sp/melt=10 and D(Co) sp/melt=5) closely reproduce the compositional variation
observed in komatiite, mid-ocean ridge basalt (MORB), ocean island basalt (OIB) and basalt to rhyolite suites.
© 2005 Published by Elsevier B.V.
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1. Introduction

Spinel-structured oxides are known to concentrate
certain transition metals and thus play an important role
in controlling, for example, Ni, Co, Cr and V contents
in basic and ultrabasic magmas during differentiation
(e.g., Irving, 1978). Extensive solid solution between
aluminous-, chromian-, titanian- and ferric iron-bearing

* Corresponding author.
E-mail address: kevin.righter-1@nasa.gov (K. Righter).

0009-2541/$ - see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.chemgeo.2005.05.011

end members makes the compositions of these oxide
minerals in natural systems quite variable. Previous
studies have shown extremely compatible behavior
for Ni and Co, indicating partition coefficients D(M)
(defined as weight of an element M in the mineral
phase divided by the weight of M in the co-existing
melt) as high as 70 for D(Ni) and 15 for D(Co) in
magnetite (e.g., Nielsen et al., 1994). Available exper-
imental data indicate that D(M) values for spinel are
strongly dependent upon variables such as temperature
(T), composition and oxygen fugacity (fO,). For in-
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Table 1

Starting compositions used in this study

K. Righter et al. / Chemical Geology xx (2005) xxx—xxx

1 2 3

Ankaramite KI-22 70-15
SiO, 43.66 45.93 47.1
TiO, 2.97 2.03 3.03
AlL,O3 13.13 9.62 15.2
FeO* 14.84 12.75 13.44
MnO 0.21 0.18 0.18
MgO 9.75 18.95 7.58
CaO 12.12 8.86 9.50
Na,O 2.5 1.63 2.59
K,O 0.86 0.38 0.74
P,0Os 0.37 0.19 0.50
Total 101.15 100.52 99.86

(1) Hawaiian ankaramite (Chen et al., 1990).
(2) Kilauea Iki picrite (Leeman, 1974).
(3) Snake River Plain olivine tholeiite (Leeman, 1974).

stance, chromite stability is temperature- and oxygen
fugacity-dependent (Barnes, 1986; Roeder and Rey-
nolds, 1991; Hanson and Jones, 1998), and partitioning
of V between magnetite and melt is fO,-dependent due
to the variable valence of V—between 3+ and 5+
(Lindstrom, 1976). Despite this knowledge, a compre-
hensive understanding of Ni, Co and V partitioning
remains elusive. Nielsen et al. (1994) attempted to
quantify the 7, fO, and spinel compositional depen-
dence of D(V), but was unable to satisfactorily repro-
duce the available data. We have tried similar
approaches to parameterize D(Ni) and D(Co) with no
greater success. Such efforts clearly show that the
currently available data sets are inadequate to constrain

the systematics of compatible trace element partitioning
between spinel and silicate melt.

To better understand Ni, Co and V partitioning
during basic magma differentiation, we carried out
four series of experiments designed to generate spinels
with a large compositional range such as in natural
systems with Ti—-Al-Cr—Fe. In addition, we analyzed
the experiments of Leeman (1974) on natural
basalts—in some cases doped with up to 2% of Ni
and Co, but with natural concentrations of other ele-
ments. Together with previous experiments, these new
measurements reveal a large difference in partition
coefficients derived from doped and undoped experi-
ments; partition coefficients determined from undoped
experiments are as much as a factor of 10 lower than
those from previous work on doped systems. In addi-
tion, we demonstrate the importance of spinel compo-
sitional variation on partition coefficients, especially
for V.

2. Experimental techniques

A Hawaiian ankaramite, doped with 1% of Cr,03 in
order to ensure the stability of spinel as demonstrated
previously by Roeder and Reynolds (1991), was used
to study spinel-melt equilibrium (Table 1). This com-
position was placed in 3 mm o.d. Au;sPd,s capsules
(0.15 mm walls) and crimped (but not welded) at the
top to allow equilibration of the sample with the buffer.
These capsules were then placed in an evacuated silica
tube with an alumina crucible containing various oxy-
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Fig. 1. Summary of temperature vs. fO, for the experiments reported in this study and those from Leeman (1974). Buffer curves are: Fe,O3—Fe;04
(HM; Myers and Eugster, 1983), MnO—Mn;04 (MHO; O’Neill and Pownceby, 1993b), Re—ReO, (RRO; Pownceby and O’Neill, 1994), Ni-NiO
(NNO; O’Neill and Pownceby, 1993a) and iron—wiistite (IW; O’Neill, 1987).
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gen buffer mixtures [hematite-magnetite (HM; Myers
and Eugster, 1983), MnO-Mn;04 (MHO; O’Neill and
Pownceby, 1993b), Re-ReO, (RRO; Pownceby and
O’Neill, 1994), Co—CoO (CCO; O’Neill and Pown-
ceby, 1993a), Ni-NiO (NNO; O’Neill and Pownceby,
1993a) or quartz—fayalite—-magnetite (QFM; O’Neill,
1987)]. The silica tubes were sealed and held in
the hotspot of vertical resistance furnaces at atmo-
spheric pressure, and then quenched by rapid remov-
al from the furnace. Temperature was measured with

a Type S (Pt-Pt;oRh) thermocouple calibrated against
the melting point of Au and with an uncertainty of
+1 °C.

Four series of experiments were completed (Fig. 1
and Table 2). The first series was Cr,Os-doped and
buffered at NNO. Significant amounts of NiO were
introduced into the ankaramite due to NiO volatility
from the buffers. These experiments were useful in
evaluating the role of variable NiO on D(Ni) spinel/
melt. A second series of experiments was carried out at

Table 2
Summary of experimental run conditions

Run# T (°C) Log fO,, buffer Comp. Dopant Time (h) Experimental/predicted Phases
olivine Fo
Series 1
178 1150 —8.16, NNO 1 1 wt.% Cr,03 84 87/87 gl, sp, ol
179 1200 —7.56, NNO 1 1 wt.% Cr,05 84 86/86 gl, sp, ol
172 1216 —7.38, NNO 1 1 wt.% Cr,03 72 88/90 gl, sp, ol
174 1237 —7.15, NNO 1 1 wt.% Cr,03 48 - gl, sp
184 1260 —6.90, NNO 1 1 wt.% Cr,03 24 87/87 gl, sp, ol
173 1298 —6.51, NNO 1 1 wt.% Cr,03 48 - gl, sp
177 1325 —6.24, NNO 1 1 wt.% Cr,0O5 48 - gl, sp
Series 2
180 1300 —1.65, HM 1 1 wt.% Cr,03 24 - gl, sp
182 1300 —3.03, MHO 1 1 wt.% Cr,0O3 24 - gl, sp
198 1300 —5.07, RRO 1 1 wt.% Cr,03 24 - gl, sp
173 1298 —6.51, NNO 1 1 wt.% Cry03 48 - gl, sp
199 1300 —7.18, QFM 1 1 wt.% Cr,05 24 - gl (q), sp
183 1300 —8.28, CCO 1 1 wt.% Cr,03 46 89/88 gl, sp, ol
Series 3
191 1150 —4.64, MHO 1 1 wt.% Cr,03 113 88/91 gl, sp, ol, pl, cpx
196 1175 —4.35, MHO 1 1 wt.% Cr,05 120 90/90 gl, sp, ol, cpx
190 1200 —4.07, MHO 1 1 wt.% Cr,03 39 90/90 gl, sp, ol
193 1225 —3.80, MHO 1 1 wt.% Cr,0O3 41 89/89 gl, sp, ol, cpx
189 1250 —3.53, MHO 1 1 wt.% Cr,05 69 - gl, sp
192 1275 —3.28, MHO 1 1 wt.% Cr,03 42.5 - gl, sp
182 1300 —3.03, MHO 1 1 wt.% Cr,03 24 - gl, sp
194 1325 —2.79, MHO 1 1 wt.% Cr,03 24 - gl, sp
Series 4
189 1250 —3.53, MHO 1 1 wt.% Cr,03 69 - gl, sp
201 1250 —3.53, MHO 1 3 wt.% MgAlLO4 31 - gl, sp
202 1250 —3.53, MHO 1 3 wt.% FeFe,04 31 - gl, sp
Leeman (1974) experiments
T13 1252 —0.68 2 Undoped, NiO, CoO 69 96/97 gl, sp, ol
T3 1300 —0.68 2 Undoped, NiO, CoO 145 94-95/96 gl, sp, ol
T9 1151 —7.06 3 Undoped, NiO, CoO 61 72-75/77 gl, sp, ol
T6 1180 —0.91 3 Undoped, NiO, CoO 115 89-90/97 gl, sp, ol
T5 1248 —6.45 2 Undoped, NiO, CoO 75 86/87 gl, sp, ol
T11 1275 —5.98 2 Undoped, NiO, CoO 65 87-89/88 gl, sp, ol
T14 1250* —6.00 3 Undoped, NiO, CoO 79 83-85/85 gl, sp, ol

Buffer abbreviations are as follows: HM: hematite—-magnetite, MHO: MnO-Mn3;0,, RRO: Re-ReO,, CCO: Co—CoO, NNO: Ni-NiO and QFM:

quartz—fayalite—magnetite.
Runs 173 and 189 are listed twice as parts of two series.

* Equilibrated at 1150 °C for 96 hours, before final hold at 1250 °C.
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1300 °C on Cr,05-doped ankaramite, with variable fO,
controlled at the HM, MHO, RRO, NNO, QFM and
CCO buffers. The third series of experiments was con-
ducted between 1150 and 1325 °C at the MHO buffer,
to assess the effect of temperature on the partitioning. A
fourth series explored the effect of adding Cr,0;,
MgAl,04 and Fe;0,4 to the ankaramite at 1250 °C, at
the MHO buffer (Table 2).

In addition, experimental run products from the
study of Leeman (1974) (cf. Leeman and Lindstrom,
1978) were analyzed. Although the focus of that study
was olivine—melt partitioning of Ni and Co in picritic
and tholeiitic compositions (Tables 1 and 2), many of
the runs also contained spinels. Spinels were analyzed
from seven series of experiments, between 1150 and
1300 °C (Fig. 1). Each series consists of five separate
samples: one undoped composition, and four doped
with 1% and 2% of NiO and 1% and 2% CoO.
Oxygen fugacity was close to air for three of the series
and approximately 1 log fO, unit above NNO for the
four other series (see Table 2). Melt Fe3+/ZFe was
determined from spinel chemistry (in the undoped
charge) following Maurel and Maurel (1983), then
used to calculate melt fO, (£0.2 log fO, units;

Table 2) using the calibration of Kress and Carmichael
(1991).

Glasses and oxides were also synthesized for use as
calibration standards for SIMS analysis. Glass of Di—
An eutectic composition was synthesized from high
purity CaO, MgO, Al,O; and SiO, at 1 bar and
1400 °C; fusion and grinding of the glass was repeated
several times to ensure homogeneity. Aliquots of this
glass were doped with variable amounts of V, equili-
brated at 1350 °C in sealed Pt capsules in a vertical
furnace through which air was flowing. A series of
three magnetite standards, containing variable amounts
of CoO and V,0s, was synthesized in a piston cylinder
apparatus (using the procedure described by Righter et
al., 1997). Magnetite from the Minas-Gerais mine,
Brazil, was used together with reagent grade CoO
and V,Os; mixtures of magnetite and oxide were
welded into Pt capsules, and equilibrated at 10 kbar
and 1300 °C for 24 h. The magnetite standards and the
V-bearing glasses we synthesized were analyzed by
both electron and ion microprobes (Table 5). Together
with Co- and Ni-bearing glasses from the studies of
Leeman (1974) and Righter et al. (2004) (un-italicized
values in Tables 3 and 4), these were used to build

Table 3

Electron and ion (italicized) probe analyses of glasses (average of »n analyses)

Run n SiO, TiO, ALO; Cr,0; FeO* MnO MgO CaO Na,O K,O P,05 CoO NiO V (ppm) Total
178 15 46.72 340 1520 0.04 8.87 0.39 6.67 11.41 351 1.15 0.53 0.012(1) 0.26(8)  540(54) 98.16
179 15 46.58 3.48 1431 0.05 9.42 0.20 810 1230 1.70 0.76 0.44 0.014(1) 0.54(3)  520(52) 97.89
172 10 46.16 3.85 14.85 0.10 7.60 - 9.61 1278 1.65 046 042 0.0033(3) 0.0232) 31031) 97.48
174 20 46.83 336 13.89 0.16 8.83 - 9.88 12.15 2.11 085 0.39 0.0086(9)  0.049(5)  430(43) 98.44
184 15 49.04 341 1352 0.17 6.44 020 1247 1262 1.02 023 041 0.12(1) 0.62(6) 1050(110)  99.65
173 19 4628 323 1281 0.13 9.63 — 1144 1230 1.01 033 033 0.0033(3) 00919 33033) 97.50
177 13 51.74 257 2190 0.13 533 0.11 688 798 125 024 030 0.0058(6) 0.38(7)  330(33) 98.83
180 14 4397 3.00 12.57 0.13 12.13 020 1044 11.18 236 0.61 037 0.034(3) 0.14(1)  410(41) 97.03
182 5 44.17 3.01 1216 0.06 11.63 027 1097 11.65 2.71 0.96 037 0.0192)  0.0293)  280(28) 98.02
198 10 46.69 3.22 12.85 0.11 11.90 0.22 1062 11.21 0.03 0.01 0.36 0.0152)  0.058(6)  480(48) 97.26
173 19 4628 323 1281 0.13 9.63 — 1144 1230 1.01 033 033 0.0033(3) 00919 33033) 97.50
199 10 4492 3.07 1252 0.10 11.02 0.22 1037 11.64 265 091 041 0.0242)  0.033(3)  470(47) 97.86
183 15 59.8L 244 1230 0.31 1.35 003 1352 925 092 020 025 0.34(3) 0.63(6) 46(5) 100.71
191 15 49.74 4.07 1298 0.04 9.10 0.36 8.09 11.23 228 0.62 0.75 0.0162)  0.018(2) 75(8) 99.28
196 10 4797 3.31 14.02 0.03 8.70 0.19 7.65 11.88 287 1.07 0.48 0.0027(3) 0.939)  170(17) 98.21
190 15 48.03 3.19 12.62 0.04 849 0.46 9.63 1284 220 0.78 0.37 0.016(2) 0.0034(3)  580(58) 98.66
193 13 4739 3.06 12.10 0.04 899 0.19 1031 12.14 1.69 0.68 044 0.013(1) 0.0076(8)  570(57) 97.07
189 20 46.59 297 1136 0.05 998 0.18 1193 11.85 2.02 0.64 032 0.0192)  0.037(4)  530(53) 97.91
192 15 4658 3.15 1245 0.08 976 0.18 10.66 1320 192 0.54 037 0.023(2)  0.043(4)  540(54) 98.91
182 5 4417 3.01 12.16 0.06 11.63 0.27 1097 11.65 271 096 0.37 0.0192)  0.0293)  280(28) 98.02
194 12 4482 3.11 1256 0.11 11.15 0.19 1034 11.51 232 0.66 041 0.014(1)  0.021(2)  550(55) 97.20
189 20 46.59 297 1136 0.05 998 0.18 1193 11.85 2.02 0.64 032 0.0192)  0.037(4)  530(53) 97.91
201 10 4298 295 13.85 0.01 11.92 022 10.82 11.44 230 0.61 037 0.017(2)  0.041(4)  500(50) 97.49
202 10 4395 288 11.94 0.01 1373 019 10.85 11.33 1.88 042 0.40 0.025(3)  0.064(6)  430(43) 97.64

Numbers in parentheses represent the standard deviation from the mean of the analyses for each run; standard deviations for major elements are

typically 2% or less.

Underlined concentrations are unusually low and correspond to anomalously high D values.
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Table 4

Electron and ion (italicized) probe analyses of glasses (average of n analyses)

Run n SiO, TiO, Al O3 Cr,05 FeO? MnO MgO CaO Na,O K,0 P,0Os5 CoO NiO V (ppm) Total
T13-1 - 48.55 2.36 10.92 - 11.74 - 11.03 10.22 1.66 0.43 - 0.0094(9) 0.039(4) 160(16) 96.95
T13-2 - 50.25 2.33 11.8 - 9.88 - 9.93 11.09 2.01 0.46 - 0.55(5) - 98.30
T13-3 - 49.07 2.3 10.87 - 10.42 - 10.08 10.84 1.82 0.41 - 1.47(7) - - 97.28
T13-4 - 48.53 2.33 10.69 - 11.12 - 10.5 10.72 1.89 0.46 - 0.88(5) 0.053(5) 160(16) 97.17
T13-5 - 48.63 241 12.84 - 10.64 - 10.39 10.85 1.55 0.43 - 1.49(8) 0.043(4) 160(16) 99.27
T3-2 - 46.17 1.03 10.7 - 12.75 - 12.25 9.97 1.5 0.34 - 0.0094(9) 0.52(5) 140(14) 95.23
T3-3 - 47.34 1.13 10.93 - 11.62 - 11.68 12.27 1.53 0.35 - 0.010(1) 0.98(9) 140(14) 97.83
T9-1 - 47.62 3.72 12.75 - 14.33 - 5.82 9.27 2.66 0.93 - 0.0068(7) 0.027(3) 200(20) 97.13
T9-2 - 47.99 3.93 12.27 - 14.23 - 4.89 9.76 2.69 0.99 - 0.41(4) - 97.16
T9-3 - 493 3.83 13.3 - 12.77 - 4.15 10.49 2.76 1.12 - 0.032(3) 0.85(8) 190(19) 98.57
T9-4 - 47.2 3.67 12.94 - 13.89 - 522 8.58 2.6 0.89 - 0.99(5) 0.036(4) 200(20) 96.02
T9-5 - 47.45 3.64 13.01 - 13.81 - 5.19 9.49 2.62 0.95 - 1.88(9) 0.046(5) 180(18) 98.04
T6-1 10 52.63 2.20 14.31 0.021 7.45 0.22 8.15 10.02 2.66 0.78 0.60 0.014(1) 0.020(2) 220(20) 99.05
T6-2 10 53.72 3.03 13.80 0.017 6.46 0.16 7.16 10.44 2.63 0.80 0.56 0.014(1) 0.31(4) - 99.10
T6-3 10 54.19 3.11 13.86 0.012 5.57 0.20 6.40 10.90 2.59 0.81 0.63 0.014(1) 0.64(8) 240(24) 98.91
T6-4 10 53.15 2.86 14.22 0.014 7.07 0.18 7.32 10.13 2.66 0.76 0.55 0.74(4) 0.021(2) 210(21) 99.67
T6-5 9 52.65 3.03 14.02 0.019 6.80 0.18 7.05 10.24 2.60 0.79 0.43 1.06(10) 0.023(2) 230(23) 98.87
T5-1 - 48.72 1.85 12.41 - 11.01 - 9.01 11.08 1.84 0.48 - 0.0066(7) 0.041(4) 180(18) 96.44
T5-2 - 48.73 2.02 12.46 - 10.93 - 8.49 11.38 1.92 0.5 - - 0.16(2) - 96.59
T5-3 - 48.69 2.16 12.59 - 10.94 - 8.3 11.59 1.98 0.51 - - 0.45(4) - 97.21
T5-4 - 48.43 2.23 12.41 - 10.91 - 8.6 11.22 1.87 0.48 - 0.71(3) - 170(17) 96.86
T5-5 - 48.07 2.41 12.35 - 10.82 - 8.62 11.02 1.81 0.48 - 1.61(8) 0.044(4) 180(18) 97.23
T11-1 - 48.66 2.5 11.43 - 11.77 - 10.76 10.96 1.8 0.42 - 0.0076(8) 0.091(9) 180(18) 98.39
T11-2 - 46.52 2.56 11.55 - 11.14 - 10.29 11.11 1.94 0.45 - - - 95.83
T11-3 - 48.21 2.59 11.79 - 11.61 - 9.84 11.12 1.88 0.43 - 0.027(3) - 180(18) 98.15
T11-4 - 48.03 2.47 11.34 - 11.05 - 10.33 12.9 1.86 0.46 - 1.47(2) 0.044(4) 180(18) 99.95
T11-5 - 47.96 2.45 11.38 - 11.51 - 10.23 10.64 1.79 0.42 - 1.57(7) 0.051(5) 170(17) 98.00
T14-1 9 49.77 2.77 14.79 0.009 10.22 0.22 7.42 9.96 2.47 0.70 0.44 0.013(1) 0.024(2) 160(16) 98.82
T14-2 10 51.05 3.00 14.26 0.014 8.53 0.14 7.27 10.11 245 0.69 0.43 0.060(6) 0.46(5) 170(17) 98.45
T14-3 10 52.55 2.76 14.21 0.017 6.44 0.19 7.28 10.52 2.56 0.71 0.51 0.029(3) 1.28(9) 190(19) 99.07
T14-4 10 50.54 2.83 14.43 0.015 9.13 0.19 6.91 9.88 2.56 0.71 0.35 1.55(8) 0.038(4) 180(18) 99.16
T14-5 10 50.28 2.79 14.38 0.006 7.98 0.15 7.02 9.87 2.45 0.67 0.41 2.67(11) 0.045(5) 170(17) 98.71

Numbers in parentheses represent the standard deviation from the mean of the analyses for NiO, CoO and V.
? T6 and T14 major element analyses are new; all other major element glass analyses are from Leeman (1974); data reported from these runs typically represent an average of five spot analyses;

standard deviations for major elements are typically 2% or less.
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Table 5
Microprobe analyses of oxides and glasses used for V and Co SIMS calibrations
A B C D E 1 2 3
Glasses” Oxides
SiO, 46.77 47.03 46.64 46.11 46.08 0.10 0.12 0.13
TiO, - - - - - 0.09 0.15 0.10
AL O; 15.36 15.45 15.25 15.14 15.14 0.18 0.18 0.15
Cr,04 - - - - - 0.01 0.14 0.06
FeO* - - - - - 92.34 88.75 90.00
MgO 9.59 9.64 9.64 9.50 9.43 0.21 0.08 0.10
Na,O 0.99 0.93 1.00 0.99 0.98 - - -
CaO 21.98 21.92 21.88 21.68 21.66 - - -
CoO - - - - - 0.015 1.66 1.14
V105 0.00 0.24 0.54 0.95 1.24 0.15 2.29 1.04
Total 94.69 95.21 94.95 94.37 94.53 93.19 93.46 92.81

? Low totals reflect a small amount of WO, that was observed in energy spectra.

SIMS calibration curves for V, Co and Ni in glass and
V and Co in spinel.

3. Analytical techniques
All major elements, Ni in spinels, and Ni and Co in

some glasses, were analyzed with a CAMECA SX50
electron microprobe, using an accelerating voltage of

both natural (albite, diopside, potassium feldspar, faya-
lite, rhodonite, apatite, chromite) and synthetic (Ni, Co,
V, TiO,) materials. Counting times for major elements
was typically 10 s and as long as 120 s for minor
elements (Ni and Co). Under these conditions, detection
limits were approximately 100 ppm for Ni, Co and V.
PAP. ¢—p—Z corrections were used in the data reduction
(Pouchou and Pichoir, 1991). FeO and Fe,O5 in spinels

15 kV and sample current of 10 nA. Standards include were calculated by charge balance and stoichiometry
Table 6

Electron microprobe and ion (italicized) probe analyses of spinels (average of n analyses)

Run n Si0, TiO, ALO; Cr,O;  FeO, MnO  MgO  CoO NiO V (ppm) FeO*  Fe,03  Total
178 7 027 5.62 13.86 11.35 4733 039 10.50  0.028¢(3)  5.89(11)  370(37) 16.56  34.19 98.77
179 3 013 4.64 20.31 23.26 29.78  0.00 10.90  0.018(2)  8.50(4) 640(64) 14.18 17.34 99.39
172 6 - 2.56 25.41 34.64 18.07 0.43 16.02 - 0.68(6) - 12.18 6.54 98.47
174 20 - 1.50 26.59 30.89 23.20  0.37 15.21 0.015(2)  0.15(4) 620(62) 13.33 10.97 99.01
184 15 0.17 1.10 27.31 32.84 22.51 - 15.77  0.015(2)  0.20(6) 420(42) 13.38 10.14 100.93
173 5 - 343 24.10 29.74 21.08  0.36 14.63  0.021(2)  3.89(12)  320(32) 11.71 10.42 98.28
177 12 0.16 2.22 32.82 30.31 1297 0 15.68  0.0202)  4.34(14)  440(44) 10.85 2.36 98.94
180 4 0.10 1.90 13.62 27.95 37.68  0.23 14.14  0.042(4)  0.57(3) 290(29) 12.86  27.58 99.01
182 12 0.15 1.72 11.24 17.66 4855 0.026 1480 — 0.21(6) - 11.57  41.10 98.47
198 4 0.10 0.99 10.23 19.70 4478  0.18 17.97  0.027(3)  0.34(8) 20(2) 5.57  43.57 98.66
173 5 - 343 24.10 29.74 21.08  0.36 14.63  0.021¢2)  3.89(12) 320(32) 11.71 10.42 98.28
199 4 031 2.24 16.91 34.39 27.64  0.00 14.79  0.022(2)  0.09(4) 260(26) 13.54  15.67 97.99
183 6  0.07 0.84 23.86 48.77 1.75 041 20.83 2.05(8) - 70(7) 1.33 0.70 99.93
191 5 0.09 4.14 9.49 16.12 51.69  0.70 12.83  0.039(4)  0.14(3) 190(19) 16.05  39.61 99.20
196 10 = 0.10 2.73 10.28 12.14 5492  0.34 13.44  0.050(5)  0.22(4) 380(38) 14.05 4542 98.77
190 10 0.14 1.62 9.16 8.55 53.76  0.41 19.01 0.041(4)  0.27(2) 110(11) 4.02 5527 98.46
193 3 0.09 1.30 9.68 14.95 48.47  0.21 18.84  0.039(4)  0.28(4) 80(8) 439 4899 98.74
189 20  0.12 1.31 11.55 15.94 4555 040 19.12  0.0202)  0.28(3) 190(19) 422 4593 98.87
192 2038 1.09 10.53 19.51 4492  0.13 18.76  0.034(3)  0.22(4) 21021) 5.13 4422 99.78
182 12 0.15 1.72 11.24 17.66 48.55  0.026 1480 - 0.21(6) - 11.57  41.10 98.47
194 4 0.10 1.14 11.10 17.55 46.24  0.16 17.94  0.033(3)  0.27(5) 220(22) 6.07  44.64 98.99
189 20 0.12 1.31 11.55 15.94 4555 040 19.12  0.0202)  0.28(3) 190(19) 422 4593 98.87
201 8 0.17 2.33 16.04 2.10 57.63  0.24 15.00  0.033(3)  0.33(3) 55(6) 12.28  50.39 98.91
202 7 0.12 2.06 8.83 5.42 63.19 0.23 12.33  0.0303)  0.32(6) 50(5) 14.57  54.03 97.94

Numbers in parentheses represent the standard deviation from the mean of the analyses for NiO, CoO and V; standard deviations for all other

elements are typically 2% or less.

? FeO and Fe,05 recalculated from total iron as FeO (FeO,) according to charge balance and stoichiometry.
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(Carmichael, 1967) and spinel compositions were cal-
culated to three cations for use in plotting (e.g., X1
refers to the amount of Ti calculated around three
cations). All analyses are reported in Tables 3—7.
Glasses containing concentrations of Ni, Co and V
close to, or below, detection limits of electron micro-
probe analysis (~ 100 ppm) were analyzed subsequently
using secondary ion mass spectrometry (SIMS) with
CAMECA 3f and 6f ion probes at Arizona State Uni-
versity. Previous SIMS work on Ni by Steele and Lind-
strom (1981) was used as a guide for our analyses. SIMS
analyses of silicate glass were obtained using a ~1 nA
primary beam of '®0O~ focused to a spot 10-15 pm in
diameter. Positive secondary ions with initial kinetic
energies of 0—40 eV were accelerated into the mass
spectrometer. To minimize molecular interferences on
V, Co and Ni, the mass spectrometer was operated at
high mass resolving power (~5000). For example, >'V"

was resolved from 2*Mg*’Al", %°Co" from 2°Si*°Si* and
®Ni" from *°Si>. The minor isotope of nickel was used
because it is not possible to resolve the **Fe ion from
*¥Ni (the most abundant Ni isotope). Each analysis
consisted of a 5 min pre-sputter period followed by
collection of secondary ion intensities for 30Si, Sty
3Co and *'Ni for time sufficient to reach integrated
signals of at least 100 (and typically 500) counts. Cal-
ibration curves for Ni, Co and V in glass and Co and V in
spinel in magnetite are shown in Figs. 2 and 3. The V-
doped Di—An eutectic composition glasses were also
used to check for interference of **Mg*’Al with °'V.
Nickel, Co and V contents measured by ion probe are
presented in (Tables 3, 4, 6 and 7). Typical error on a
SIMS trace element analysis is 10%, which corresponds
to 20% for a partition coefficient, and is attributable
mainly to counting statistics. Reproducibility of the
measurements is demonstrated by repeat analysis of

Table 7

Electron microprobe analyses of spinels from runs of Leeman (1974) (average of n analyses)

Run n TiO, AlLO;  Cr,03  FeOy MnO  MgO CoO NiO V,0;3 FeO? Fe,Of  Total
T13-1 10 1.33 6.55 1.82 66.61 0.27 15.59 0.03(01) 0.82(03)  0.04(02) 820 6491 99.56
T13-2 8 1.41 6.46 0.85 63.48  0.23 13.03 - 6.94(11)  0.05(03) 6.07  63.80 98.85
T13-3 9 1.69 6.48 1.19 62.74  0.23 12.55 7.74(16) 0.58(06)  0.06(02) 588  63.18 99.59
T13-4 8 1.49 6.48 1.23 64.82  0.24 13.61 4.90(07) 0.92(04)  0.06(02) 6.72  64.57 100.22
T13-5 7 1.66 6.61 1.15 6224  0.24 12.64 7.62(11) 0.57(06)  0.05(02) 570  62.83 99.07
T3-2 8 1.33 7.43 2.51 60.73  0.21 1257 - 8.20(10)  0.07(04) 580  61.04 99.16
T3-3 8 1.57 7.68 2.08 58.00  0.19 1035 — 13.22(25)  0.04(01) 459 5936 99.07
T9-1 10 10.86 6.46 4.09 66.15  0.31 610 — 0.26(03)  0.82(05)  32.03  37.92 98.85
T9-2 10 12.86 5.25 0.24 62.72 - 0.27 444 - 8.11(07)  0.79(06)  28.45  38.09 98.51
T9-3 6 14.97 5.47 0.31 54.03  0.27 3.88 0.09(05) 15.09(20)  0.95(04) 2440 3292 98.36
T9-4 10 10.85 9.24 243 60.54  0.25 5.83 4.92(11) 0.21(03)  0.77(03)  28.10  36.05 98.65
T9-5 10 13.24 5.68 0.92 59.78 1 0.26 4.89 8.99(12) 0.17(05)  0.88(03)  27.08  36.34 98.45
T6-1 10 1.56 9.08 0.69 6339 0.53 17.02 0.04(02) 0.39(03)  0.07(03) 6.64  63.06 99.08
T6-2 10 2.40 8.22 0.11 58.70  0.39 1210 - 11.25(26)  0.09(02) 451 60.22 99.29
T6-3 10 2.92 797 0.12 53.63  0.34 8.92 0.08(03) 18.17(34)  0.10(03) 2,66  56.64 97.92
T6-4 10 222 8.15 0.79 60.81 0.43 13.92 7.04(13) 0.15(04)  0.10(04) 5.51 61.45 99.76
T6-5 10 2.53 7.85 0.92 58.65  0.40 12.66 9.47(16) 0.31(07)  0.11(02) 490  59.73 98.88
T5-1 10 2.30 15.00 34.32 3047 038 1245 - 0.30(07)  0.29(03) 15.63 16.49 97.15
T5-2 10 2.90 12.81 37.63 29.60 041 11.80 - 1.63(18)  0.27(05) 15.96 15.16 98.57
T5-3 10 2.78 12.14 37.56 28.59  0.39 951 - 4.60(38)  0.25(05) 16.13 13.85 97.71
T5-4 10 1.82 10.96 42.91 2743 042 10.45 2.94(006) 0.78(10)  0.22(03) 14.95 13.87 99.32
T5-5 10 3.07 15.12 33.79 27.71 0.34 10.63 6.42(12) 0.22(08)  0.30(03) 13.57 15.72 99.17
T11-1 9 1.88 12.79 39.28 30.13 036 12.68 - 0.57(06)  0.17(02) 15.05 16.75 99.55
T11-2 10 2.44 14.30 36.48 28.61 0.36 12,67 - 2.56(07)  0.22(02) 13.80 16.46 99.30
T11-3 8 2.87 14.48 31.06 29.85  0.32 10.95 0.07(03) 5.69(19)  0.23(03) 13.13 18.58 97.38
T11-4 8 2.33 14.66 35.77 27.41 0.34 11.71 5.26(15) 0.19(04)  0.21(01) 12.46 16.62 99.54
T11-5 10 2.40 14.43 33.90 2847  0.31 11.52 5.50(10) 0.25(05)  0.20(02) 12.24 18.03 98.79
T14-1 9 11.55 2.67 0.34 7327 0.10 382 - 0.07(04)  0.40(08)  35.11 42.41 96.47
T14-2 9 2.06 8.85 0.27 59.48  0.29 10.22 0.35(03) 11.80(29)  0.08(03) 6.43 58.96 99.30
T14-3 10 3.04 10.27 0.09 51.51 0.23 7.11 0.10(03)  21.82(21)  0.12(03) 3.05 53.86 99.68
T14-4 9 2.12 8.66 0.27 61.12  0.31 10.14 10.47(15) 0.39(05)  0.06(02) 774 59.32 99.48
T14-5 9 2.42 8.71 0.41 56.66  0.27 9.05 15.68(21) 0.18(04)  0.09(01) 4.75 57.68 99.25

? FeO and Fe,Oj5 recalculated from total iron as FeO (FeO,) according to charge balance and stoichiometry; numbers in parentheses represent the
standard deviation from the mean of the analyses for NiO, CoO and V; standard deviations for all other elements are typically 2% or less. (—1)
undoped, (—2) 1 wt.% Ni, (—3) 2 wt.% Ni, (—4) 1 wt.% Co, (—5) 2 wt.% Co; except for T13 where —2 is Ni and —3, —4 and —5 have Co.
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Fig. 2. SIMS calibration for Ni, Co and V in glasses. For Ni, glasses T3-2, T3-3, T6-3, T9-3, T11-3 and T14-2 from Leeman (1974), and 158A,
159A, 160A, 162A, 162B, 164A, 165A and 167A from Righter et al. (2004) were used for the calibration. For Co, glasses T5-4, T5-5, T6-4, T6-5,
T-4, T9-5, T11-4, T11-5, T13-4, T13-5, T14-2, -3, -4 and -5 from Leeman (1974) were used for calibration (Table 3). For V, glasses in Table 5 were

used for calibration. Analysis conditions are discussed in the text.

two glasses (Table 8). Spinels in the undoped experi-
ments have Co and V concentrations below detection
limits for the electron microprobe (~ 100 ppm), and were
analyzed using SIMS. SIMS analyses were obtained as
with silicates (using high mass resolution conditions to
resolve 3'V* from *Mg?’Al"), but with *°Fe" replacing
39Si" as a normalizing isotope.

Two aspects of the SIMS analyses justify elaboration:
agreement between EMPA and SIMS analyses, and
whether the calibration curves remain linear at low
concentrations. First, several glasses were analyzed for
Ni and Co by EMPA and SIMS, but not included in the
calibration. Comparison of their concentrations (Table

9) shows that the agreement is within the uncertainty of
each measurement, demonstrating excellent agreement
between these techniques. Second, the calibration
curves for Ni, Co and V are constructed at concentration
levels higher than those of the unknowns. Several pre-
vious studies have shown that concentration—intensity
curves remain linear down to very low concentrations
(Steele et al., 1981; Shimizu et al., 1978).

4. Results and discussion

All runs contain spinel and glass, and some (at lower
temperatures) also contain olivine, clinopyroxene and
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Fig. 3. SIMS calibration for Co and V in spinels. Spinel compositions presented in Table 5 were used for calibration of V and Co. Analysis

conditions are discussed in the text.

plagioclase (see Fig. 4). Some spinels produced in our
experiments contain a large amount of Cr, but there is a
range of compositions produced by the variable oxygen
fugacity (Tables 2 and 3; Fig. 5), from low (air) to high
(NNO) Cr/(Fe>* +Cr+Al+Ti+V), from high (air) to

low (NNO) Fe*"/(Fe*"+Cr+Al+Ti+V) and variable
Ti/(Fe** +Cr+Al+Ti+V). A summary of all partition
coefficients is presented in Table 10.

Table 8

Replicate analysis of glasses by SIMS

Run sty A0g;+ 900" A0S 60N 308"
T14-1-1 0.0283 0.00623 0.00277
T14-1-2 0.0281 0.00603 0.00270
T11-4-1 0.0322 0.691 0.00524
T11-4-2 0.0313 0.663 0.00499

Ratios were calculated from average of 20 s.

Counting cycles over a total of 10 to 15 min.

Table 9

Comparison of EMPA and SIMS analyses

Run SIMS EMPA

Nickel

T14-2 3050 (200) 3590 (360)
162A 750 (80) 630 (65)
167 4030 (320) 4130 (410)
Cobalt

T9-4 8180 (650) 7790 (780)
T13-1 12,100 (750) 12,300 (1200)
T14-4 12,450 (800) 12,200 (1200)
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Fig. 4. Back scattered electron (BSE) images from four experiments from this study: (A) 177 run at 1325 °C, the NNO buffer and containing spinel
and glass; (B) 184 run at 1260 °C, the NNO buffer, and containing olivine, spinel and glass; (C) T3-2 run at 1300 °C, in air, and containing olivine,
spinel and glass; (D) T9-5 run at 1151 °C, near the QFM buffer and containing olivine, spinel and glass.

Before discussing the partitioning results, several of oxygen atoms where one third of the cations occupy
notable aspects of spinel crystal chemistry must be tetrahedral sites (A sites) and two thirds occupy octahe-
reviewed (e.g., Waychunas, 1991; Papike et al., 2005). dral sites (B sites). Spinels are called “normal” if a
The spinel structure is very nearly a close-packed array doubly charged cation such as Fe*" occupies only the
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Fig. 5. Summary of spinel compositions from this study (solid circles) and Leeman (1974) experiments (open circles), in terms of Fe

3+/

(F&* +Cr+Al+Ti+V), Cr/(Fe**+Cr+Al+Ti+V) and Ti/(Fe* +Cr+Al+Ti+V) vs. Mg# (Mg/(Mg+Fe®")). Mg# is calculated using Fe**

determined from spinel stoichiometry.
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Table 10
Summary of partition coefficients
Run D(Ni) D(Co) D(V) Run D(Ni) D(Co) D(V)
Series 1: all NNO, variable T
178 22.6 (33, 17) 2.3 (2.8, 1.8) 0.68 (0.82, 0.56) T13-1 21.0 (23.7, 18.3) 3.2 (4.6, 1.8) 1.7 (2.9, 0.5)
179 433 (12, 10.8) 1.3 (1.6, 1.0) 1.2 (1.5, 1.0) T13-2 12.6 (15.2, 10.0) - -
172 29.6 (35, 25) - — T13-3 - 5.3 (6.7, 3.9) -
174 3.1(4.3,2.1) 1.7 (2.1, 1.3) 1.5 (1.8, 1.2) T13-4 17.4 (19.8, 15.0) 5.6 (6.6, 4.6) 2.6 (3.8, 1.6)
184 - 0.40 (0.5, 0.33) T13-5 13.3 (16.1, 10.5) 5.1 (6.2, 4.0) 22 (3.3, 1.1)
173 42.7 (49, 38) 6.4 (7.7, 5.1) 0.97 (1.2, 0.8)
177 11.4 (14.5,9.3) 34 4.1, 2.7) 1.4 (1.7, 1.0) T3-2 15.8 (19.0, 12.6) - 3.5(5.8,1.2)
Series2: 1300 °C, variable fO, T3-3 13.5 (18.2, 8.8) - 1.9 (2.4, 1.4)
180 4.1 (4.7,3.1) 1.2 (1.5, 0.9) 0.72 (0.9, 0.6)
182 7.2 (104, 4.7) - - T9-1 9.6 (10.8, 8.4) - 27.3 (31.7,22.9)
198 5.8 (6.9, 3.2) 1.8 (2.2, 1.4) 0.04 (0.05, 0.03) T9-2 19.8 (23.2, 16.4) - -
173 42.7 (49, 38) 6.4 (1.7, 5.1) 0.97 (1.2, 0.8) T9-3 17.8 (23.1, 12.5) 2.8 (3.2, 24) 33.9 (40.0, 27.8)
199 2.7 (3.5, 0.72) 0.93 (1.1, 0.7) 0.55 (0.68, 0.43) T9-4 5.8 (6.6, 5.0) 5.0 (6.1, 3.9) 26.6 (30.3, 22.9)
183 - 6.0 (7.3, 4.7) 1.5 (1.9, 1.3) T9-5 3.7 (4.3, 3.1) 4.8 (5.9, 3.7) 33.8 (38.5, 29.1)
Series 3: MHO buffer, variable T
191 8.0 (11.3, 6.0) 24 (29, 1.9) 2.5(3.2,2.1) T6-1 19.5 (23.0, 16.0) 2.9 (4.6, 1.2) 22(2.7,1.7)
196 18.5 (25, 15)* 23 (2.7, 1.8) T6-2 36.3 (41.7,30.9) - -
190 79.4 (93, 67)" 2.6 (3.2, 2.0) 0.18 (0.20, 0.16) T6-3 28.4 (32.7, 24.1) 5.7 (8.4, 3.0) 2.8(3.4,2.2)
193 36.7 (44, 27) 3.0 3.6, 2.4) 0.14 (0.17, 0.10) T6-4 7.1 (9.7, 4.5) 9.5 (10.2, 8.8) 3.2 (3.9,25)
189 7.6 (94, 6.3) 1.1 (1.3, 0.9) 0.35 (0.36, 0.30) T6-5 13.5 (18.0, 9.0) 89 (9.9, 7.9) 3.3 (4.0, 2.6)
192 52(7.2,4.3) 1.5 (1.8, 1.2) 0.38 (0.47, 0.30)
182 7.2 (10.8, 4.5) - - T5-1 7.3 (8.3, 6.3) - 11.2 (13.6, 8.8)
194 12.8 (17. 9.6) 24 (29, 1.9 0.41 (0.49, 0.30) T5-2 10.2 (13.9, 6.5) - -
Series 4: 1250 °C, MHO buffer, variable Cr,0; T5-3 10.2 (14.7, 5.7) - -
189 7.6 (94, 6.3) 1.1 (1.3, 0.9) 0.35 (0.36, 0.30) T5-4 - 4.1 (48, 3.4) 8.8 (10.6, 7.0)
201 8.0 (9.7, 6.7) 1.9 (23, 1.5) 0.11 (0.13, 0.09) T5-5 5.0 (5.9,4.1) 4.0 (4.9, 3.1) 11.5 (13.9, 9.1)
202 5.0 (6.6, 3.7) 1.2 (1.5, 0.9) 0.12 (0.15, 0.10)
TI11-1 6.3 (7.4,5.2) - 6.3 (7.6, 5.0)
T11-2 9.5 (12.2, 6.8) - -
TI11-3 8.4 (124,44 2.6 (2.9, 2.3) 8.8 (10.6, 7.0)
T11-4 43 (52,34 3.6 (45, 2.7) 8.1 (9.8, 6.4)
TI11-5 4.9 (5.8, 4.0) 3.5 (42, 2.8) 8.0 (9.7, 6.3)
T14-1 2.9 (4.8, 1.0) - 16.7 (20.2, 13.2)
T14-2 25.7 (29.3, 22.1) 5.8 (6.9, 4.7) 3.2 (3.9,25)
T14-3 17.0 (18.4, 15.6) 34 (48, 2.0) 43 (52,34)
T14-4 10.3 (12.7, 7.9) 6.8 (7.2, 6.4) 2.3 (2.8, 1.8)
T14-5 4.0(53,2.7) 5.9 (6.2, 5.6) 3.6 (4.4,2.8)

Numbers in parentheses represent the high and low values of the partition coefficient, according to the uncertainties on the spinel and glass analyses.

 Indicates anomalous values (see text) that we ignore as suspicious.

tetrahedral sites, and “inverse” if it occupies the tetrahe-
dral sites and half of the octahedral sites. Crystal field
stabilization energy, ionic radii and valence, all deter-
mine the location of cations in the structure. For the
major elements in natural spinels, octahedral site pref-
erence energies probably decrease in the order
Cr*> AP >Ti*" >Fe"(Papike et al., 2005), so that
trivalent and tetravalent cations are generally found in
octahedrally coordinated B sites, and divalent cations in
either the A or B sites. The structural transformation

from “normal” to “inverse” in the spinel solid solution
series must accommodate the charge balance require-
ments of the oxygen ligands: an oxygen (2—) must
receive a 2+ charge from three octahedral cations and
one tetrahedral cation (e.g., Papike et al., 2005).

4.1. Equilibrium considerations

Equilibrium between spinel and silicate melt can be
assessed by examining the distribution of key major
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Fig. 6. Comparison of measured vs. predicted D(Cr/Al) chromite/melt
and D(Al) magnetite/melt for new runs. Predicted values are from the
studies of Ariskin and Barmina (1999) and Ariskin and Nikolaev
(1996).

elements between both phases. Compositions of co-
existing silicate melt and spinel have been studied
extensively by Ariskin and Barmina (1999) and Ariskin
and Nikolaev (1996), who have derived empirical
expressions for partitioning of major elements as a
function of 7, fO, and melt composition. For those
experiments containing magnetite-rich spinels, we
have used the equilibrium partitioning of Al between
spinel and melt and the expression:

IND(Al) = a/T + blog f O + ¢ +dy Xna + daXi +ds.Xp

K. Righter et al. / Chemical Geology xx (2005) xxx—xxx

where a, b, ¢ and d,—d5 are from Ariskin and Barmina
(1999). For those experiments containing chromian-rich
spinels, we have used the equilibrium partitioning of
Cr/Al between spinel and melt and the expression:

InD(Cr/Al) = a/T + blogf O, + cIn(Fe** /Fe*")liq
+d(NBO/T) +e

where a—e are from Ariskin and Nikolaev (1996) and
NBO/T is calculated according to Mysen (1991).
Comparison of calculated and measured D(Al) and
D(Cr/Al) for experiments reported in Table 2 (Fig.
6) shows good agreement, and suggests that equilib-
rium was approached in these runs. Additional evi-
dence for an approach to equilibrium in these
experiments is the presence of homogeneous, unzoned
spinels. Spinels produced in most experiments were
unzoned from core to rim in terms of FeO, Cr,Os,
MgO and other elements. A few spinels that were
slightly zoned (e.g., 15.4% in core to 8.4% in rim
for Cr,05 in run 191) were also included in this study,
as such slight zoning apparently had only a minimal
effect on partitioning of Ni, Co and V since D for
these elements are indistinguishable from those from
other runs at similar conditions.

Approach to equilibrium can also be monitored by

use of the olivine—liquid equilibrium:
2FeO + Mg,SiO4 = 2MgO + Fe;SiOy . (1)
(liquid) (olivine) (liquid) (olivine)

Olivine compositions produced in a subset of the
new runs and in all of those of Leeman (1974) (see
Table 2) are in good agreement with the compositions
predicted by the method of Snyder and Carmichael
(1992). For these calculations, Xr.o in the silicate liquid
was calculated from run temperature and oxygen fu-
gacity using the expression in Kress and Carmichael
(1991). In addition, Cr,O3 contents of glasses produced
in these runs are <0.2 wt.%, as expected for melts in
equilibrium with Cr-rich spinels at 1200-1300 °C and
oxygen fugacities higher than the QFM buffer (Roeder
and Reynolds, 1991).

Series 1 runs and run #183 (Series 2) were done with
Ni—NiO and Co—CoO buffers enclosed with the sample.

Fig. 7. (A) Variation of D(Ni) spinel/melt with Xy; for spinels from this study (Series 1 to 4 and T experiments), as well as results from previous
studies of Lindstrom (1976), Nielsen et al. (1994), Horn et al. (1994) and Toplis and Corgne (2002). Symbols for previous studies are slightly
smaller than those for the new results. Note anomalously high value for experiment 190. (B) Variation of D(Co) spinel/melt with X, for spinels
from this study (Series 1 to 4 and T experiments), as well as results from previous studies of Lindstrom (1976), Horn et al. (1994) and Toplis and
Corgne (2002). Symbols for previous studies are slightly smaller than those for the new results. Note anomalously high value for experiment 196.
(C) Variation D(V) spinel/melt with Xy, for spinels from this study (Series 1 to 4 and T experiments), as well as results from previous studies of
Lindstrom (1976), Nielsen et al. (1994), Horn et al. (1994), Canil (1997, 2002) and Toplis and Corgne (2002). Symbols for previous studies are

slightly smaller than those for the new results.
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Fig. 8. D(Ni), D(Co) and D(V) spinel/melt vs. 1/7T (K) for experi-
ments carried out near the NNO buffer (solid symbols, + 1 log fO,
unit from NNO buffer) or at NNO+3.5 (open symbols), but at
temperatures between 1150 and 1325 °C. No systematic effect of
temperature is evident in this dataset. Such effects may be subtle and
masked by larger compositional effects. Horizontal dashed lines
indicate the D(Ni) and D(Co) values used in later modeling. Note
anomalously high value for experiment 196.

Although original basaltic powder contained only nat-
ural levels of Ni and Co, the run products were enriched
in Ni or Co, clearly indicating an exchange of Ni and
Co between the buffer and sample. Because the results
from these experiments also show some scatter (e.g.,

Fig. 7) compared to the other series and runs of Leeman
(1974), the results should be interpreted with caution.
Although it is likely that each experiment approached
equilibrium, as discussed above, the high levels of Ni or
Co make interpretation and comparison with other runs
more complicated. Runs 190 and 196 are clearly anom-
alous for Ni and Co, respectively. In each case, glass
analyses are unusually low, resulting in very high spinel
partition coefficients. Accordingly, these runs are ig-
nored in discussions of our data.

Comparison of our results to those of previous stu-
dies using doped compositions reveals that the partition
coefficients in doped runs are often higher (Fig. 7). An
important feature of most data sets is that the spinel—
melt partition coefficients increase with increasing con-
centration of Ni, Co or Vin spinel, even when temper-
ature and relative oxygen fugacity are nearly constant
(Fig. 7). In addition, D(V) spinel/melt varies with
compositional parameters such as X1; and Xy. Because
Ni and Co exhibit distinct behavior from V, they will be
discussed separately below.

4.2. Spinel/melt partition coefficient

4.2.1. Nickel and cobalt

Temperature, oxygen fugacity and composition are
the main factors thought to influence partitioning be-
havior, and each will be addressed below.

Two sets of experiments can be examined for poten-
tial temperature effects at NNO and at MHO, with each
series including data from experiments carried out be-
tween 1150 and 1325 °C. It is clear from both series
that there is no systematic variation of either D(Ni) or
D(Co) spinel/melt attributable to temperature alone
(Fig. 8). Variation in both series is more likely related
to differences in spinel composition, as will be seen
below.

Table 11
Comparative spinel structures and unit cells (from Hill et al., 1979)

Spinel Unit cell (A)
MgAl,O4 8.0832
FeAl,O,4 8.149
MgCr,0, 8.333
Fe,TiO4 8.392
MgV,0, 8.530
NiAL,O4 8.043
NiCr,04 8.305
NiF8204 8.325
CoAl,O4 8.095
CoCry0, 8.332
CoFe,04 8.350

322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342

343

344
345
346
347
348
349
350
351
352
353
354
355
356

t11.1

t11.3

t11.4
t11.5
t11.6
t11.7
t11.8
t11.9
t11.10
t11.11
t11.12
t11.13
t11.14
t11.15



372
373
374
375
376

K. Righter et al. / Chemical Geology xx (2005) xxx—xxx 15

25 | -

Variable fO,, 1250 °C

D(Ni) spinel/melt

<

D(Co) spinel/melt
.
T

(3%}
I

D(V) spinel/melt

0 | | NI |
2 0 2 4 6 8

ANNO

Fig. 9. D(Ni), D(Co) and D(V) spinel/melt vs. ANNO for experi-
ments carried out at 1250 °C. No systematic effect of oxygen fugacity
is evident in this dataset. Variation in some of the partition coefficients
is due instead to differences in composition (Ti-bearing vs. T-free
spinel) or doping levels. Horizontal dashed lines indicate the D(Ni)
and D(Co) values used in later modeling.

Because Ni and Co are divalent across a wide range
of oxygen fugacity that cover the range of our study
(Capobianco and Amelin, 1994; Holzheid and Palme,
1996), any variation in D(Ni) or D(Co) spinel melt
cannot be attributed to a change in valence. However,

the effect of variable fO, may change the composition of
spinel that crystallizes from a basaltic liquid (e.g., Horn
et al., 1994). Thus, variation in D(Ni) or D(Co) spinel/
melt could be due to structural changes in the spinel as a
consequence of extensive solid solution that is possible
between Cr-, Ti-, Al- and Fe**-end members, as well as
Ni-, Co- and V-rich end members (e.g., see the variation
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Fig. 10. Variation in D(Ni) spinel/melt with Xy;, X1; and X¢, of
spinels from series T9, T6, T5, T11 and T14. Within each series,
five experiments were done at fixed temperature and oxygen fugacity,
but variable dopant level. Because T and fO, are constant, these
figures illustrate the effect of changing the bulk Ni content of the
system on the magnitude of the partition coefficient. Horizontal
dashed lines indicate the D values used in later modeling. Experi-
ments T13 and T3 are omitted for clarity; their D values are in the
range of the data shown.
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in unit cell in various spinels; Table 11). A series of
experiments carried out at 1250 °C and across 7 orders
of magnitude change in oxygen fugacity reveals no clear
dependence upon oxygen fugacity considering the var-
iability of D values within each experiment (Fig. 9). The
direct effect of changing oxygen fugacity is likely to be
small, as suggested by the data of Toplis and Corgne
(2002) for magnetite/melt partitioning of Ni, Co and
Mn. Thus, the differences in D(Ni) and D(Co) spinel/
melt observed between runs in Fig. 9 are most likely
related to changes in spinel composition.

There are not clear variations in D with changing
major element composition (Al, Cr, Ti, Fe? +), but there
are some variations that are related to Ni or Co
content. Although there may be a slightly higher
D(Ni) observed in some Ti- or Fe’'-bearing spinels
(Fig. 10), there are many Ti-rich spinels for which
D(Ni) are low. Similarly, Cr-bearing spinels exhibit
both low and high D(Ni) and D(Co) values (Figs. 5
and 6), indicating that Cr content is not a dominant
controlling factor in the value of the partition coeffi-
cient. The most significant factor in many data sets
appears to be the Ni or Co content of the spinel (Figs.
10 and 11). For instance, the highest D’s in individual
data sets are generally those in which the spinels have
the highest Ni and Co content (Figs. 7 10 and 11), but
similar major element bulk compositions (e.g., Cr, Al,
Ti, Fe*"). In particular, the runs of Leeman (1974)
show increasing D(Ni) and D(Co) with Ni and Co
content. Because some of these spinels are very Ni-
and Co-rich, the unit cell sizes will be larger than most
natural spinels (Table 11), and this may have a large
effect on the partition and activity coefficients. In
summary, variations in D(Ni) and D(Co) spinel/melt
are likely a result of spinel compositional variation.
Spinels with lower Ni or Co contents generally yield
lower partition coefficients, suggesting that previous
experimental studies involving doped systems, have
overestimated partition coefficients.

4.2.2. Vanadium

Unravelling the controlling variables behind parti-
tioning of V in spinels has proven difficult because
temperature, oxygen fugacity, and spinel chemistry
are linked and difficult to separate experimentally. As
with Ni and Co, variation in D(V) spinel/melt may be a
result of variation in all three of these parameters.

The influence of temperature has been difficult to
isolate due to use of different bulk compositions and
oxygen fugacities in experimental studies. Variation in
D(V) spinel/melt in suites at constant fO, (the most
reduced runs, near NNO; Fig. 8), but variable temper-
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Fig. 11. Variation in D(Co) spinel/melt with Xc,, X1y and X¢, of
spinels from series T9, T6, TS, T11 and T14. Within each series, five
experiments were done at fixed temperature and oxygen fugacity, but
variable dopant level. Because T and fO, are constant, these figures
illustrate the effect of changing the bulk Co content of the system on
the magnitude of the partition coefficient. Horizontal dashed lines
indicate the D values used in later modeling. Experiments T13 and T3
are omitted for clarity; their D values are in the range of the data
shown.

ature, suggest some dependence upon temperature (Fig.
8). However, some of the variation seen in Fig. 8 can be
attributed (as will be seen below) to compositional
differences in the spinel (e.g., high and low Ti spinels
at the same fO,). If one focuses instead on systems of
similar composition and constant fO,, there are clear
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differences in D(V) that can be attributed to tempera-
ture; specifically, D(V) increases at lower temperatures
(Fig. 8). It is also interesting to note that the higher
oxygen fugacity runs do not show any temperature
dependence, perhaps due to the stability of V',
which is likely to be incompatible in spinel regardless
of temperature.

Variation in D(V) arising from changing oxygen
fugacity is likely to be extensive, because V is multi-

17

valent, stable in 5+, 4+, 3+ under terrestrial conditions
and perhaps 2+ under highly reducing conditions (Bor-
isov et al., 1987; Schreiber et al., 1987; Delaney et al.,
2002). Evidence that V>* is likely to be compatible in
spinels comes from both natural and experimental sys-
tems. The negative correlation between Cr and V and
the positive correlation between Ti and V observed in
terrestrial spinels may imply that V is predominantly
trivalent and entering spinel on the octahedral site like
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Fig. 12. D(V) spinel/melt vs. X7y, fO, and temperature, illustrating the importance (and interdependence) of all three of these variables. (A) The
strong effect of X1y on D(V) spinel/melt is illustrated in three different data sets—our experiment T9, Lindstrom (1976) and Toplis and Corgne
(2002). (B) Although there is an overall dependence of D(V) spinel/melt on fO,, as suggested in several previous studies, this effect is accompanied
by variation due to temperature and compositional effects. Consideration of all data together, making such D(V)-fO, correlations less coherent. To
understand the cause of variation in D(V) spinel/melt completely will require an understanding of each of these variables separately and

independently of one another. Symbols for previous studies are slightly smaller than those for the new results.
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Cr (e.g., Nehru et al., 1974). An Al-V anti-correlation
observed in experimentally produced aluminous spinels
(Mg—V-Al-O system) provides further evidence for
trivalent V substitution (Canil, 2002). It has been rec-
ognized that D(V) is dependent upon oxygen fugacity
(Lindstrom, 1976; Horn et al., 1994; Toplis and Corgne,
2002; Figs. 9 and 12), but when all data are considered
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Fig. 13. Variation in D(V) spinel/melt with Xv, X; and Xc, of spinels
from series T9, T6, T5, T11 and T14. Within each series, five
experiments were done at fixed temperature and oxygen fugacity,
but variable dopant level. Because 7 and fO, are constant, these
figures illustrate the effect of changing the bulk V content of the
system on the magnitude of the partition coefficient and also illustrate
the strong effect of X'r; on D(V). Experiments T13 and T3 are omitted
for clarity; their D values are in the range of the data shown.

Table 12
Regression parameters for D(V)

Term Constant Value Standard error
/T a —9695 6770
Log 1O, b —0.288 0.065
Xer c 5.10 4.92
Xres+ d 2.65 4.82
Xar e —0.20 491
X1i f 6.33 5.14
V in glass (ppm) g 438x10°° 3.64x10°°
Mgt h —2.35 0.79
i 3.84 7.23

together it is evident that scatter in the trend must be
due to the additional effects of temperature and spinel
composition (Fig. 9).

There is also a strong spinel compositional control
on D(V), with V and TiO, contents of spinel being most
important (Figs. 7 and 12). For example, four different
series at nearly constant fO, from the Leeman (1974)
runs show a positive correlation of D(V) with TiO, and
V, but also a significant temperature-dependence (Fig.
13). In addition, series T14 shows that high TiO, spinel
(in run #14-1) will cause a higher D(V) at constant 7,
fO, and V doping level (Fig. 13). Cr,O5 content of
spinel, on the other hand, appears to have relatively
little -influence on D(V); Cr,Os-bearing spinels pro-
duced near the NNO buffer define the same range of
D(V) as those that are Cr,O3-poor (Figs. 7 10 and 13).

Finally, the effect of composition and oxygen fugac-
ity is sometimes combined. For example, for four dif-
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Fig. 14. Comparison of D(V) spinel/melt measured and D(V) spinel/
melt calculated using Eq. (2) and the regression constants from Table
10. Dashed line indicates a perfect 1:1 correlation; the experimental
data were taken from this study and from published experiments
(Lindstrom, 1976; Horn et al., 1994; Nielsen et al., 1994; Canil,
1997).
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ferent runs of Leeman (1974) at variable fO,, but
constant temperature (1250 °C), D(V) increases at
lower fO,. However, because some of the lower fO,
runs contain spinels with higher TiO, contents, it is
difficult to know whether the variation in D(V) is due to
TiO, content or to fO,, or both, because the TiO,
content of the spinel is also dependent upon fO,. Insight
into the actual controls may come from further experi-
ments at near constant temperature and oxygen fugac-
ity, but variable TiO, content (Fig. 7).

Many previous studies done at reduced conditions
have reported compatibility of V in spinel-structured
oxides, but many of the spinels have V,05 contents > 1
wt.% and some have as much as 25 to 40 wt.% (Lind-
strom, 1976; Nielsen et al., 1994; Canil, 2002). Can the
variation observed in D(V) be due to non-Henrian

behavior of V partitioning between spinel and silicate
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melt? Although there is a clear correlation between
D(V) and V content of spinels (Figs. 7 10 and 13),
such a conclusion may be premature. First, the Horn et
al. (1994) data show no systematic dependence upon V
content (albeit over a small compositional range), sug-
gesting that Henrian behavior is observed. Second, the
D(V) range determined in this study for undoped
experiments is similar to the D(V) range defined by
doped experiments at similar temperatures and oxygen
fugacities by Canil (2002) and Toplis and Corgne
(2002).

In order to predict D(V) as a function of tempera-
ture, oxygen fugacity and spinel composition, we have
undertaken multiple linear regression on a total of 85
experiments analyzed in this study, as well as from
Lindstrom (1976), Canil (1997), Nielsen et al. (1994)
and Horn et al. (1994). Experiments done at the most
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Fig. 15. MgO (wt.%) vs. Cr, Ni, Co and V (all ppm) for the Kostomuksha komatiite suite. Major element modelling of crystal fractionation of the
proposed Kostomuksha parent liquid (Puchtel and Humayun, 2000; Puchtel et al., 1998) was carried out using the MELTS program (Ghiorso and
Sack, 1994) from 1600 to 1200 °C, at 2 kb and the QFM oxygen buffer. Crosses indicate the calculated trends using the major element results (at
25 °C intervals). The amount of olivine fractionated before chromite saturation is 20.5% and the amount after is 32.9%. Trace element
concentrations are calculated using the results of this study (for spinel) and published D’s of Green (1994) and Roeder and Reynolds (1991):
D(Ni): olivine/melt=5, spinel/melt=10, opx/melt=1, cpx/melt=1; D(Co): olivine/melt=2.3, spinel/melt=5, opx/melt=1, cpx/melt=1; D(V):
olivine/melt=0.01, spinel/melt=14, opx/melt=0.5, cpx/melt=0.5; D(Cr): olivine/melt=0.36, spinel/melt=220, opx/melt=0.1, cpx/melt=0.1.
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oxidizing conditions (air) were left out of the regression
analysis, since application of the results will be made to
samples that equilibrated at more reducing conditions
between the HM and IW buffers. Because all four
spinel end members—Ti-, Al-, Cr- and Fe*'-bearing—
are potentially important in controlling D(V), we have
included terms for each in the linear regression. The
equation is of the form:

D(V) = a(1/T) + b(logf02) + c(Xex) + d(X5")
+ e(Xa1) +/(X1i) + g(V in glass)

+ h(Mg# spinel) + i (2)

where constants a through i are calculated and pre-
sented in Table 12. Comparison of measured and cal-
culated values (Fig. 14) shows that this expression
recaptures the input data well. Also shown are the
results from Canil (2001) which were calculated using
Eq. (2) and compared to their measured values. Since
they are not included in the input database for deriving
the regression constants, it demonstrates that the ex-
pression effectively captures variation in D(V) due to
temperature, composition and oxygen fugacity.
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5. Application of results to terrestrial magmatic
suites

An alternative way to evaluate transition metal parti-
tioning in spinels is to invert compositions of cogenetic
magma suites for which spinel is a liquidus phase (cf.
Leeman et al., 1978). Here we follow this approach
considering several well characterized natural magmatic
suites: komatiites (Puchtel et al., 1998; Puchtel and
Humayun, 2000), MORB (mid-ocean ridge basalt;
Schilling et al., 1983), Hawaiian lavas (HSDP; Hawai-
ian Scientific Drilling Program; Rhodes, 1996; Albar-
éde, 1996) and a basalt to rhyolite series from Volcan
Alcedo, Galapagos Islands (Geist et al., 1995). In each
of the cases below, parent liquids were selected from the
individual studies and major element liquid lines of
descent calculated using the MELTS computer program
(Ghiorso and Sack, 1994). Because the amount of spinel
crystallization is sensitive to subtle changes in melt Cr
content, and this is not modeled well using the MELTS
program, Cr contents were estimated using D(Cr) spi-
nel/melt values based on the work of Roeder and Rey-
nolds (1991). The MELTS results (solid and liquid
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Fig. 16. Correlations between Ni, Co, Vand MgO within a MORB suite from the northern mid-Atlantic ridge (Schilling et al., 1983). Schilling et al.
(1983) report fewer Ni data than for the other elements. Major element modelling was carried out using the MELTS program (Ghiorso and Sack,
1994) from 1300 to 1150 °C, at 1 bar and 2 log fO, units below the QFM oxygen buffer. Crosses indicate the calculated trends using the major
element results (at 25 °C intervals). Calculated trends (using major element modeling) use spinel/melt partition coefficient data from this study and
partition coefficients for olivine from Green (1994). The variation can be ascribed to progressive liquid evolution during fractionation of 0.6%
chromite, 8.4% olivine, 26.0% feldspar and 22.9% pyroxene. Trace element concentrations are calculated using the results of this study (for spinel)
and published D’s of Green (1994) and Roeder and Reynolds (1991): D(Ni): olivine/melt=5, spinel/melt=10, cpx/melt=1; plag/melt=0.001;
D(Co): olivine/melt=2, spinel/melt=35, cpx/melt=1, plag/melt=0.001; D(V): olivine/melt=0.1, spinel/melt=14, cpx/melt=0.5, plag/melt=0.001;
D(Cr): olivine/melt=0.5, spinel/melt=150, and cpx/melt=1, plag/melt=0.01.
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compositions) and the D(Cr) modelling were then
coupled with partition coefficient data for Ni, Co and
V (from this study for spinel and from the literature for
olivine, pyroxenes and feldspar). Because the koma-
tiite, MORB and HSDP suites are basic liquids that
evolved near the QFM buffer, values of D(Ni) spinel/
melt=10, D(Co) spinel/melt=5. D(V) spinel/melt was
calculated for each suite, using the spinel composition
predicted by the MELTS program, V content of the
liquid, temperature and fO, and Eq. (2). It should be
emphasized that these models are not unique. The
calculations and modeling presented here are meant to
be illustrative, and a range of D(Ni), D(Co), D(V) as
well as 7, P, fO, and composition could reproduce the
data.

5.1. Komatiites

The Kostomuksha komatiite suite has been studied
in detail by Puchtel et al. (1998) and Puchtel and
Humayun (2000). The variation in major elements
and Cr can be understood by fractionation of olivine
and chromite from a MgO-rich parent liquid. This
variation has been modeled specifically, using the
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MELTS program at conditions of 1600 to 1200 °C
and 200 MPa at the QFM oxygen buffer (Fig. 15).
The amount of olivine fractionated before chromite
saturation is 20.5% and the amount after is 32.9%.
Because this suite is well understood and fractionation
of only olivine and chromite can account for the vari-
ation, this suite was chosen to illustrate the sensitivity
of the modelling to chosen values of D(Ni) spinel/melt,
D(Co) spinel/melt and D(V) spinel/melt. The effect of
using a range of values for D(Ni), D(Co) and D(V)
spinel/melt is demonstrated (Fig. 15), while the propor-
tion of fractionated olivine and chromite, as well as the
olivine/melt partition coefficients for Ni, Co and V, are
kept constant. It is clear that D(Ni) spinel/melt=10,
D(Co) spinel/melt=5 and D(V) spinel/melt= 14 (calcu-
lated using Eq. (2)) can adequately explain the trends
for Ni, Co and V with MgO.

5.2. MORB

Major and minor element (including MgO and Cr)
trends in a suite of basalts from the northern Mid-
Atlantic Ridge can be ascribed to progressive liquid
evolution during fractionation of chromite, olivine, pla-
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Fig. 17. Correlations between Ni, Co, Cr, Vand MgO among Mauna Kea lavas from the Hawaiian Scientific Drilling Project (HSDP) suite (Rhodes,
1996; Albarede, 1996). The calculated trends are those resulting from major element modeling using MELTS (Ghiorso and Sack, 1994), and
assuming sample R091 as a parental liquid at 5 kb, QFM buffer, between 1500 and 1200 °C. The trends shown correspond to liquid evolution
during fractionation of 11.6% olivine, 34.3% orthopyroxene and 0.53% spinel. Trace element concentrations are calculated using the results of this
study (for spinel) and published D’s of Green (1994) and Roeder and Reynolds (1991): D(Ni) spinel/melt=10, D(Ni) olivine/melt=6, D(Ni)
orthopyroxene/melt=3, D(Co) spinel/melt=5, D(Co) olivine/melt=2, D(Co) orthopyroxene/melt=1.5, D(V) spinel/melt=15, D(V) olivine/
melt=0.1, D(V) orthopyroxene/melt=0.4, D(Cr) spinel/melt=150, D(Cr) olivine/melt=0.6 and D(Cr) orthopyroxene/melt=2. The Ni and Co
spinel partition coefficients are the same as those use for modelling the Kostomuksha komatiite suite and also the mid-Atlantic Ridge basalts (Figs.

15 and 16).
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gioclase feldspar and clinopyroxene; based on MELTS
modeling, crystallization conditions appear to range
from 1300 to 1150 °C, at 1 bar and 2 log fO, units
below the QFM oxygen buffer. Notably, there is a trend
of increasing V with decreasing Cr, Ni, Co and MgO

melt=14, fractionation of 0.6% chromite, 8.4% olivine,
26.0% feldspar and 22.9% pyroxene satisfactorily
reproduces the MORB data.

5.3. OIB (Hawaii)

(Fig. 16). At MORB-relevant oxygen fugacities (e.g.,
QFM; Christie et al., 1986), previous studies have
indicated that D(V) spinel/melt is much higher than 1
and as high as 28 (Canil, 1997, 2002). Here, we calcu-
late using Eq. (2) a value of 14, similar to values
measured by Canil (1997, 2002). Using D(Ni) spinel/

Lavas drilled from the flanks of Mauna Kea for the
Hawaiian Scientific Drilling Project (HSDP) can be
used to examine the behavior of Ni, Co and V in
OIB-type basalt. These basalts are thought to have
differentiated at low pressures with oxygen fugacities

melt=10, D(Co) spinel/melt=5 and D(V) spinel/ buffered near QFM (Baker et al., 1996). Chromium, Ni
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Fig. 18. (A) V and Ni variation with MgO for the Volcan Alcedo basalt to rhyolite suite (Geist et al., 1995). The variation can be adequately
modelled using partition coefficients of D(V)=30 and D(Ni)=10. This spinel (magnetite) contains close to 15 wt.% TiO,, similar to the spinel
(magnetite) in the rhyolites (Geist et al., 1995). Solid lines with crosses are calculated liquid lines of descent for fractionation of DG30 basalt at 0.5
kb, FMQ-2, at 10 °C intervals (using MELTS of Ghiorso and Sack, 1994). Note the initial FeO-TiO, enrichment is due to the crystallization of
olivine, augite and plagioclase. FeO and TiO, depletion is caused by the stabilization of magnetite among the fractionating phase assemblage. Both
Ni and V decrease substantially once magnetite joins the fractionating assemblage, and can be modelled using the partition coefficients used in this
study. The cumulative amount of phases fractionated is as follows: 11% olivine, 28% augite, 37% plagioclase and 6% magnetite. Trace element
concentrations are calculated using the results of this study (for spinel) and published D’s of Green (1994) and Roeder and Reynolds (1991): D(V):
oliv/melt=1, cpx/melt=2, plag/melt=0.001, spinel/melt=30; D(Ni): oliv/melt=5, cpx/melt=1, plag/melt=0.001, spinel/melt=10. (B) Ni, Co and
V variation with MgO in a suite of lavas from Craters of the Moon, Idaho (Leeman et al., 1976, 1978). The suites can be adequately modeled using
the same set of partition coefficients as the Galapagos suite. The variation can be adequately modelled using partition coefficients of D(V) spinel/
melt=26, D(Ni) spinel/melt=10 and D(Co) spinel/melt=5. Solid lines with crosses are calculated liquid lines of descent for fractionation of 69-28
basalt at 1 bar, NNO, at 20 °C intervals (using MELTS; Ghiorso and Sack, 1994). The cumulative amount of phases fractionated is as follows: 6%
olivine, 13.3% augite, 34.9% plagioclase, 3.7% apatite and 16.3% magnetite. Trace element concentrations are calculated using the results of this
study (for spinel) and published D’s of Green (1994) and Roeder and Reynolds (1991): D(V): oliv/melt=1, cpx/melt=2, plag/melt=0.001,
magnetite/melt=26 and apatite/melt=0.01; D(Ni): oliv/melt=5, cpx/melt=1, plag/melt=0.001, magnetite/melt=10 and apatite/melt=0.01; D(Co):
oliv/melt=2, cpx/melt=2, plag/melt=0.01, magnetite/melt=5 and apatite/melt=0.01.
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and Co all show decreasing concentrations with de-
creasing MgO, consistent with olivine- and spinel-con-
trol (Rhodes, 1996; Albaréde, 1996; Fig. 17). However,
V shows an inverse correlation with MgO and Cr,
indicating its incompatibility (bulk D <1) during differ-
entiation (Fig. 17). The concentrations of Ni, Cr, Co
and V in this suite can be approximated using a frac-
tional crystallization model with D(Ni) spinel/melt=10,
D(Co) spinel/melt=5, D(V) spinel/melt=15 (calculated
using Eq. (2)), and fractionation of 0.53% chromite,
11.6% olivine and 34.3% low Ca pyroxene from a
parental liquid at 5 kb, QFM buffer, between 1500
and 1200 °C (using MELTYS).

5.4. Volcan Alcedo (Galapagos) and Craters of the
Moon (Idaho)

The basalt to rhyolite suite at Volcan Alcedo,
Galapagos Islands (Geist et al., 1995) is thought to
have formed by nearly pure fractional crystallization
of olivine, pyroxene, plagioclase and titano-magne-
tite. Because magnetite appears late in the sequence
and is different in composition from the Cr-bearing
spinels modeled in other suites, we use this example
to illustrate the effect of spinel composition on D(V).
For Alcedo, the initial FeO-TiO, enrichment is due
to the crystallization of olivine, augite and plagio-
clase, and later FeO and TiO, depletion is caused by
the stabilization of magnetite among the fractionating
phase assemblage (Fig. 18). The magnetite contains
between 15 and 20 wt.% TiO, (Geist et al., 1995).
The variation of major elements (including FeO,
TiO, and SiO,; Fig. 18) can be explained by frac-
tionation of 11% olivine, 28% augite, 37% plagio-
clase and 6% magnetite from a basaltic parent liquid
at conditions of 0.5 kb and QFM-2 (using MELTS).
Both Ni and V decrease substantially once magnetite
joins the fractionating assemblage and can be mod-
elled using the partition coefficients of D(Ni) spinel/
melt=10 and D(V) spinel/melt=30 (calculated using
Eq. (2)). These higher values for D(V) are consistent
with results for Ti-bearing spinels (Figs. 8 9 12 and 13)
and are also in agreement with high values of D(V) for
magnetites determined independently by Leeman et al.
(1978).

Finally, Ni, Co and V contents of another basalt to
rhyolite sequence at Craters of the Moon, Idaho can be
modeled using partition coefficients of D(Ni) spinel/
melt=10, D(Co) spinel/melt=5 and D(V) spinel/
melt=27 (calculated using Eq. (2)). The values for
D(V) spinel/melt are also in agreement with earlier
estimates by Leeman et al. (1976) for the same suite.

6. Summary and conclusions

Partitioning of compatible elements (Ni, Co, V)
between spinel and silicate melt is thought to be de-
pendent upon many variables: temperature, oxygen
fugacity, and spinel composition and structure (Lind-
strom, 1976; Horn et al., 1994; Nielsen et al., 1994;
Canil, 1997). Our results show that D(Ni) and D(Co)
spinel/melt are well constrained and are not particularly
sensitive to temperature or oxygen fugacity, but instead
to variation in the concentration of Ni and Co, respec-
tively, in spinel. In comparison, D(V) spinel/melt is
strongly dependent upon temperature, oxygen fugacity
and spinel composition (especially Ti and V content).
Future work is needed to unambiguously isolate the
role of these variables. For instance, adherence to Hen-
ry’s Law can be tested best by using a simple system
and keeping two of temperature, oxygen fugacity and
spinel composition constant, while varying the remain-
ing variable. Similarly, isolation of the effect of spinel
composition should strive to keep oxygen fugacity
constant, and vice versa. In addition, a better under-
standing of the valence of V in spinels (e.g., Righter et
al., 2005) will help interpretation of partitioning data.
Finally, the effect of pressure and melt composition
should be investigated.
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