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Abstract

Results from doped, hydrous experiments on natural mafic-to intermediate-composition lavas at 2—5 kbar pressure were
combined with existing 1 atm data to evaluate the effects of composition and temperature on the partitioning behavior of the
high field strength elements (HFSE), Zr, Nb, Ta and Hf between magnetite and natural silicate melts. Magnetite composition
was found to be the strongest controlling factor on partitioning behavior. The partition coefficients (D) for Zr, Nb, Hf, and
Tacorrelate with D+;, Ti and Al content of the magnetite, temperature and pressure. The partition coefficients for the HFSE
are similar to one another for any given magnetite—melt pair, but range from < 0.02 in Cr, Al-rich magnetites and chromites
to > 2 in titanomagnetite. In addition, the relationship between Ti and the HFSE changes as a function of pressure and
temperature, with the HFSE becoming more incompatible relative to Ti at lower temperatures and /or higher pressures. This
change in the relationship between D; and Do With temperature and pressure means that the expressions presented in
Nielsen et a. (1994) [Nielsen, R.L., Forsythe, L.M., Gallaghan, W.E., Fisk, M.R., 1994. Mgjor and trace element
magnetite—melt partitioning. Chem. Geol. 117, 167-191.] are not valid for hydrous, aluminous systems. Expressions were
derived to describe the relationship between Do and temperature, pressure, Fe?* /Mg exchange, Ti/Al ratio of the
magnetite, and D;. These expressions reproduce the input data within 35-50% (1o ) over a range extending from highly
incompatible to compatible (< 0.02-3.0). This interna precision represents ~ 3—4% of the observed range of partition
coefficients. These patterns of behavior are consistent with the observed miscibility gap between the Al, Cr spinel group end
members and Ulvospinel and magnetite. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Experimental studies of minera—melt equilibria
as a function of temperature, pressure, and composi-
tion have gone a long way towards describing the

* Corresponding author. fax: -+ 1-541-737-2064; e-mail:
rnielsen@oce.orst.edu

controls on the partitioning of major, minor and trace
elements in natural magmas. However, the develop-
ment of any model of igneous differentiation re-
quires a quantitative understanding of the nature of
the interdependence of major and trace element be-
havior in compositionally complex natural systems.
This in turn requires extensive experimental data
from a wide range of conditions and phase composi-
tions.

0009-2541,/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.

Pll: S0009-2541(99)00139-4



22 R.L. Nielsen, J.S. Beard / Chemical Geology 164 (2000) 21-34

A knowledge of the processes involving spinel-
group minerals in magmatic differentiation is re-
quired for the analysis of processes as diverse as
magnetite fractionation in arc rocks (e.g., Gill, 1978;
Sisson and Grove, 1993) and the role of spinel in
mantle melting (e.g., Kelemen et al., 1990). This
investigation focuses on the experimental determina-
tion of the systematics of the partitioning behavior of
the high field strength elements (HFSE; Ti, Zr, Nb,
Hf, Ta) between magnetite-rich spinels and a wide
variety of natural composition silicate melts. We use
the experimental data reported here, together with
published data, to identify and quantify the parame-
ters controlling magnetite—melt trace element equi-
libria

The present work builds on the results of Nielsen
et al. (1994), which reported the importance of the
major element composition of spinel in determining
trace element partitioning behavior at 1 atm. How-
ever, these 1 atm experiments represent only a small
fraction of possible situations where magnetite is
geologically important.

The range of reported trace element partition co-
efficients for the spinel-group minerals covers more
than two orders of magnitude for many elements
(Villemant et a., 1981; Worner et al., 1983; Lemarc-
hand et al., 1987; Villemant, 1988; LaTourrette et
al., 1991; Nielsen et a., 1992; Horn et a., 1994;
Nielsen et al., 1994). Quantification of this diversity
requires both knowledge of the controls on partition-
ing, and an adequate database on which to calibrate
the expressions. Therefore, we have conducted a
series of water-saturated experiments at 2 and 5 kbar
on basaltic and andesitic starting compositions to
investigate partitioning for liquid compositions rang-
ing from andesite to tonalite and low-Si rhyolite.

2. Experimental procedure
2.1. Sarting compositions

Natural starting compositions were chosen for this
study (Table 1) to produce a wide range of melt
compositions. Each starting material was powdered
and doped with approximately 0.5 wt.% each of the
dopant mixtures. The mixes were subsequently fused
a 1 atm, 1200°C, quenched, ground, re-fused and

Table 1

Starting compositions used in this study

T85 — fractionated alkaline basalt from Tahiti T85 (Duncan et
al., 1995). AT4 — high-alumina basalt from the Aleutian Islands
(Beard and Lofgren, 1991). 557 — low-K calc-alkaline andesite
(Beard and Lofgren, 1991). 478 — greenstone of arc tholeiitic
basalt composition (Beard and Lofgren, 1991). ABA — Alkdi
basaltic amphibolite (Rushmer, 1991).

T85 AT4 557 478 ABA
SO, 45.50 48.62 57.02 52.47 49.04
TiO, 411 0.91 0.60 174 1.27

AlLO, 1504 1738 1539 1529  16.37
Fe,0, 1384 621 - - 1.92
FeO - 419 801 1179 7.45

MnO 0.18 0.13 0.17 0.22 0.18
MgO 512 7.66 5.52 529 7.45
Cao 10.95 11.64 9.20 9.21 10.81
Na,O 35 244 2.54 2.55 342
K,O 1.85 0.63 0.44 0.16 0.44
P,Og 0.14 0.19 0.18 0.49 0.16

re-ground. Three different dopant mixtures[(1) LLH
— La, Lu, Hf; (2) NST — Nb, Sm, Ta, and (3)
YZG — Y, Zr, Gd] were used in order to avoid
interferences during microprobe analysis, and to keep
concentrations sufficiently low to inhibit trace phase
formation. Dopant mixtures were formulated using
SpecPure oxides.

2.2. Use of dopants

Experimental determination (versus pheno-
crysts/matrix) of partition coefficients offers the
advantages that pressure and temperature are con-
trolled. However, the size of crystals generated with
experimental techniques is often small (~ 3-10 w)
and difficult to analyze by available analytical equip-
ment (e.g., ion probe) capable of detecting trace
elements in natural abundances. These problems can
be addressed by doping an experiment with the
elements of interest to levels that permit the use of
an electron microprobe for in situ analysis of small
crystals. The benefit of in situ analysis is that inclu-
sions of trace phases can be detected and avoided
with back scatter imaging and contamination of anal-
yses by trace phases can be avoided (Michael, 1988).
The amount of dopant added to our charges (0.5
wt.%), is enough to be measured by the electron
microprobe, yet sufficiently dilute to fall within the
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bounds of Henry's Law behavior (Drake and Hol-
loway, 1981; Watson, 1985; Gallahan and Nielsen,
1992; Beattie, 1993). Detailed discussions of the
validity of the Henry’s Law approach in other min-
eral systems can be found in Nielsen et al. (1994)
and Beattie (1993). However, to date, no investiga-
tion has been done on Henry’s Law for magnetite.

2.3. Experimental technique

The experiments were conducted at Virginia Poly-
technic Ingtitute and State University and Oak Ridge
National Laboratories in internally-heated pressure
vessels (IHPV). Run times were 70-100 h. All
experiments conducted at VPl were run in 100%
argon pressure medium, with pressure (4 0.1 kbar)
monitored by a manganin cell and temperature
(+7°C) monitored by three chromel—alumel thermo-
couples. Oxygen fugacity was not buffered or moni-
tored, but in such systems it is typically about 1 log
unit above the Nickel—-Nickel Oxide (NNO) buffer
(e.g., Patifio-Douce and Beard, 1995). The experi-
ments conducted at Oak Ridge were run in a reduc-
ing environment of 96% argon and 4% hydrogen,
equivalent to an oxygen fugacity of QFM-1. Pressure
was monitored by calibrated Heise gauge and tem-
perature by type-S thermocouples.

For each IHPV experiment, approximately 10-30
mg of powdered starting material with enough water
to saturate (~ 10 wt. H,O) was loaded into gold
capsules. All charges were weighed before and after
the experiment and all yielded fluid upon opening.
Experiments were brought to run temperature with
minima overshoot, and quenched by turning the
power off. Quench time was approximately 20—40 s.

2.4. Analytical technique

Major, minor and trace element analyses were
conducted with the CAMECA SX-50 four-spec-
trometer electron microprobe at Oregon State Uni-
versity. Analysis of the magnetite crystals was per-
formed with a 15 kV accelerating voltage and a 50
nA beam current. Glass analyses were conducted
with a partially defocused beam (~ 5-10 wm) and a
10-nA beam current on Na to mitigate migration
during analysis. The rest of the elements in the glass
were analyzed at 30 nA. Peak counting times were

10 s on major and minor elements, 60 s for Ti, and
300 s for the trace elements. Original Na concentra
tion levels in the glasses were estimated by extrapo-
lating the rate of sodium loss back to time zero as
described in Nielsen and Sigurdsson (1981).

Major elements were calibrated with Smithsonian
standard reference materials (Jarosewich et al., 1980).
The trace elements, Y, Nb, La, Lu and Ta were
cdibrated on a synthetic standard (Hfrest — PatiTio-
Douce et a., 1994). Hf and Zr were calibrated on the
USNHM Zircon standard (117288-3), while Sm and
Gd were calibrated using the REE standard of Drake
and Weill (1972).

The experimental approach applied in these exper-
iments resulted in small homogeneous crystals sur-
rounded by glass. However, the areas of glass ranged
up to 20 p in diameter, precluding application of
microanalytical techniques for the direct determina-
tion of water content. Water contents of the glass in
each charge were estimated as the difference be-
tween Na-corrected microprobe total and 100
(Anderson, 1974; Garcia et a., 1979; Beard and
Lofgren, 1991). Point acquisition was documented
on backscattered electron images (BSE). Glass anal-
yses are averages of a number of point analyses in
each of severa glass patches in each charge (Table
2).

One of the concerns during analysis of these
experiments was that the beam sampling volume
may be larger than the volume of a single small
magnetite crystal, or glass patch. Any wandering of
the beam off of the crystal during analysis will result
in the fluorescence of more than one phase, creating
a ‘“‘hybrid’ anaysis of glass and magnetite. To
identify such erroneous results, Si, K and P were
added to the analytical routine for magnetite. Be-
cause the excitation volumes for these elements are
at least as large as those for the HFSE, this combina
tion of elements was found to be sufficient to dis-
criminate between analyses of a single phase and
analyses of more than one phase.

3. Magnetite crystal chemistry
The general formula for the spinel group may be

expressed as AB,O,. Cdtions in the A site are in
4-fold co-ordination, while those in the B site are in



Table 2
Electron microprobe analyses of experimentally produced magnetite and glass

LLH — La, Lu, Hf; NST — Nb, Sm, Ta; YZG — Y, Zr, Gd. n — number of analyses on which the average is based.

ABALLH ATALLH 557LLH T85LLH T85LLH
P (kbar) 5 5 5 2 2
T(°C) 940 940 940 9452 940
Magt n 12 9 6 9 12
S0, 0.14 (D 0.15(2) 0.13(0) 0.15(1) 0.13(D)
Tio, 4.94(28) 3.83(1D 3.17 (16) 4.07 (10) 8.07 (40)
Al,O,4 5.24 (21) 4.37(16) 6.05 (13) 3.60(11) 453 (17)
Cr,04 0.17 (D 0.15(1) 0.66 (2) 0.38(5) 0.02(0)
Fe,0, 53.93 (79) 56.03 (59) 57.32(21) 56.63 (43) 50.34 (30)
FeO 31.26 (29) 30.86 (43) 26.70 (31) 30.06 (22) 30.99 (34)
MnO 0.41(3) 0.43 (4 0.30(3) 0.36 (2 0.43(3)
MgO 2.82(3) 2.03(14) 5.02(2) 2.76 (7) 4.94(20)
Ca0 0.26 (3) 0.34(4) 0.21(4) 0.22(3) 0.19(3)
Hfo, 0.026 (5) 0.048 (5) 0.031(2) 0.033(7) 0.040 (15)
Total 99.20 (21) 98.24 (77) 99.59 (71) 98.27 (30) 99.68 (55)
Min. prop. 500248 3520540 2010268 500545 4020 10 30
Glass n 29 12 15 12 19
S0, 59.32 (65) 61.17 (94) 63.71(86) 61.18 (56) 56.00 (55)
Tio, 0.33(6) 023 (4 027 (7) 0.61(19) 1.01(21)
Al,O,4 19.53 (32) 18.18(28) 17.15(18) 19.55(22) 19.01(11)
FeO 1.44(32) 1.14 (20) 1.73(19) 1.56 (19) 1.83(21)
MnO 011(3) 0.12(3) 0.08(3) 0.10(2) 0.13(2
MgO 0.15(13) 0.07 (11) 0.29 (25) 0.05(3) 0.15(1)
Ca0 6.48 (16) 5.42 (16) 5.19 (14) 3.50 (23) 4.43(17)
K,O 022(4 0.55(5) 0.27 (9 1.42 (36) 2.78(28)
Na,O 4.44 (67) 3.77(37) 3.41(21) 4.73 (61) 357(33)
P05 0.31(5) 0.33(5) 0.13(3) 0.23(7) 0.44 (7)
La,0, 0.73(8) 0.24(8) 0.18(2) 0.32(6) 0.72(6)
Lu,Oq 021(2) 0.18(3) 0.21(5) 0.16 (4 0.59 (4
Hfo, 0.35(5) 0.29 (4 0.19(3) 0.33(6) 0.35(2)

Tota 93.62 (55) 91.69 (55) 92.81 (81) 93.74 (28) 91.01 (39)

14

¥€—TZ (0002) ¥9T AB0(09D) [eolWBYD /pleag S'C ‘UsSPIN T



ABANST 478NST ATANST 557NST T85NST ATANST
P (kbar) 5 5 5 5 2 2
T(CO 940 940 940 940 9452 940
Magt n 13 14 1 10 9 13
Sio, 0.61(10) 0.09(2) 0102 0.24(3 0.35(6) 0.49(2)
TiO, 5.50 (50) 6.45 (34) 3.99 (16) 4.05(9) 7.46 (10) 5.56 (46)
Al,0O4 5.69(12) 383(12 5.74(25) 5.08 (28) 3.36 (15) 360 (3
Cr,04 0.14(1) 0.00(0) 0.15(1) 0.35(10) 0.02(1) 0.43(28)
Fe,0, 52.52(17) 51.68 (42) 56.00 (48) 54.92 (29) 51.49 (25) 55.01 (74)
FeO 30.04 (53) 34.27(27) 31.18(33) 30.39 (84) 32.39(13) 30.92 (50)
MnO 0.34(2 04103 0.40 (6) 0.25(2) 0.56 (5) 0.55 (5)
MgO 3.60(18) 1.91 (1) 2.71(16) 2.73(18) 3.13(6) 318(22)
Ca0 0.55(3) 0.07 (4) 0.18(®) 0.24(2) 0.22(2) 0.17 (M
Nb,Og 0.084(12) 0.050 (5) 0.044 (5) 0.034 (4) 0.056 (8) 0.078(9)
Ta,05 0.051 (8) 0.048 (8) 0.042 (6) 0.053(9) 0.052 (5) 0.024(3)
Total 99.07 (65) 98.76 (60) 100.51 (65) 98.27 (44) 99.04 (48) 99.98 (68)
Min prop. 500248 400555 3030535 2510362 500545 3530530
Glass n 19 21 21 29 15 6
Sio, 57.68 (81) 62.55 (90) 55.76 (86) 61.46 (89) 61.26 (70) 59.82 (188)
TiO, 0.36 (5 0.36 (10) 0.26 (6) 0.25(5) 0.70 (13) 0.27 (5
Al,O;, 19.21 (42) 17.78 (28) 19.14(33) 17.87 (20) 19.45 (16) 17.71(28)
FeO 1.49(22) 1.80(63) 1.56 (35) 1.61(39) 158 (24) 15117
MnO 0.13(3) 0113 0.15(3) 0.09 (3 0.13(4) 0.17 (5
MgO 0.06 (4) 0.19 (2D 0.07 (3 0.15(8) 0.06 (5) 0.20(7)
Ca0 6.96 (20) 5.86 (16) 7.09(23) 5.62 (15) 373(3) 4.74 (39)
K,0 0.20(2 0112 0.33(6) 0.20 (4) 142 (13) 0.52 (6)
Na,O 5.43 (49) 3.85(36) 3.89(24) 355(28) 4.60 (56) 3.34(29)
P,0Os 0.33(5) 0.23(5) 0.40 (1) 0.12(3 0.26 (5) 0.51(3)
Nb,Og 0.98 (4 0423 0.90 (7) 0.67 (1) 03103 0.96 (18)
Sm, 0, 0.28(4 015(2) 0.25(4) 0.27(3) 0122 0.28 (5
Ta,0; 0.69 (5 0.28(3) 0.59 (5) 0.53(7) 02003 0.80 (6)
Total 93.80 (77) 93.69(33) 90.39 (45) 92.39(81) 93.82(42) 90.83 (33)
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Table 2 (continued)

ABAYZG 478Y 272G ATAYZG 557YZ2G T85YZG 478Y 272G ATAYZG
P (kbar) 5 5 5 5 5 2 2
T (°O) 940 940 940 940 940 940 940
Magt n 9 8 22 10 12 14
SO, 0.13(2) 0.12(2) 0.10 (1) 0.12(2) 0.17 (1) 0.10(2) 0.12 (0)
TiO, 4.32(10) 6.90 (32) 3.65(5) 3.67(2) 3.82(29) 7.61 (56) 3.14 (21)
Al,04 5.17 (19) 4.03(7) 5.14 (14) 4.80(8) 3.63(17) 4.76 (17) 5.87(32)
Cr,04 0.43 (D 0.43(3) 0.18 (D 0.08 (1) 0.06 (0) 0.05(0) 0.44 (3)
Fe,O,4 54.17 (29) 50.29 (26) 55.67 (71) 56.48 (76) 57.84 (16) 50.46 (17) 57.37 (33)
FeO 30.51(32) 33.64 (49) 30.45 (36) 30.31(17) 30.27 (38) 29.78 (66) 26.93 (11)
MnO 0.40(3) 0.52 (4 0.43(2) 0.29(3) 0.37(3) 0.45(2) 0.50 (5)
MgO 2.74(17) 2.16 (12) 2.42(7) 2.65(12) 277 (17) 5.31(27) 4.60 (28)
CaO 0.24 (1) 0.14 (1) 0.21(0) 0.18 (0) 0.22(2) 0.15(0) 0.25(0)
Zro, 0.007 (2) 0.008 (3) 0.008 (2) 0.007 (1) 0.004 (1) 0.014 (3) 0.020 (3)
Total 98.12 (49) 98.24 (87) 98.25 (27) 98.58 (52) 99.15 (44) 98.69 (61) 99.25 (71)
Min. prop. 500248 400555 3525535 2215360 500545 3530530 3530530
Glass n 14 19 30 11 12 6 6
SO, 60.49 (85) 62.31 (105) 60.19 (170) 62.37 (65) 61.02 (77) 60.51 (74) 60.52 (88)
TiO, 0.29 (10 0.38 (15) 0.24 (6) 0.25(4) 0.32(13) 0.74 (12) 0.44 (8)
Al,04 19.68 (21) 18.04 (22) 18.81 (54) 18.29 (18) 19.75 (39) 17.64 (34) 17.63 (44)
FeO 1.16 (28) 1.30(22) 1.32(23) 1.38(12) 1.03 (26) 1.78 (29) 3.22(84)
MnO 0.10(3) 0.12(2) 0.14 (4) 0.08 (3) 0.07 (2) 0.11(2) 0.17 (4)
MgO 0.03(2) 0.12(9) 0.08 (9 0.08 (2 0.11 (20) 0.43(23) 0.97 (67)
Ca0 6.82(23) 6.11 (21) 6.29 (25) 5.77 (19) 5.14 (35) 5.25(27) 479 (42)
K,0 0.19 (11 0.08 (4 0.38(27) 0.13(8) 0.66 (54) 0.32(3) 1.52 (25)
Na,O 4.18 (54) 3.78(34) 3.65 (46) 3.72(24) 3.88(43) 3.17 (14 3.45(59)
P,O5 0.36 (4 0.28 (5) 0.38(8) 0.13(3) 0.18(5) 0.31(4) 0.46 (3)
Y,03 0.17 (2 0.21(4 0.13(3) 0.17 (2 0.06 (3) 0.30(3) 0.20(3)
Zr0O, 0.19(3) 0.12(2) 0.16 (2 0.16 (3) 0.16 (3) 0.36 (0) 0.33(4)
Gd,04 0.14 (2 0.17(3) 0.10(2) 0.14 (2 0.04 (1) 0.22(3) 0.13(2)
Total 93.80 (73) 93.02 (85) 91.87 (39) 92.67 (51) 92.41 (66) 91.14 (74) 93.83 (37)

®Run at QFM-1 at Oak Ridge National Laboratory. 1o standard deviations are presented in parentheses (e.g., 40.13 (84) equals 40.13+0.84). Difference between total and
100% for glasses is assumed to be H,O. Mineral proportions are given in the order — amphibole, plagioclase, magnetite and glass unless otherwise noted. Fe,O; calculated on
the basis of stoichiometry.

9
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6-fold co-ordination. Site occupancies are complex,
but the group can be divided into two categories,
normal spinels, where 2 + cations occupy A and
twice as many 3+ cations occupy B, and inverse
spinels, where 3 + cations occupy A, and B is filled
with equal amounts of 2+ and 3 + cations (Linds-
ley, 1976). In ulvospinels or other spinels involving
4+ cations, the 4 + cation occupies a B-site. The
complexity of substitution mechanisms in magnetite
doped with the HFSE makes determination of site
occupancies difficult, particularly for 5+ cations
such as Ta and Nb, where the substitution mecha-
nism is unknown.

To describe partitioning behavior, the necessary
information is related less to occupancy than to the
mixing behavior of the end-member components.
One of the prime characteristics of spinel-group phase
equilibria are the large miscibility gap that exists
between some of the end members. Experiments
(e.g., Turnock and Eugster, 1962; Muan et a., 1972)

35
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have determined that the largest miscibility gaps
exist between the Al-Cr spinels (pleonaste, her-
cynite, chromite) and the Fe**—Ti spinels (mag-
netite, Ulvospinel).

4, Framework for a numerical model

Description of the relative importance of the pa-
rameters that control trace element partitioning re-
quires that we first identify them. This issue was
dealt with in Nielsen et al. (1994) by examining the
data set and subsets of it for significant correlations
between partition coefficients and a variety of com-
positional parameters. This technique has been suc-
cessfully applied to a variety of systems (Lindstrom,
1976; Irving, 1978; Nielsen, 1985; Gallahan and
Nielsen, 1992). However, most of these models have
required that the mixing properties of the minerals be
modeled in a simple fashion, usually assuming ideal

2.0

. (b)

1.5 ¢
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Fig. 1. Correlation of Dyeqe With D;. Note the departure of the 25 kbar data from the trends exhibited by the 1 atm data.
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mixing (e.g., Nielsen et a., 1992). This approach
works because the mixing properties for many com-
mon mineral s were sufficiently simple that they could
be approximated as ideal if correcting parameters
were added to the expressions describing partitioning
(Hack et al., 1994). However, due to the simplifying
assumptions of these models, their application is
limited to the compositional range of their calibra-
tion dataset. For example, in pyroxene—melt sys-
tems, the thermodynamics of high-Ca clinopyroxene
and low-Ca clinopyroxene require separate treatment
(Gallahan and Nielsen, 1992; Nielsen et al., 1992,
Hack et al., 1994; Wood and Blundy, 1997).
Though most investigators who have tried to
quantify general expressions for describing partition
coefficients or equilibrium constants have correlated
them with temperature, many also included composi-
tional parameters (Forsythe et al., 1994; Nielsen et
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a., 1994; LaTourrette et a., 1995; Wood and Blundy,
1997). In natural systems, the relationship between
temperature and phase composition are complex since
composition, temperature, and pressure are al inter-
dependent variables. Since it is our primary goa to
derive trace element expressions that are useful for
the simulation of igneous differentiation of natural
magmas, our choice of parameters is dictated by
criteria other than if we were solely attempting to
model the thermodynamics of this system. In particu-
lar, it is critical that the parameters used in the
expressions be readily accessible, or at least be
estimated by investigators.

5. Results

The most important observation noted in Nielsen
et al. (1994) was the strong correlation between D

(b)
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and Dege. Thisisin contrast to their poor correla-
tion with temperature and pressure. The correlation
of Dyeee With D; and other compositional parame-
ters allowed expressions to be derived that could
estimate Do for those 1 atm data However,
examination reveals that the 2-5 kbar data from this
study are significantly offset from the 1 atm data
(Fig. 1. This offset, present in all the trace HFSE,
invalidates the expressions of Nielsen et al. (1994)
for any applications at temperatures below 1000°C or
to hydrous systems. This change in the relationship
between Ti and the HFSE emphasizes that for the
spinel group, partition coefficients are a poor repre-
sentation of equilibrium constants, as one would
expect based on the strong non-ideality in the mixing
properties of the spindd end members (Sack and
Ghiorso, 1991).

If we examine the data set in detail, we can see
that the 2-5 kbar data fal into the same composi-
tiona range as the 1 atm data (Fig. 2a). From the
subset of the data with molar Al in the magnetite
between 4-11% (Fig. 2b), we see considerable over-
lap of the two data sets, and a wide range of D, at
any specific Al content. If we examine this subset of
the data with respect to Mg#, we find that there is a
general decrease in D, as afunction of the Mg# of
the magnetite (Fig. 2c). However, there remains a
significant range of D,, at any specific Mg#. Fur-
ther subdividing the data and examining only the low
Mg# analyses, we see that there is a linear correla-
tion with the Ti content of the spind (Fig. 2d).
Therefore, as we continue to restrict the number of
compositional variables, the variability of D, de-
creases. From this we can see that all these composi-
tional parameters are interacting, and thus must be
accommodated in any quantitative model.

6. Discussion

One of the goals of most models of trace element
partitioning is to relate simple measures of partition-
ing such as partition coefficients, to equilibrium
constants. Those equilibrium constants can then be
given a‘‘smple’’ thermodynamic treatment. Owing
to the large number of variables, it is difficult if not
impossible, to isolate any one of the parameters and
its individual effect without considering the simulta-

neous effects of the others. One approach useful in
dealing with data sets of this type is to apply muilti-
ple linear regression using variables correlated with
the controlling parameters. This approach empiri-
caly mimics an expression in which equilibrium
expressions for al the endmembers are combined,
and the term describing the partitioning behavior of
one component is solved for.

To quantify the dependencies described above, 24
combinations of parameters were applied to the data
from this study. The fewest number of parameters
that yielded a goodness of fit above 0.85 were seven,
including temperature, pressure, In Dy, mol.% Al
and Ti in the magnetite and Mg exchange
(Dge/Dyg). The resulting equations for the four
HFSE are of the form:

In Dyypge = Cy + C, InD; + C,(Tiinmagnetite)
+ C5(Alinmagnetite)
+ C,(Mgexchange)
+ C5(Ti /Alinmagnetite)
+ Cg P(kbar) + C,(10000/T(K))

where C,, C,, C,, C;, C,, C5, C; and C, are
regression constants (Table 3) and the compositional
parameters are calculated as cation normalized
mol.%. The internal precision of these expressions
was calculated by applying the expressions listed in
Table 3 to the calibration data set. Dsfor the Zr, Nb,
Hf and Ta are predicted to within 40-50% (relative;
1lo) over a total range of nearly two orders of
magnitude (Ds from < 0.1 to > 3) (Fig. 3a-d). If
we examine the regression constants, Ti and Dq;
have the greatest influence on the calculated D .
However, each of the other parameters have a signif-
icant impact, but the impact is restricted to different
parts of the data set. For example, D,z for high Al
spinels is strongly suppressed by the Al and Al /Ti
terms, and in most cases by the Mg exchange, due to
the fact that most high Al magnetites are also high
Mg, and have high D, relativeto Dg,. This makes
it difficult to reduce the number of controlling pa-
rameters.

As an independent check, we applied the regres-
sions to the data of Horn et al. (1994), which were
not included in the calibration data set. Those data
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Regression constants for expressions describing the magnetite-melt partition coefficients of Zr, Nb, Hf, and Ta
Equation is in the form: In Dyege = Co + C;In D+ + C, (Ti in magnetite) + C5 (Al in magnetite) + C, (Mg exchange in magnetite) + C

(Ti/Al in

magnetite) + Cq (P) + C,(10000,/T (K)).

All terms are calculated in terms of cation normalized mole fractions. Mg exchange = Dge+2/Dy,, Where Fe*?2 in magnetite has been
calculated on the basis of stoichiometry. Internal precision presented in terms of 1o reproducibility (100* calculated D /experimental D).

In Dy Ti Al Mg ex Ti/Al P 10000/ T Co Reprod. R?
(kbar) (K) (%)
InD, 1.89(31) —240(98) —356(87) 3.03(18) 0.058(7) —030(5) —1.89(27) 865(33) 40 0.93
InDy, 185(23) —6.27(76) —545(65) 3.38(26) 0069(9 —032(3) —145(21) 6.07(37) 38 0.92
InDy 1.83(37) —546(180) —542(56) 327(31) 0072(55 —-031(2) —-159(18) 803(25) 51 0.90
InDy, 234(41) -—741(1100 -5.62(37) 353(24) 0075(8) —-035(6) —1.74(23) 7.93(19 45 0.89

were produced at relatively high temperature (1235—

1275°C)

at 1 atm pressure under oxidizing conditions
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They were not included in the calibration data set
because the experimental conditions under which
they were formed (high f; ) is significantly outside
the conditions under which most magnetite form in
nature.

This comparison with independent data is critical
because of the large number of terms in the expres-
sion, and the potential that data outside the calibra
tion dataset will generate calculated partition coeffi-
cients significantly different from the experimenta
values. The results are generally within the 20—-40%
analytical error associated with the data (Fig. 3a—d),
not greatly above the cited analytical error for those
determinations. Equally important, the calculated
numbers fall within the calibration data set, suggest-
ing no systematic bias. Therefore, expression (3)
successfully models the effects of the differences in
composition, partition coefficients, temperature and
fo,- It is general knowledge that the effect of increas-
ing fo, is to stabilize magnetite at higher tempera-
ture. However, if one considers the Horn et al.
(1997), the other effect is to produce magnetites that
are high in Fe** and Al and Cr, compared to
magnetites produced at lower temperatures from more
evolved magmas. The experimental results of Horn
et al. (1997), plus the calculated parameters calcu-
lated above, indicate that the net effect will be for
Dyrse to be low for most high fo ~conditions,
particularly during the initial stages of crystaliza-
tion.

The negative correlation of Dyq With Al mole
fraction in magnetite is consistent with the observed
miscibility gap that exists between (Fe, Mg),TiO,
and (Mg, Fe)Al, O, (Muan et a., 1972). Since Ti is
excluded from Al-rich spinel group minerals, it is
likely that other high valence cations would also be
excluded. The relatively higher Dyeqe in spinels
with equivalent Ti content but lower Mg# indicates
that they are influenced by the wider miscibility gap
characteristic of Mg,TiO,—~MgAIl,O, compared to
Fe,TiO,—FeAl ,O, (Turnock and Eugster, 1962).

Based on 1 atm data alone, Nielsen et al. (1994)
concluded that Do iS more sensitive to the com-
position of the spinel than is D4;. This can be seen
in the shallow slope of the Dz vS. Dy correla
tion at low D+; (Fig. 1). We interpreted this observa-
tion as evidence that the miscibility gap between
HFSE-ulvospinel and Mg-AI-Cr rich spinels is

wider than for Ti-ulvospinel and Mg-AIl-Cr-rich
spinels (i.e., more strongly non-ideal). If we examine
the changes in the Onuma curves (Onuma et al.,
1968) for these elements as a function of temperature
(Fig. 4), we can further see that the difference in the
miscibility gap increases with decreasing tempera-
ture. Comparison of data from two experiments with
similar Dy, one a 1 atm and high temperature
(V-31), and another at 2 kbar and low temperature
(478), illustrates the change in the shape of the
relationship between ionic radius and partition coef-
ficient described by the lines linking the 4 + cations.
Further, data from the high temperature experiments
of Horn et a. (1994) has an even shallower sope for
the 4+ cations, indicating that the site becomes
more accepting of the larger trace cations Zr and Hf
(relative to Ti) at high temperature. With decreasing
temperature, the structure becomes increasingly ex-
clusive of the HFSE relative to Ti.

Theoretically, the approach of LaTourrette et al.
(1995) and Wood and Blundy (1997) could be used
to estimate the partition coefficients of the trace
cations from a knowledge of the stress parameters
and the partitioning behavior of Ti. However, the
complexity of the compositional dependence of parti-
tioning behavior in spinels documented above makes
it unrealistic to calibrate the required expression
from the existing small database.

Our results therefore imply that magnetite—melt
partition coefficients are predominantly dependent
on mineral composition. We believe that the role of
variation in melt component activities are a con-
tributing factor; however, the nature of the mixing
properties of spinels dominates. For example, if we
consider the 2-5 kbar experiments, those melts are
generally higher in silica than the 1 atm experiments.
However, if the change in slope of the Onuma curves
were due to melt composition, one would expect
both D,z and Dy; to increase together, which do
not (Figs. 1 and 2).

The key finding of this work is that our results
imply that the effects of either residual or fractionat-
ing magnetite on HFSE abundances in hydrous, sili-
cic magmas will be small to the point of being
undetectable. This is particularly true given that am-
phibole-melt and pyroxene—melt partitioning coeffi-
cients for HFSE are elevated in such magmas (For-
sythe et al., 1994; Hilyard et a., submitted) and that
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HFSE-bearing minerals (e.g., zircon, alanite) may
be present. Even the most extreme situations, for
example, the assimilation of large amounts (10%) of
pure magnetite by a basalt in equilibrium with Uv65
magnetite, result in a net decrease of Nb and Zr of
only about 10% relative, while reducing Ti by 50—
75%. Moreover, even this extreme (and unlikely)
situation will not influence ratios of trace HFSE
(eg., Nb/zr).

The complexity of spinel-group mineral chem-
istry, as well as the dependence of the activity-com-
position relations on temperature and pressure sug-
gests that robust description of magnetite—melt parti-
tioning will require additional experimental data on
intermediate temperatures and compositions. Never-
theless, the results reported here will allow us to
better plan those additional experiments.

7. Conclusions
The partitioning behavior of the HFSE is con-

trolled by the magor element composition of the
magnetite. These controls are consistent with our

understanding of the mixing properties of the spinel
group, where HFSE partition preferably into Ti,
Fe**-rich, Al, Cr-poor magnetites. Because the con-
trols are dominated by the minera composition, the
Ds for the HFSEs are similar to one another over a
range of two orders of magnitude.

The wide range of partitioning behavior and the
magnitude of the compositional dependence exhib-
ited in our new data set illustrates the need to take
great care when building petrogenetic models.
Specifically, if applied to low temperature, 2-5 kbar
data, the expressions of Nielsen et al. (1994) will
produce results that are approximately a factor of
5-10 too high. New expressions including terms for
the concentration of Ti and Al should be more
robust. This is supported by their application to an
independent data set whose composition is signifi-
cantly different from the calibration data (Horn et al .,
1994).

Magnetite will have a small effect on the HFSE
budget for most silicic systems in the presence of
significant water because of the resultant low tem-
perature and aluminous liquids. This is particularly
true since HFSE partition coefficients for amphibole
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and pyroxene are highest under those same condi-
tions (Forsythe et al., 1994; Hilyard et al., submitted).
Nevertheless, the sensitivity of D to changes in
composition means that in any environment where
contrasting conditions prevail, small changesin com-
position of the equilibrium magnetite can substan-
tially change the bulk partition coefficient of the
HFSE. The similarity of the DS means that
magnetite fractionation may affect the absolute abun-
dance of these elements, but not their ratios (eg.,
Nb/Zr)
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