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Abstract We present new experimentally determined
trace element partition coefficients between spinel and sili-
cate melt. The experiments were performed at atmospheric
pressure and at temperatures between 1220 and 1450 °C. To
study the effect of redox conditions on trace element parti-
tioning, we performed experiments under different redox
conditions, with fO, ranging from log —12 to log —0.7. The
effect of different spinel compositions is also investigated.
Our results show that spinel of all compositions readily
incorporates the transition metals Ni, Co and Ga and the
corresponding partition coefficients are >1. Dy; ¢, G, are not
significantly affected by changing melt composition, crys-
tal composition or redox conditions. However, the multiva-
lent trace elements V and Mo show a strong effect of redox
conditions on their partitioning behavior with Dy, and Dy,
highest at very reducing conditions and considerably lower
at more oxidizing conditions. Partition coefficients for the
high field strength elements Ti, Zr, Hf, Nb, and Ta and the
elements Sc and Lu strongly depend on crystal composi-
tion, with Dy; and Dg, >1 for very Fe’*- or Cr-rich (and
Al-poor) spinels, but one to two orders of magnitude lower
in systems with Al-rich spinels. We present some examples
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on how our data may be used to reconstruct redox condi-
tions of spinel formation. We also present some results on
the partitioning of Pt and Rh between spinel and melt. Dy,
depends strongly on redox conditions, while Dp, is not sig-
nificantly affected.

Keywords Spinel - Partition coefficients - Oxygen
fugacity - Transition metals - High field strength elements -
Platinum group elements

Introduction

Spinel-structured oxides are common accessory miner-
als that occur in a variety of rocks such as evolved basaltic
magmas, ultramafic rocks and metamorphic or sedimen-
tary rocks (Arai 1992; Dick and Bullen 1984; Roeder and
Reynolds 1991). Spinel can be a host mineral for a num-
ber of trace elements, most notably the transition metals,
as well as HFSEs (high field strength elements; Nb, Ta,
Zr and Hf) (Nielsen et al. 1994). Although spinel is typi-
cally only a minor component in most rocks, high partition
coefficients for these elements mean that it might play an
important role in the trace element budget of igneous rocks,
and spinel trace element chemistry can be an important tool
to determine fractionation trends or origins of magmas.
Furthermore, (Cr)-spinel is associated with economically
important platinum group element (PGE) deposits (see for
example Ballhaus and Sylvester 2000; Naldrett et al. 2009).
In order to understand the behavior of trace elements in
magmatic systems, one needs a full set of experimentally
determined partition coefficients. Currently, however, the
available dataset is far from complete.

Trace element partitioning may depend on a number of
factors including temperature, pressure and the chemical
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composition of the crystal and melt (Blundy and Wood
1994). Different redox conditions may also play a role for
multivalent elements. Furthermore, in the case of spinel,
the crystallization of spinel itself depends on oxygen fugac-
ity (Hill and Roeder 1974). For major magmatic mineral
phases such as pyroxenes and garnet, experimental data-
sets as well as predictive models for element partitioning
are available (Blundy and Wood 2003; van Westrenen and
Draper 2007). For accessory phases, however, experimen-
tal data are not very abundant. Spinel partition coefficients
have been determined experimentally in a few recent and
older studies, many focusing on PGE partitioning (Brenan
et al. 2012; Capobianco and Drake 1990; Capobianco et al.
1994; Righter et al. 2004; Sattari et al. 2002), while others
report partitioning data for transition metals and/or HFSEs
(Davis et al. 2013; Horn et al. 1994; Nielsen and Beard
2000; Nielsen et al. 1994; Righter et al. 2006).

Determining the partition coefficients of transition met-
als is complicated due to the fact that these elements often
have multiple valence states, and partitioning may there-
fore be dependent on redox conditions. For natural spinel
type oxides, several endmember compositions exist that
exhibit complex solid solutions. In magmatic rocks, the
most important endmembers that occur are spinel senso
stricto  (MgAl,0,), (magnesio-)chromite ((Fe’*, Mg)
Cr,0,) and magnetite (Fe’*Fe,>"0,) (Barnes and Roeder
2001). It may be expected that the major element compo-
sition of spinel has an effect on the partitioning behavior
of trace elements. This has already been shown to be the
case for (Ti-)magnetite-rich spinels by Nielsen et al. (1994)
and Nielsen and Beard (2000), but the data are scarce for
Al-rich spinel and chromite. Because of the difference in
crystallographic structure between the mainly inversely
structured magnetite and the mainly normal Cr or Al-spi-
nel, it cannot be assumed that trace element partitioning of
Al-spinel or chromite is similar to that of spinel with a high
magnetite component.

To address these issues, we determined the partitioning
of trace elements between spinels of different compositions
and silicate melts, focusing mainly on Al- and Cr-rich spi-
nels. To investigate the effect of different redox conditions
on the partitioning of trace elements, we conducted experi-
ments at a range of different oxygen fugacities.

Methods

Starting materials

The initial starting composition was selected from a phase
diagram in the system CaO-MgO-Al,0;-SiO, (Yang

et al. 1972), to ensure that spinel is the liquidus phase at
1300 °C. Further, starting compositions were modified

@ Springer

Table 1 Major element compositions of starting materials

Sample sp2 sp4 sp5 spb

n 9 13 20 21

MgO 139+0.2 13.7+0.1 102+0.2 6.8 +0.1
Sio, 426+ 04 420+£0.3 404+ 04 382403
CaO 22.7+£0.3 21.8+£0.3 20.6 £0.3 19.5+0.3
Al,O4 189+0.2 18.6 +£0.2 17.8 +£0.3 169 +0.2
TiO, 2.0+£0.1 1.9+£0.1 1.8+0.1
FeO* 75+£03 150£0.2
Total 98.1 £0.7 98.1 £0.5 98.5+£0.7 98.3+0.6

n number of measurements
* FeO total

Starting compositions sp10, sp12, spl4 and sp15 are the same as sp2,
sp4, spS and sp6, respectively, with 500 (sp12) or 2000 ppm (sp10,
spl4, spl5) Cr added from a standard solution. Starting composi-
tion prg has the same composition as sp4, but with no trace elements
added. This starting mixture was not made into a glass but left as an
oxide mixture. Uncertainties are given as lo standard deviation

from this initial mixture by replacing MgO by FeO, or
Al,O5 by Cr,0;. The compositions of all starting materi-
als are listed in Table 1. Starting materials were synthe-
sized from oxides and carbonates (SiO,, TiO,, CaCOs;,
MgO, Al,O; and Fe,05). MgO was fired at 1000 °C and
subsequently stored at 110 °C before use. The mixtures
were homogenized in an agate mortar under acetone for
45 min, and trace elements were added to the oxide mixture
as ICP-MS standard solutions. Cr was also added from a
standard solution. The trace element-bearing mixture was
dried in a 110 °C furnace and then fired in a platinum cru-
cible at 800 °C overnight for decarbonation. Subsequently,
the mixture was vitrified at 1600 °C for 1 h. The resulting
glass was crushed and homogenized again for 45 min in an
agate mortar. The melting procedure was repeated to ensure
homogeneous distribution of trace elements in the starting
material glasses. To minimize iron loss to the crucible dur-
ing the glass preparation, iron was added as Fe,O; after the
second melting step, after which the mixes were homog-
enized once again.

Experimental techniques

Experiments were conducted in a vertical tube furnaces
(GERO, Germany) equipped for gas mixing, using Tylan
mass flow controllers. The oxygen fugacity was buffered
using mixtures of CO and CO, gas (Deines et al. 1976).
Small amounts of starting powder were mixed with an
organic glue and suspended on a thin platinum wire loop
of either Pt;,, (0.05 mm diameter) or Pty,Rhy composition
(0.1 mm diameter). The loops are about 3 mm in diame-
ter, and several samples could be suspended from a self-
made platinum wire sample holder to run multiple samples
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Table 2 Experimental

. Run nr. Start mat. Sample T (°C) Log fO, AQFM Phases present
conditions and run products

1 sp2 sp2_05 1300 —0.7 6.5 gl, sp

2 sp4 sp4_01 1310 —0.7 6.4 gl, sp

3 sp4 sp4_02 1300 -8 —-0.8 gl, sp

4 sp4 sp4_03 1250 -8 —-0.3 gl, sp, ol
spS sp5_02 1250 -8 -0.3 gl, sp

5 sp5 sp5_03 1220 -8 0.1 gl, sp
sp6 sp6_03 1220 -8 0.1 gl, sp, pl

6 sp6 sp6_04 1220 —10 —-19 gl, sp

7 spS sp5_05 1250 —10 —-2.3 gl, sp

8 spb sp6_06 1200 —10 —-1.7 gl, sp

9 sp5 sp5_07 1220 —12 -39 gl, sp, ol, pl, minor cpx
sp6 sp6_07 1220 —12 -39 gl, sp, pl

10 sp5 sp5_08 1250 —12 —4.3 gl, sp, pl

11 sp2 sp2_10 1320 -0.7 6.3 gl, sp
sp4 sp4_10 1320 -0.7 6.3 gl, sp

12 sp6 sp6_08 1220 —6 2.1 gl, sp, pl

13 spS spS_10 1220 —10 -1.9 gl sp, ol, pl
sp6 sp6_09 1220 —10 -1.9 gl, sp, pl

14 sp4 sp4_13 1320 —4 3.0 gl, sp

15 spl0 spl10_02 1430 —4 2.0 gl, sp

16 spl2 spl2_01 1350 -8 1.3 gl, sp
spl4 spl4_01 1350 -8 1.3 gl, sp
spl5 spl5_01 1350 -8 1.3 gl, sp

17 spl2 spl2_02a 1320 —4 3.0 gl, sp
spl2 spl2_02b 1320 —4 3.0 gl, sp

18 prg prell 1300 —-0.7 6.5 el, sp
prg prgl2 1300 -0.7 6.5 gl, sp
sp4 sp4_18 1300 -0.7 6.5 gl, sp

19 prg prgl3 1300 —10 -2.8 gl, sp
prg pregl4 1300 —10 —-2.8 gl, sp
sp4 sp4_19 1300 —10 —-2.8 gl, sp

Phases present: g/ glass, sp spinel, ol olivine, p/ plagioclase, cpx clinopyroxene. Run duration was typically
48 h for each experiment, except run nrl (20 h) nr2 (72 h) nr3 (20 h), and run 18 and 19 (24 h)

simultaneously. The samples were lowered in the hot zone
of the furnace at 800 °C, then heated up to at least 50 °C
above the liquidus temperature. The samples were kept at
this temperature for 30 min to ensure that they were com-
pletely molten. After this, the samples were cooled rela-
tively fast (2.5 °C/min) to temperatures around or slightly
below the liquidus temperature, and further cooled (more
slowly, with 1 °C/h) to the final run temperature. To
facilitate spinel growth, the temperature was repeatedly
increased and slowly cooled over a small temperature
interval, and after this kept at the final temperature for at
least 12 h. The total run time was typically around 48 h.
The samples were quenched rapidly by dropping them into
water. Details of all experimental runs are given in Table 2.
The samples were mounted in epoxy resin, polished and
examined using optical microscopy and a JEOL 6610LV

scanning electron microscope equipped with an EDX sys-
tem. Samples that contained spinels large enough for chem-
ical characterization were subsequently analyzed for major
and trace elements using electron microprobe and laser
ablation ICP-MS.

Analytical procedures
Major element analysis

Major element analyses on the glasses and all crystal
phases were performed with a JEOL JXA-8900 M electron
microprobe, using an acceleration voltage of 15 kV. Natural
and synthetic standard reference materials that were used
are Cr,0; (Cr), rutile (Ti), hypersthene (Si), kyanite (Al),
diopside (Ca), olivine (Mg) and fayalite (Fe). A number of
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secondary reference materials (chromite, olivine, Cr-diop-
side) were measured as unknowns to monitor external pre-
cision and accuracy. Mineral phases were analyzed with a
focused beam and a beam current of 15 nA, and counting
times were 20 s on the peak and 10 s on the background.
The glasses were analyzed with a 10 um defocused spot,
a beam current of 5 nA, and counting times of 10 s on the
peak and 5 s on the backgrounds. The spinel and glass
major element data are presented in Table 3.

Trace element analysis

Trace elements were measured by a Thermo Scientific
Element 2 sector field ICP-MS coupled to a New Wave
UP193HE ArF Excimer laser, operating with a ca. 5 J/
cm? beam intensity and a repetition rate of 10 Hz. A large
volume ablation cell with fast signal response and short
wash out times (<1 s) was used. The cell holds up to ten
1-inch-diameter mounts, six thin sections and additional
reference materials. Prior to sample analysis, the sys-
tem was tuned with the NIST SRM 612 reference glass
standard for high sensitivity, stability and low oxide rates
(**Th'®0/*?Th < 0.2 %). Spot sizes for the spinel analy-
ses were between 12 and 60 wm in diameter, but in most
cases 35 wm, as this proved to be the best compromise
between a sufficient diameter for a good mass spectrom-
eter signal, and a small enough diameter to avoid melt
inclusions that were sometimes present in the spinel.
Glasses were measured with a spot size of 35 or 60 pwm.
The signal ablation time was 40 s for the peak and 20 s
for the background. Wash out time between individual
spots was 10 s.

The NIST SRM 612 glass (Jochum et al. 2011) was
used as an external standard and the BIR-1G glass
(Jochum et al. 2005) as an unknown to monitor preci-
sion and accuracy. Five to ten sample measurements were
always bracketed by three measurements of the NIST 612
glass and two measurements of the BIR-1G glass. “*Ca
was used as an internal standard calibration for the glass
and the plagioclase measurements, and 2°Si was used
for olivine. Spinel does not contain large amounts of Ca
or Si, elements which are commonly employed as inter-
nal standards during LA-ICP-MS analysis. After some
experimentation, *’Ti proved to be the most suitable iso-
tope to use as an internal standard for spinel measurements
(see also Page and Barnes (2009) who came to the same
conclusion). Therefore, TiO, was added to most of start-
ing compositions for use as an internal standard for spi-
nel measurements. In a few samples with low titanium
(composition Sp2 and Sp10), 2°Mg was used as an internal
standard instead. Trace element concentrations were calcu-
lated using the Glitter software (Jackson 2001). To avoid

@ Springer

melt contamination during the measurements of the spinel
crystals, we took special care to avoid U and Th spikes in
the LA-ICP-MS signal during spinel measurements, since
U and Th are very incompatible in spinel and can be used
to monitor possible cross-contamination of spinel analy-
ses. The raw trace element data for all measurements are
shown in the electronic supplement.

The analyses of Sc, Co, V, Cr, Mn, Ga, Lu and the
HFSEs gave very reliable and consistent results. The analy-
ses of some of the other elements show somewhat larger
uncertainties (see Table 4), because of high background
counts (Cr, Ni) or low concentrations in the spinel (Y, W,
U, Th).

The measurements of Pt and Rh are complicated due to
the fact that platinum group elements have the tendency to
form the so-called (nano-)nuggets, which are small, often
nanoscale phases of either PGE-bearing minerals or alloys
(Brenan et al. 2012; Ertel et al. 1999; Fortenfant et al.
2003). If these nuggets are large enough, they show up
during the laser ablation measurements as high Pt and Rh
peaks. In principle, the laser ablation technique is a well-
suited method to filter out these peaks. However, in some
cases, the nuggets may be too small or too numerous to be
detected as isolated spikes during the time resolved analy-
sis, in which case the PGE concentrations may be overes-
timated. The issue this poses for the determination of par-
tition coefficients is discussed in the PGE section in this

paper.
TEM analysis

We prepared an electron transparent lamella mount from
one sample for further investigations by transmission elec-
tron microscopy (TEM) to locate possible nano-nuggets
in the spinel. The sample was initially thinned by conven-
tional Ar ion milling using a Gatan DuoMill 600 at 5 kV
and 17° incidence angle. Further thinning to final electron
transparency (~150 nm) was performed on a focused ion
beam—scanning electron microscope (FIB-SEM) using a
Zeiss CrossBeam™ 1540 EsB with 30 kV Ga™ ions and
50 pA beam current until final electron transparency was
obtained. TEM investigations were performed on a Zeiss
Libra 200FE operated with a Schottky field emission elec-
tron source at 200 kV acceleration voltage, a Kohler illu-
mination system, and an in-column Omega energy filter
applying standard imaging techniques (brightfield imaging,
high-resolution TEM) and analytical X-ray spectrometry
(Noran Si(Li) EDX detector). The lamella was also ana-
lyzed in scanning TEM mode using a high angle annular
darkfield (HAADF) detector to discriminate possible high-
Z nuggets at high spatial resolution (a few nm) from the
surrounding low-Z spinel (Z: atomic number).



Page 50f33 45

Contrib Mineral Petrol (2015) 169:45

100 100 €00 000 000 p #1O

00°1 00°1 00°1 00°1 00°L S #3IN

000 000 000 000 000 q+¢d

000 000 000 000 000 v +¢°d

66C 66C 66C 66C 66C [BI0L

000 000 000 000 000 %94

000 000 000 000 000 L

66’1 66’1 S6'1 10¢ 00C v

100 00 90°0 000 000 D

000 000 000 000 000 €D

000 000 000 000 000 IS

860 860 L6°0 860 860 SN

90F 6'L6 6'0F 1'86 ¥'0F v'86 €0 F 1’86 90 F $86 90 F 086 0T+ L'L6 ¥'0F LY'L6 S0FT86 ['0 F 886 [e10L
00> €0°0> 200> 100> 100> £0°0> 200> 700> S0°0> ¥0°0> x0°d
900 F LOC €00 F S1°0 I'0F07T 00FLIO SI'0F00C €00 F <10 €00 F00C 00F V10 LO'0F 00T 00F910 ‘oL
TOF €81 0T F 669 I'0F 181 Y0 F 0°0L C0F 981 LOF 6'L9 CTOF T8I €0 F 1'0L COF 81 CO0F 6'0L 0V
200> €0F90 100> C0F 80 200> IoFre 100> €0°0> 100> 00F <TI0 0l
¥'0F 0'€C €0°0> ¥'0F 0CC S0°0> €0F9IC 200> COF LIT 10°0> £€0F6'IC 100> (0L
€0F LTy wWoFI10 TOF 8Ty 100 F 01°0 eo0F ey 200 F 600 I'0OF €Ty 100 F 600 VYOF vy 100F 1'0 ‘ors
COF LTI COF LT COFSel COF LT COF 8¢l C0F L9T ['0F¢c¢el €0F I'LT ['0F S¢l CO0FSLT OSIN
cl 4 4! IC L S 01 9 Sl 4 u

sse[n [ourdg sse[n [ourdg Sse[D [ourdg sse[n [ourdg sse[n [ourdg aseyq
€0— 80— 0¢ €9 79 NHOV

8— 8— r— L0— L0- ‘of 801

0scl 00€1 0cel 0cel 00¢€1 (Do) L

€0 pds 20 pds €17 vds 01 pds 107 pds odweg

syuwiradxa [[e jo suonisodwod juswdyd Jolew sse[s pue [ouids ¢ dqer,

pringer

a's



Contrib Mineral Petrol (2015) 169:45

45 Page 6 of 33

100 100 100 100 000 p #1D

L8°0 ¥8°0 §80 001 00°1 » #3IN

00 ¥0°0 €00 000 000 q+¢°d

€10 L1T°0 Sro 000 000 e 4+7°d

10°¢ we 10°¢ 00°¢ 00°¢ [BI0L

Sro 120 81°0 000 000 %9d

000 000 000 000 000 L

S6'l v6'1 Y6'1 86’1 00T A4

00 100 00 100 000 D

000 000 000 000 000 €D

000 000 000 000 000 IS

88°0 980 L80 00°1 660 SN

¥'0 F 86 £€0F 066 90F 8L6 ¥'0F T66 ¥'0F 1'86 €0 F T66 ¥'0F €86 90F L'66 €0+ 86 €0 F S66 [BI0L
I'0OF €L I'OFI'L I'0OF L8 €0F00I I'0OFLL I'OFv8 00> 100> 200> <00 F 00 094
SO0 F S6'l C00F 810 CrIr'oFce’l €00 F0C0 600 F S8'1 100 F 610 900 F L6L €00 F LT°O 900 F €0C 1000 F91°0 ‘ol
I'oF LI §'0F 899 €0F 61 90F SS9 I'0OFTLI 8'0F 1'99 I'0F 981 60F 0L 0 F S81 YOF I'IL 0y
100> SOFTI 200> 670> £0°0> SOFI'I 200> I'0oF90 100> 100> 04D
1'0+F 8°0C 200> €0F01Ic 200> 0 F80C €0°0> TO0F 8T €0°0> COFo'lT 200> (0L
TOF Loy 100 F 800 ¥'0F 80¥ 200 F 600 €0 F 90¥ 100 F 800 I'oF 1ey 100 F 60°0 COF vy 100 F 600 “ors
I'0F oI COF LeT CO0FS6 €0F6'CC I'0F oI €0 F €'€C Io+ecl ¥'0F T8¢ I'oFvel C0F 8¢ OSIN
0l L1 4! 61 6 0l 0l 6 4! 8 u

sse[n [ourdg Sse[n [ourdg Sse[D [ourdg sse[n [ourdg Sse[D fourdg aseyq
€T 1’0 €0— 8C— S9 NHOV

8- 8— 8— 01— L0— ‘of 301

0scl 0cel 0scl 00¢€T 00¢€1 (Do) L

S0 gds €0 gds 70" sds 61 pds 81 pds adureg

ponunuod ¢ Aqel,

pringer

Qs



Page 70f 33 45

Contrib Mineral Petrol (2015) 169:45

100 000 100 100 100 p #1D

99°0 870 L80 68°0 L8°0 S #3N

110 80°1 100 000 00 q+¢°d

9¢'0 ¥$°0 €r'o I1°0 (AN e 4+z°d

Soe 00°¢ 00°¢ 00°¢ 10°¢ [BI0L

Ly'0 (2! 71°0 <o 1°0 %9d

100 S0'0 000 000 100 L

98’1 80 96°'1 L6'1 S6'1 v

00 000 00 00 €00 D

000 000 000 000 000 €D

000 000 000 000 000 IS

690 050 88°0 680 880 SN

¥0F 6'L6 S0F 666 LOF L'L6 90 F 086 S0F €86 C0F S$86 C0F 086 €0 F 1'66 9°0F 1'86 90 F 986 [B10L
€0F 6 SI €0FCTIC COF <9l I'e Fv'29 YO+ 9L I'0F <9 €00 F 619 €0F9¢ I'0OF6'L I'0F 69 x0°d
LO0OF C6'1 €00 F LTO 700 F S0C COF L6'T I'0F 18¢C €00 F 610 I'0OFSI'C €00 F €C0 I'0F97¢ €00 F LTO Kels
IroFevi 90 F 865 I'o+ecl I'e+¢ce COF Yl 0 F 899 I'0F 191 €0 F 8L9 COF el §0F €99 0V
SOFI0T 100> €00 F LO0 200> COFTI 00 600 40! 100> YOF vl 0l
CO0F 86l €0°0> Co0F o6l 600> I'0F £'€C 700> I'oF¢'1e 200> €0 F 8¢ 200> (oL
€0F 98¢ 0'0F 800 €0 F 6¢ 00F I1°0 ¥0F LOY 1000 F 01°0 €0F 01y 100+ 800 €0 F 90y 100F 11°0 fors
I'0F 89 COFCLI I'0OFvL LOF 601 COF L6 CO0F9¢C I'o+c¢il €0 F €vC £€0F 66 TOF Lee O3
14! Sl or 0l S 6 8 01 cl u

sse[n [ourdg sse[n [ourdg sse[n [ourdg Sse[D [ourdg Sse[D [ourdg aseyq

1’0 |4 6'¢— €Y= 61— WHOV

8— 9-— [k [k 01— ‘of 301

0ccl 0ccl 0cel 0scl 0cel (Do)

€0 9ds 80 9ds L0~ gds 80 gds 017 ¢ds adureg

ponunuod ¢ Aqel,

pringer

a's



Contrib Mineral Petrol (2015) 169:45

45 Page 8 of 33

80°0 00 100 100 100 p #1D

00'1 IL0 690 690 L9°0 S #3N

000 10°0 So'0 00 ¥0°0 q+¢°d

000 0€0 (430 0 €0 e 4+7°d

66C 00°¢ we we we [B10L

000 1€°0 LEO 9¢'0 LEO %9d

000 100 100 100 100 L

c8'l ¥6'1 €61 (4! £6'1 v

91’0 ¥0°0 100 €00 €00 D

000 000 000 000 000 €D

000 000 000 000 000 IS

L6'0 IL°0 0L0 0L0 890 SN

90F €86 €0F 986 S0F 986 ¥'0F 1'66 €0FTL6 L'0F €66 70+ €86 €0 F 00l £€0F6'L6 ¥'0F L'66 [BI0L
100> 100> I'0OF 1°¢1 I'0OF €l COF6SI 70+ 691 I'0F 8¢l 1'0 F L91 COF S¢Sl COFTLI x0°d
I'0F07C 0’0 F0C0 S0'0F0I'C <00 F 00 I'0F207C <00 F €20 <00 F LOT ¥0°0 F 8C°0 SO0 F €81 €00 F €20 ‘ol
1'0F 8781 S0F9¢9 o+ Lvl CTOF I'Y9 COF OVl 90F I'€9 I'oF Syl ¥'0F S°€9 I'oF6°¢l 90F €9 oy
100 F 900 SOF '8 €0°0> LOOF LT 200> L0> 200> 9¢'0 F 6¢'1 100> 90F 9Tl 04D
I'o+¢i1c 1'0F 900 CO0F 861 ¥0°0 F 900 C0F 96l 90°0> Co0F 96l S0'0> I'0oF s6l 200> (0L0]
coOF I'ty 00 F 800 €0F 6'8¢ 100 F LOO €0 F €8¢ 100 +90°0 0 F 98¢ 100 F LOO 0 F 98¢ 20'0 F S0°0 fors
CO0F 8¢l TO0F £9¢ I'o+8 COF 81 I'oF¢L O+ T8I I'0OFLL 1'0F ¢8I C0F 99 I'0OF L'LT OSIN
L 9 (0] S o1 6 01 L 01 L u

sse[n [ourdg sse[n [ourdg sse[n [ourdg Sse[n [ourdg Sse[D [ourdg aseyq

€1 6'¢— L= 61— 61— WHOV

8— [t 01— 01— 01— ‘of 301

0s€el 0cel 00cl 0cel ocel (Do) L

107¢1ds L079ds 90~ 9ds 60 9ds ¥0~9ds adureg

ponunuod ¢ Aqel,

pringer

Qs



Page 9of 33 45

Contrib Mineral Petrol (2015) 169:45

1€°0 €0 (430 900 900 p #1O

650 18°0 00°1 00°1 00°1 S #3N

90°0 00 000 000 000 q+¢°d

£v'o 00 000 000 000 e 4+7°d

€0'c 10°¢ 66C 66C 66C [BI0L

870 1T0 000 000 000 %9d

100 100 000 000 000 L

€e’l (43! 8¢l 68’1 681 v

650 Sv'0 £€9°0 cro cro D

000 000 100 000 000 €D

000 000 000 000 000 IS

19°0 18°0 L6°0 L60 860 SN

L0F €86 S0 F €001 S0F¢86 ¥'0F S°66 €0 F ¥'86 £€0F 686 L'0F 886 €0 F T66 90 F T'86 S0F L86 [BI0L
COF Ol €0F7T0c I'0OF9L £€0F<S6 00> 100> S0'0> 10°0 F €00 €0°0> 10°0 F +0°0 x0°d
800 F €81 0'0F Iv°0 I'0F07T €00 F 10 <00 F 600 100> I'0F07T C00FLIO I'OF 17T C00F 810 ‘oL
COFTLI LeFv6c CTOFLLI TEF U8y COFTol elF oty €0 F ¢8Il 8'0F 6'S9 COF 181 8'0F SS9 0y
900 F 010 L'€F 09T ¥0°0 F 90°0 9eF0IC 90'0 F LT°0 I'TF2T0¢ €00 F S00 SL'0F 8¢9 €0°0> S0F S6'S 04D
¥0F €6l Y00 F I1°0 o+ roc €00 F LO0 I'0F 1'CC 800 F 1T0 €0 F 8¢ S0'0> Co0Fo'lT €00 F LO0 (0L0]
¥'0F 0'6¢ €00 F LO0 TO0F 80F 00 F LOO COF ey 100 + 800 YoF oty 200 F 600 €0F 9Ty 100 F 600 fors
1'0+ 89 SOFTvl I'oFe66 90F £0¢C COF el COF 9T COFSel €0 F99¢ €0 F el ¥'0F 89¢C OSIN
L ol 9 9¢ 9 9 9 0l L 9 u

sse[n [ourdg sse[n [ourdg sse[n [ourdg Sse[n [ourdg Sse[D [ourdg aseyq

€1 el 0c 0¢ 0¢ WHOV

8— 8— I I v— ‘of 301

0s€el 0s€l 0evl 0cel 0cel (Do) L

10-s1ds 10" v1ds 20 01ds qz0 c1ds ®z0 ¢1ds adureg

ponunuod ¢ Aqel,

pringer

a's



Contrib Mineral Petrol (2015) 169:45

45 Page 10 of 33

(IV + 1D)/10 ST#1D p, ‘(72 + SIN/SIA ST#SIA , ‘ANOWOIYD103s [dulds WoIy pajend[ed Ak | O PUB | g+

8303 9 10 09 «

UOTJEIAQD PIEPUE)S O] SE UAAIS dIe Sonure)Ioou)

000 000 000 000 000 p #1D

00'1 00'1 00°1 00'1 00'1 S #3N

000 000 000 000 000 q+¢°d

000 000 000 000 000 v °d

00°¢ 00°¢ 00°¢ 00°¢ 00°¢ [BI0L

000 000 000 000 %9d

000 000 000 000 L

00C 00C 66’1 66°1 00C v

000 000 000 000 000 D

000 000 000 000 000 €D

000 000 000 000 000 IS

00°1 660 00°1 00°1 660 SN

¥'0F €86 ¥'0F S°66 ¥'0F $'86 0T F2T66 S0F8L6 ¥'0F T66 YOFL'L6 90 F 886 €0 F €66 L'0F 0001 [BI0L
00> 100> 100> 100> €0°0> ¢0'0F 900 €0°0> 200 +F900 x0°d

I'0OF 17T €00 F 810 SO0 F LOC €00 F LT°O I'OF 17T €00 F 910 00 F LOC Y00 F L1T°O ‘ol

I'0F 081 EOFI'IL 1'0F €81 €1F60L COF QLI LOF €0L C0F 081 60 F v'0L C0F 681 LOFIIL oy
100> 200> 100> 200> 100> 200> 100> 100> 200> T0> 04D
I'o+Lce 200> c0F¢TC 200> C0F97C 700> 0+ 97T €0°0> I'0Fv'¢€C S0'0> (010)
C0F 0Ty 100 F 60°0 CoOF o1y 100 F 600 COF8IY 100 F 600 COFoly 200 F 010 o+ cvv 100 +80°0 fors
I'oF+gecl I'0F 1'8¢C I'o+Lel So0F6'LC I'o+¢cel €0F6'LC I'o+vel Y0+ 6'LC I'o+L7cl 0+ 8¢ OSIN
(0] Il (] L i4! 01 14! 6 u

sse[n [ourdg sse[n [ourdg sse[n [ourdg Sse[n [ourdg Sse[D [ourdg aseyq
8T 8¢ ¢9 ¢9 ¢9 WHOV

0l— 0l- L0~ L0~ L0~ taf 801

00¢€1 00¢l 00¢€1 00¢€1 00¢€1 (Do) L

y131d ¢181d z131d 113d G0 ¢ds ordureg

ponunuod ¢ Aqel,

pringer

Qs



Contrib Mineral Petrol (2015) 169:45

Page 11 of 33 45

Results
Experimental results

All experimental run products contain glass and spinels,
some runs contain additional phases such as olivine, pla-
gioclase or clinopyroxene (cpx). Two SEM backscat-
ter images of typical run products are shown in Fig. la,
b. Table 2 lists all phases present in the experimental run
products. The spinels are typically idiomorphic, ca. 50 um
across, but their sizes range from 20 to 300 um. Interest-
ingly, the spinels appear to nucleate preferably either
close to or in contact with the platinum wire. The spinels
of nearly pure MgAl,O, composition are transparent and
colorless, while the spinels containing iron are dark purple
or dark brown, and spinels with chromium are purple in
color.

Spinel is the liquidus phase in all bulk compositions and
for every fO,. The liquidus temperatures of the different
starting materials vary and are critically dependent on com-
position; it is around 1300 °C in the Fe- and Cr-free com-
position, and in the Fe-rich experiments it is lower (around
1250 °C), and it strongly increases when Cr is present. In
high-Cr compositions (2 wt% Cr,05), the liquidus tem-
perature is very high (probably >1600 °C). In these cases,
we could not prepare completely homogenous glasses
from our starting material mixtures; these glasses always
contain small crystals of spinel or eskolaite. This poses a
problem for growing large (>20 pwm) crystals; if any crys-
talline nuclei are left in the starting mix, new spinel crystals
nucleate rapidly, but the growth rates are small. Therefore,
only the starting compositions with lower Cr concentration
yielded sufficiently large spinels.

When present, plagioclase appears idiomorphic, often
platy and typically several hundred um across. Olivines
are either idiomorphic or show skeleton textures, and are
sometimes intergrown with plagioclase. Cpx is idiomor-
phic. The presence of mineral phases in addition to spinel
depends on the composition of the starting material. The
Fe-free and low-Fe (sp4 and sp5) starting materials crystal-
lized olivine as the second phase to appear after spinel, and
at lower temperatures, plagioclase and cpx are present in
these runs. Composition sp6 (with 10 wt% FeO) contains
only plagioclase as an additional mineral phase, and no oli-
vine is present. In the Cr-bearing experiments, spinel was
the only mineral phase present.

Melts in all runs were quenched into a homogeneous
glass without any detectable quench crystals. In two of the
iron-bearing experiments, a minute amount of a second,
immiscible silicate liquid was present. Due to the small
size of the immiscible droplets (<1 pm), quantitative analy-
sis of the second liquid was not possible.

Analytical results
Major elements

Detailed spinel and glass compositions are given in Table 3.
The range of spinel compositions is shown in Fig. 2a, b.
The compositions of the other minerals are shown in
table 6 of the electronic supplements. Spinel compositions
range from nearly pure MgAl,O, spinel to spinel solid
solutions with a significant hercynite (FeAl,O,) compo-
nent (11-57 %) or Mg-chromite (MgCr,0,) component
(6-32 %). One sample (sp6_08) has a magnetite (Fe;0,)
component of 54 %. The spinels are usually homogenous
in terms of major elements except the spinels in run sp6_08
which are rich in Fe** (Table 3). This experiment was
performed under a relatively high oxygen fugacity (log
fO, = —6). The spinels in Sp6_08 are strongly zoned in
Fe and Al, most consisting of an Al-rich core with a wide
rim of iron-rich spinel. The Al-rich cores were most likely
formed early in the experimental run, during the fast cool-
ing segment, during which the oxygen fugacity was not as
well controlled. The Fe-rich rims are most probably formed
during the final run conditions; hence, we assume that the
rims are equilibrated with the melt. These rims were large
enough to measure with LA-ICP-MS. Some of the Cr-
rich spinels show a slight zonation in Cr—Al. This, how-
ever, does not affect the other major element or the trace
elements composition, both of which were homogenously
distributed.

The olivine compositions are pure forsterite in all Fe-
free compositions. Olivines in the Fe-bearing experiments
contain a fayalite component of around 10 % (see table 6
electronic supplements). Plagioclase in all runs is nearly
pure anorthite. Cpx has a high augite content with very
high Al,O; and TiO, concentrations, and is often not well
equilibrated, which is evident from patchy zoning in Al and
Ti. As cpx takes up a large proportion of most trace ele-
ments, these experiments are probably compromised; there-
fore, the cpx-bearing experiments are not used to calculate
partition coefficients. Similarly, the experiments with low
glass content (less than ~50 %) were discarded because of
the possibility of melt pockets in these experiments which
might not be in equilibrium with the entire sample. When
excluding the runs with low glass content, glasses are
always homogenous in major element composition, regard-
less of bulk compositions or temperature.

Trace elements
Trace element concentrations for spinel and glass, as well

as the spinel partition coefficients are shown in Table 4.
For each sample, we analyzed five spots in the melt, and
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BEC 20kV 500pm

500pm  —

Fig. 1 SEM backscatter image of two typical run products. a sp2_05
contains spinel and olivine crystals, mostly close to the rim of the
melt droplet or close to the noble metal wire. b spS_08 contains one
large spinel crystal with obvious melt inclusion, and several large pla-
gioclase lathes

Fig. 2 Compositional variation a
of the spinel-structured oxides OSp2/Sp4 .
in our experiments. The ternary ©Sp5 0
diagram (a) shows the compo- ® Sp6
sitional range on the octahedral O Sp 10
(B) site: the AI-Cr—Fe* content O Sp 12
of the spinel, which corresponds B Sp 14
m Sp 10

to the endmembers spinel, chro-
mite and magnetite. b Compo-
sitional range on the tetrahedral
(A) site (Mg—Fe), by plotting
the hercynite (FeAl,O,) content
against Cr + Fe*™ (normalized
to 1: this can be seen as the total
chromite + magnetite content)

usually up to five spots in spinels. Whenever possible, we
did core and rim analyses of spinels; however, due to the
relatively small size of the crystals, this could not be done
for every sample. The aim of the study was to investigate
trace element partitioning for spinel; however, as some
experiments contained other minerals (olivine and plagio-
clase), these were also measured. The data from cpx-bear-
ing experiments is not shown, as these experiments appear
to be not fully equilibrated for trace elements (see above).

The glasses are always homogeneous in terms of trace
elements (Table 4). The spinels appear to be homogeneous
in trace elements except in the case where there is obvious
major element zonation in the crystal (sample sp6_08); in
this case, only the rim measurements were used for calcu-
lating partition coefficients.

Plagioclase and olivine show no zonation in trace ele-
ments. Trace elements concentrations and partition coeffi-
cients for olivine and plagioclase are shown in table 7 of
the electronic supplements, but are not discussed further.
However, the plagioclase partition coefficients are in good
agreement with the data from Aigner-Torres et al. (2007).
Experimental partitioning data for olivine are widely avail-
able [see for example (Beattie 1994; Mallmann and O’Neill
2009; Nielsen et al. 1992)]; our olivine partitioning data are
in good agreement with those publications.

Attainment of equilibrium

For an accurate determination of trace element parti-
tion coefficients, it is important to demonstrate that equi-
librium between spinel and melt has been attained in the
experiments. Three items of evidence strongly indicate
equilibrium conditions: (1) Spinels as well as melt are very

r
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Fig. 3 Trace element partition

I |
coefficients of several ele- a1 000 | J 10000
: ¥V Rh g \v4 cr
ments plotted against fO,. The AP pe
tickmark shows the position of 100 t - Y %
the quartz—fayalite—-magnetite 4 4 o 1000
(QFM) buffer at 1300 °C. Our = 10 A g o
data show that Cr, Ni, Co and £ o = O 0 H 8
Ga are compatible in spinel. V 2 1 é % m] E 4 100
partition coefficients range from 2 [u) m]
compatible to incompatible, o 01 o
depending of fO,. Vanadium O f10
partitioning data from (Canil 0.01
1999; Horn et al. 1994; Mall-
mann and O’Neill 2009; Toplis 0.001 1
and Corgne 2002) are shown c 100 100
for comparison. Mo is always A Ao ¥
incompatible, but Dy, varies 10 g 4 4 vA &4 LN 10
with fO,. The platinum group v v g é 8 é & *
elements Pt and Rh show very - 1 5 o g . ¥
variable partitioning, for details 2 g g 8 6 Y0 o 1
see text 3 o041 o 4 v
£ ' +
& o) +}o.1
+
e oo A Ni g OV thisstudy O
v Co ¢} v Mallmann 2009 v g
0.001{| O Ga A Canil 1998 v 10.01
. * Toplis 2002
<O> mg + Horn 1994 o
0.0001 0.001
14 -12 -10 -8 -6 -4 -2 0-14 -12 -10 -8 -6 -4 -2 0
log fO, log fO,

homogeneous in each individual run. There is no evidence
for zonation within spinel crystals or melt. (2) Spinels gen-
erally show euhedral habit; especially, all spinel-melt con-
tacts are straight without resorbtion textures. (3) Despite
significant differences in residual melt fractions between
the different runs, all calculated spinel-melt trace element
partition coefficients are internally consistent.

Bulk loss of trace elements

For a number of trace elements, bulk concentrations (cal-
culated from mass balance) are lower than expected. Bulk
loss of an element from the experimental charge can be
caused by either volatile behavior of the element or by
alloying with the Pt wire. In our experiments, Cd, Sn, Sb
and Pb exhibit strong volatile behavior. Several other ele-
ments (Ni, Co, Ga, Zn, Cu, Cr) show bulk loss only with
certain fO, conditions. Ni, Co and Ga concentrations are
slightly lower in the experiments with the lowest oxygen
fugacity (fO, < —10), but while Ga might be volatile, Ni
and Co are most likely not. Furthermore, if the bulk ele-
ment concentrations are only decreased at the lowest fO,,
this could indicate that the element is susceptible to alloy-
ing with the platinum wire. This is known to be the case for
Fe and may also be the case for Ni, Co and Cu. Bulk loss
of an element during the experiment poses a potential prob-
lem for determining partition coefficient. When crystals

@ Springer

and melts equilibrate early during the experimental run and
the concentration of the element in the melt subsequently
decreases due to volatility, it is uncertain whether crys-
tal-melt equilibrium is preserved. Zoning of the element
in the crystals would be an indication for changing melt
composition during the experimental run. If loss of an ele-
ment occurred and the mineral is not zoned, this means that
either the mineral re-equilibrated with the melt during the
experimental run, in which case the partition coefficients is
correct, or that the crystal formed early during the run and
did not re-equilibrate at all with the new melt composition,
in which case the calculated partition coefficient will over-
estimate the true partition coefficient. Therefore, the parti-
tion coefficients derived from these particular experiments
need to be viewed with extreme care.

Partition coefficients

Partition coefficients were calculated from the trace ele-
ment data according to Eq. (1). The partition coefficient of
a certain element i is defined as the ratio of the concentra-
tion of the element in the crystal and the melt. If the ele-
ment favors the crystal over the melt (D; > 1), the element
is called compatible; otherwise, it is incompatible (D; < 1).

Di=c ey

i i
mineral / Cnelt

Concentrations are in ppm.
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Table 5 Fitting parameters for Dy, and Dy, (Egs. 2, 3)

a b ¢ d R?
v —3.041 —0.6734 —0.02893 6.74E — 05 0.885
Mo —4.449 —0.2486 0.637

According to Henry’s law, the partition coefficient of a
certain trace element is independent of the concentration
of the trace element. This, however, only applies when the
concentration of the element is sufficiently low. For spi-
nel, it has been suggested that the concentration needs to
be lower than 1 wt% for most elements (Horn et al. 1994).
In our experiments, the trace element concentrations in the
crystals are usually lower than 200 ppm, and we therefore
assume that Henry’s law is valid in our experiments.

Mineral-melt partition coefficients are not constants,
but may depend on a number of factors, including pres-
sure, temperature, oxygen fugacity and mineral and melt
composition. The aim of this study is to constrain the trace
element partitioning behavior as a function of spinel com-
position and oxygen fugacity. Although we performed
experiments over a range of different temperatures, it is dif-
ficult to quantify the temperature effect, because the start-
ing composition has a large effect on the position of the
liquidus, and therefore, experiments with different compo-
sitions were performed by necessity at different tempera-
ture conditions. Thus, the Fe-rich experiments were per-
formed at lower temperatures and the Cr-rich experiments
under higher temperatures. In order to be able to disentan-
gle the effect of composition from a temperature effect,
some experiments were performed containing both Cr and
Fe, at intermediate temperatures.

Discussion
Spinel trace element partitioning
Nickel and cobalt

Ni and Co show similar partitioning behavior, Ni being
slightly more compatible than Co; D, values range from
1.6 to 6.7, and Dy; values from 6.1 to 22. Both Ni and
Co partition coefficients seem to decrease slightly with
increasing oxygen fugacity, and they slightly decrease with
increasing temperature. However, mass balance calcula-
tions indicate that bulk loss of both Ni and Co has occurred
in the experiments with the lowest oxygen fugacity (log
JO, = —12, see Table 3). For reasons explained above, this
means that the partition coefficients could be overestimated
for these runs (i.e., runs 8 and 9). This suggests that the
decreasing trends could be an artifact for the experiments
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Fig. 4 Partition coefficients of V and Mo strongly depend on redox
conditions. Depicted are Dy, (a) and Dy, (b) and non-limit fitting
results according to Egs. (2) and (3). The tickmark shows the position
of the QFM buffer at 1300 °C

at low fO,, and that D values are in fact quite constant. Fur-
thermore, there is also no obvious effect of spinel compo-
sition. Overall, our Dy; and D¢, values are in good agree-
ment with the data by both Righter et al., (2006) and Horn
et al. (1994). The decreasing of Dy; and D, trend is also
noted by Horn et al. (1994). However, as their experimental
set up is similar to ours, their experiments might have been
affected with the same issues of Ni and Co loss, possibly to
the Pt wire.

Gallium
Gallium is compatible in spinel in most experiments, with

uniform D values between 0.9 and 11.2, and with slightly
lower D values in the most reducing experiments with an
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oxygen fugacity of log —12. There is no significant effect
of temperature or composition. Note that Ga loss has
occurred in the experiments with low oxygen fugacity (log
JO, < —=8) or high temperatures (>1300 °C), indicating
volatile behavior. However, this does not appear to have an
effect on the partition coefficients, as they are quite con-
stant except for the lowest fO,, and if those experiments
would be compromised due to volatility, we would expect
the D’s to be higher rather than lower.

Chromium

Cr is highly compatible in spinel, with partition coeffi-
cients between 26 and 751. Due to its very high compat-
ibility, in the experiments with the higher Cr concentrations
(500-2000 ppm in the starting material), Cr becomes a
major element in spinel, with concentrations up to 30 wt%.
With such high concentrations, Henry’s law does not apply
(Horn et al. 1994). However, although they show some of
scatter, the D values for these experiments fall in the same
range as the ones with lower Cr concentrations. The parti-
tion coefficients are highest at intermediate oxygen fugacity
(—10 < log fO, < —6) and slightly decrease at both high and
at low oxygen fugacity. This is probably due to changes in
valence state as Cr may occur as Cr’*, Cr**, and Cr®* under
these experimental conditions. At low oxygen fugacity and
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Cr + Fe3* [cation]

high temperatures, a significant amount of Cr will occur as
Cr**, while at high fO, Cr might occur partly as Cr®* (Berry
and O’Neill 2004). At intermediate fO,, the D values are the
highest, so the trivalent species of Cr appears to be the most
compatible in spinel, which is to be expected considering
the solid solution between spinel and (Mg-)chromite.

It is interesting to note that during experiments at
higher temperatures (>1300 °C) and with the highest
oxygen fugacities (experiments performed in air, or CO,
and >1400 °C), Cr was lost quantitatively from the experi-
mental charge, suggesting high volatility under these con-
ditions. We assume that it is only the hexavalent species of
Cr that shows volatile behavior in these runs, because in the
more reducing experiments where only Cr’™ and Cr** are
stable, there is no volatile loss. If Cr is lost during those
experiments, this implies that the calculated partition coef-
ficients are indeed overestimated. Since Cr diffusion is
known to be slow (Ganguly et al. 2007), the spinel is not
expected to re-equilibrate with the melt. This is evident
from some experiments that suffered from Cr loss, where
lots of small (<5 pm across) spinels are heavily zoned in
Cr—Al, with a Cr-rich core and a Cr-poor rim, and low Cr
concentrations in the glasses. This would explain the rela-
tively large spread of D values at a log fO, of —0.7 and
suggest that only the lowest D values are correct for these
oxidizing conditions.
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Vanadium

Vanadium partitioning in spinel is strongly controlled by
oxygen fugacity, V changes from incompatible at oxidiz-
ing conditions (0.002 at log fO, of —0.7, 0.033 at log fO, of
—6) to compatible at reducing conditions (10.8 at a log fO,
of —12). The partitioning of V between melts and spinel and
other minerals has been studied extensively (Canil 1999;
Mallmann and O’Neill 2009; Righter et al. 2006; Toplis
and Corgne 2002). Because V can occur in several valence
states (V>*, V4 and V%) in oxygen fugacities relevant to
the Earth and related planetary bodies, it has been suggested
that V could be a powerful indicator for redox states of mag-
mas (Canil 1999; Lee et al. 2005; Mallmann and O’Neill
2009, 2013). When comparing our data to literature values,
our data shows a more gradual trend when compared with
the data of Canil (1999) and Righter et al. (2006), and the
actual Dy values are somewhat lower (see Fig. 3d). How-
ever, our data are in good agreement with recent results by
Mallmann and O’Neill (2009). The discrepancy between
early datasets and our data may be explained by spinel com-
position, as spinels in the experiments by Canil are char-
acterized by very high V contents. Experiments by Righter
(2006) and Toplis (2002) contain mainly (Ti-)magnetite-rich
spinels compared to more Al-rich spinels in our and Mall-
mann and O’Neill’s studies. However, within our range of
spinel and melt compositions, the Fe3™/Fe™@ and the Fe**/
Mg?* ratio of the spinel or the melt has no significant effect
on V partitioning. Experiments with Cr-rich spinels show
somewhat higher partitions coefficients, which is in agree-
ment with the findings of Mallmann and O’Neill (2009).
The general agreement of our data with the Mallmann and
O’Neill (2009) experiments, which used different starting
compositions, suggests that melt composition does not have
a large effect on Dy,.

To exploit the effect of fO, on V partition coefficients,
we fitted our experimentally derived data using a nonlinear
least squares routine. The fit resulted in Eq. 2, linking Dy,
to fO,. We will expand on this further in the discussion sec-
tion. The fit coefficients are given in Table 5.

log Dy = a+ b x logfOs + ¢ x log fO3% + d x Cri#(spinel)
@)

Copper, manganese and molybdenum

Cu, Mn, and Mo are all moderately incompatible in spi-
nel. Copper measurements are complicated due to the fact
that Cu is lost from some of the experiments. Interestingly,
the amount of Cu loss is strongly dependent on oxygen
fugacity, and the highest Cu loss occurs at the lowest fO,.
However, the large differences in bulk Cu concentrations
do not significantly affect the partitioning, even though
there is a relatively large amount of scatter of the data.

The D, values are fairly uniform, and range from 0.02 to
0.7. This implies that even though Cu is lost during some
experiments, crystal melt equilibrium is (to some extent)
preserved.

Mn is slightly incompatible in spinel with D values
between 0.2 and 0.9. The D values are very uniform and
appear to be independent of fO, and temperature. There
seems to be a small compositional effect, with D values
consistently (if only slightly) higher in Fe’*-rich spinels
compared to Mg-rich spinels.

Mo partitioning depends on oxygen fugacity, with Dy,
decreasing with increasing fO,, from 0.085 at the lowest
oxygen fugacity (log fO, = —12) to 0.0033 for the experi-
ments performed in air (log fO, = —0.7). This could be
explained by a valence state change in Mo, which may
occur as Mo*" or Mo®" depending on the fO, (Holzheid
et al. 1994). This suggests that the tetravalent species is
more compatible, which is to be expected because it would
fit better in the crystal structure than Mo®*.

Similarly to V, we use a simply fitting routine to link
changing fO, to Dy,. The results of the fitting are given in
Fig. 4b and Table 5.

log Dmo = a—+ b x log fO3 3)

Titanium, scandium, the HFSE and lutetium

Ti and Sc exhibit similar partitioning behavior and are
both slightly incompatible. The partition coefficients are
mainly controlled by spinel composition; D; is lowest for
the Al-rich spinels (0.06-0.13), up to 0.2 for the samples
containing Cr and 0.9 for sp6_08 (the Fe**-rich sample).
Sc is slightly less compatible, with Dg, between 0.03 and
0.14, and 0.4 for sp6_08. Furthermore, Dy, values slightly
decrease with increasing fO,.

The HFSEs Nb, Ta, Zr and Hf, as well as Lu (a rare
earth element), all have very similar partition coefficients.
They show a similar trend to Ti, but are all about two orders
of magnitude less compatible. Similar to Ti and Sc, the
HFSEs are the most incompatible in the Al-rich spinels;
the D values are between 10~* and 1073, The spinels that
contain Cr have slightly higher D values of around 1073,
and for the high Fe*™ experiment, Dypqg: values are around
1072

In particular, our Dyggg values for Al-rich spinels are
lower than previously published data on HFSE partitioning
(Horn et al. 1994; Nielsen and Beard 2000; Nielsen et al.
1994). But as the spinel compositions in the literature are
Cr** and Fe’* rich (Horn et al. 1994) or Ti-magnetite rich
(Nielsen and Beard, 2000; Nielsen et al., 1994), it is clear
that their data follow the same trend as ours. When plot-
ting the D values against Al cation concentration (Fig. 5a—
d), our data for Al-spinels and the spinels containing
some chromium or Fe** follow the same trend as the high
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magnetite spinels from Nielsen et al. (1994); the Al-spinels
always have the lowest D values, and the values increase
strongly with both increasing Cr and increasing Fe’™.

Nielsen (1994) notes that the HFSE partitioning corre-
lates strongly with Dp;. Our data suggest that both D; and
the Dygsg correlate with Fe** or Cr*™ content, so the cor-
relation is mainly controlled by the nature of the trivalent
element in the spinel. This is likely due to a change in size
of the octahedral site, both Cr and Fe’* have a somewhat
larger ionic radius than Al (in VI coordination: 0.645, 0.615
and 0.535 A, respectively, Shannon 1976). The HFSE, Ti
and Sc also have relatively large ionic radii. So the incor-
poration of Cr and Fe*™ appears to increase the crystal
site size, which would increase the compatibility of larger
elements.

It is possible that a high Ti content would affect parti-
tioning in a similar manner, as this tetravalent element will
take the same site in the crystal structure as the trivalent
elements. In our experiments, however, the total Ti content
is similar at 2 wt% in most experiments, while a couple of
experiments have only trace amounts of Ti. There is no dif-
ference in partitioning between these experiments, suggest-
ing that for our range of compositions, Ti has no effect.

Temperature has little effect on the partitioning. Oxygen
fugacity has no direct effect on the partitioning except for
Sc, but it has a large indirect effect for all these elements
insofar as it changes the Fe3t/total Fe ratio, and therefore,
the Fe*" concentration in the spinel.

Tungsten, uranium, thorium and yttrium

W, U, Th and Y are all highly incompatible in spinel, and
the concentration of these elements is usually close to or
below detection limit of our analytical technique. There-
fore, the measured partition coefficients exhibit quite some
scatter but are typically below 10~*. We could not find any
clear correlation between D values, temperature, fO, and
spinel composition.

Volatile elements

The total Zn concentration in most experiments is lower
than expected, with the exception of the experiments per-
formed under the highest oxygen fugacity. This implies that
Zn is significantly volatile under more reducing conditions.
The D,, values for the most oxidized experiments range
from 5 to 8. The elements Cd, Sn, Sb and Pb all appear
to be highly volatile under all experimental conditions. In
most experiments, the bulk element content is significantly
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Fig. 6 Backscatter SEM images of samples that contain Pt—Rh nug-
gets. a Typical case, where the noble metal nuggets are located at the
rims of the spinel crystal. Figure 6b shows the association of nug-
gets with small spinel crystals, at the edge of the sample. Figure 6¢
shows relatively large nuggets in association with small spinels, con-
centrated at the edge of the sample. Note that for the smaller spinel
crystals, nuggets also sometimes occur inside the crystals. This is not
observed for the larger spinels
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decreased; therefore, meaningful partitioning coefficients
for these elements could not be calculated. More experi-
ments are clearly needed to better constrain the geochemi-
cal behavior of the moderately volatile transition metals
and related elements.

Platinum group elements: platinum and rhodium
Fartition coefficients

The determination of partition coefficients for PGEs
is complicated due to their tendency to form metallic
nanoscale particles (often termed “nano-nuggets”) in sili-
cate melts (see also the analytical procedures section). As
a consequence, the PGE concentrations in melts or crys-
tals may be overestimated at the risks of erroneous parti-
tion coefficients. This problem may explain much of the
observed variation of PGE partition coefficients in the lit-
erature (Brenan et al. 2012; Capobianco and Drake 1990;
Capobianco et al. 1994; Righter et al. 2004; Sattari et al.
2002).

To determine Dp, and Dyg,,, we performed two types of
experiments: (1) the experiments described above, where
Pt and Rh were added to the starting material together
with other trace elements and (2) four additional experi-
ments that had no trace elements added prior to the experi-
ment (samples prgll-prgl4). These experiments were
equilibrated with a Pt—Rh wire loop from which the sam-
ple was suspended in the furnace. Two wires of different
composition (thermocouple wire; Pt,)Rh;, and Pto,Rhy)
were used, and the experiments were performed at both
relatively reducing (log fO, = —10) and rather oxidizing
(log fO, = —0.7) conditions. This second set of experi-
ments is designed to prevent oversaturation of Pt and Rh,
which likely enhances the formation of (nano-)nuggets,
and to determine whether equilibrium has been achieved
by comparing the concentrations in both types of experi-
ments. Note that the type 2 experiments were performed in
an iron- and chromium-free composition.

In our experiments, the (measured) partition coefficients
for Rh extend over a range of 5 orders of magnitude (see
Fig. 3d). The FeO-containing samples generally have lower
D values. Furthermore, Dy, increases strongly with increas-
ing oxygen fugacity, from Dg, = 1.1 at a log fO, of —10 to
Dy, =431 at alog fO, of —0.7 (for the iron-free samples).

Partition coefficients for Pt are not affected by fO,, but
similar to Rh, the iron-containing experiments have lower
D values (see Table 4). For both Pt and Rh, the type 1
experiments give similar results to the type 2 experiments.
The composition of the wire loop also has very little effect

Fig. 7 a Lamellae of a spinel crystal prepared for TEM analysis. b, ¢
STEM-HAADF images from sample sp2_10, where no obvious high-
Z nano-nuggets are detected
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on the amount of Pt and Rh in the experiment, and the Pt/
Rh ratio. There is a, however, a certain amount of scat-
ter in the data which could be the result of either analyti-
cal uncertainties or contamination of the measurements by
nuggets.

The issue of (nano)nuggets

Overall, the measured Pt concentrations of the glasses
of all experiments is similar within one order of magni-
tude independent of fO,. This is not what we expected
when considering that the solubility of Pt and Rh in sili-
cate melts increases with increasing fO, (Ertel et al. 1999).
The Rh content shows a bit more scatter. This is in part
due to varying amounts of Rh in the experiments, because
some experiments were performed with a 100 % Pt wire
loop, while others were performed with a Rh-containing
wire loop. However, despite the scatter, there seems to be
a slight increase in Rh with increasing fO,. According to
Ertel et al. (1999), both Pt and Rh concentrations in glass
should decrease strongly with decreasing fO,, but our data
does not show this. At lower fO, (<log —6), the measured
Pt and Rh concentrations in the melt are much higher than
that predicted by the solubility model. This suggests that
if the Ertel et al. (1999) model is correct, under low fO,
conditions, Pt and Rh are for the most part not dissolved in
the melt but present as metallic nuggets. At first sight, this
seems to discredit our measured Pt and Rh partition coef-
ficients derived from the low fO, experiments.

However, our data show clearly that the change in appar-
ent Dy, values in our experiments is almost entirely due to
changes of the Rh content in the spinel (Table 4), which is
low at low fO, and increases dramatically with increasing
fO, (up to ~ 4700 ppm Rh). In contrast, the Pt concentra-
tion in spinel is rather constant with fO, and is only lower
in the Fe-bearing experiments. However, the experiments
at high fO, show the least amount of scatter in concentra-
tions and D values, suggesting that nuggets are indeed less
of an issue under these conditions. It is conceivable that at
low fO, conditions, both the Pt and Rh concentrations in
the glass are overestimated due to the presence of metal-
lic nuggets, and the partition coefficients could therefore be
underestimated. This could mean that the decreasing D val-
ues for Rh with decreasing fO, are at least partly artificial
and caused by nugget contamination; however, it is unclear
why this is not also the case for Pt.

Occurrence and concentration of nuggets
All samples were carefully examined by high-resolution
SEM imaging for Pt-Rh nuggets, to avoid contamination

of the LA-ICP-MS measurements. In some experiments,
we do indeed find Pt-Rh alloy nuggets of submicron size.
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These nuggets occur on the rims of the spinels. We did not
observe any metallic nuggets in the cores of large (>20 um)
spinels. Therefore, we do not expect the nuggets to inter-
fere with the LA-ICP-MS measurements because the rims
of the crystals are easily avoided during measurements.

The occurrence of platinum nuggets at the rims of spi-
nels in experiments was also observed by Ballhaus et al.
(2006); Brenan et al. (2012); Finnigan et al. (2008). Ball-
haus et al. (2006) suggests that this might be due to prefer-
able nucleation of the nuggets on the (Cr)-spinel surface.
Finnigan et al. (2008) propose that local reduction at the
crystal-melt interface caused by preferred uptake of oxi-
dized species of Fe (Fe’* over Fe’*) and Cr (Cr’* over
Cr*) in spinel could result in a decreased solubility of
PGE:s at this interface, which results in the precipitation
of nuggets. However, the fact that the nuggets occur in all
types of experiments, including the ones that are Fe and
Cr free, suggests that local reduction does not play a role
in these cases. Furthermore, the association of relatively
large nuggets with very small spinel crystals in one sam-
ple (sp10_02) suggests that local reduction in the melt due
to the formation of these small crystals would not be suf-
ficient to allow such relatively large amount of Pt—Rh alloy
to precipitate.

To investigate the occurrence and nature of these nug-
gets further, two samples were examined in more detail.
Both samples are type 1 experiments, i.e. trace elements
(including Pt and Rh) were added to the starting material,
and they are also equilibrated with a Pty,Rh, wire loop
during the run. Sample 10_02 was performed at relatively
oxidizing conditions (log fO, = —4) and high tempera-
ture (1420 °C). The sample contains relatively large nug-
gets (see Fig. 6b, ¢), up to nearly one micron in diameter,
which is large enough for EDS analysis. The largest nug-
gets are always found in association with smaller spinel
crystals, typically occurring at the edge of the sample, but
not necessarily close to the wire loop. Smaller nuggets are
also observed on the rims of larger spinels in the sample
(Fig. 6a). An EDS spectrum from these nuggets suggests
that the Pt/Rh ratio is approximately 1.1. This is, consid-
ering the uncertainties, very similar to the measured Pt/Rh
ratio in the melt of 1.3, which suggests that either the nug-
gets have precipitated from this melt without any signifi-
cant fractionation of Pt from Rh or that the measurements
of the glass are dominated by nano-nuggets of a similar
composition to the larger ones.

To search for nano-nuggets inside spinel, we char-
acterized a spinel crystal of one sample (sp2_10) using
TEM (see Fig. 7a—c). These spinels contained particularly
high Rh (~ 1000 ppm) and moderately high Pt concentra-
tions (10 ppm). However, no nuggets were found inside
the spinel on various STEM-HAADF images throughout
the prepared lamella although the spatial resolution was
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sufficiently high to identify possible nuggets in the size
range < 10 nm (Fig. 7b, c). This experiment was performed
under high fO, (log —0.7), indicating that under these oxi-
dizing conditions, the concentrations of Pt and Rh in the
spinel structure is indeed rather high. This confirms in part
the finding of Righter and Downs (2001), who have shown
that under highly oxidizing conditions, magnesioferrite
(Mg(FeS+)204) can accommodate large amounts of PGEs
in the crystal structure. In natural systems Park et al. (2012)
found high Rh and other PGE contents in natural Cr spinels
from oxidized lavas.

Under oxidizing conditions, the solubility of Pt and Rh
in the melt is also rather high, which suggests that at least
for the high fO, experiments, there is no reason to believe
that the measurements are contaminated by nuggets either
in the spinels or the melt and that the partition coeffi-
cients for the high fO, experiments are reliable. However,
further TEM investigations on more lamellae are needed
to fully address the problem of the possible presence of
nano-nuggets.

Some comments on Pt and Rh transport in silicate melts

Although our experiments were primarily designed to
measure partition coefficients, we can use the experiments
to shed some additional light on PGE transport processes in
silicate melts. Despite the fact that solubility of Pt and Rh
is very low, especially at low oxygen fugacities, the mobil-
ity of these elements is high enough to allow transport of
enough material to allow the formation of metallic nuggets
at the rims of crystals. Our type 2 experiments contained
no Pt or Rh in the starting material (see Table 4 and section
“Partition coefficients”). The Pt and Rh content in these
experiments is entirely derived from the metal wire loop,
which holds the sample in the furnace. Depending on redox
conditions, the spinels growing in these experiments con-
tained significant to very high Pt and Rh concentrations
after the run. The Pt and Rh in these experiments had to
be chemically dissolved, or in some other way physically
transported from the metal wire loop. The concentrations
of Pt and Rh in the glass and spinel are always very simi-
lar to those of the experiments that have Pt and Rh added
before the experiment (type 1 experiments). This suggests
that some sort of equilibrium situation has been reached,
despite the fact that in the reducing experiments, the meas-
urements of the glasses may be dominated by nuggets.

The composition of the wire has very little effect on the
concentration measured in the glasses or the spinels. The
Pt/Rh ratio, however, is very different from that of the plati-
num wire loop from which the experiments equilibrated
(Pt/Rh of the wire is 15.7 or 2.3 depending on the wire).
The low fO, experiments give a Pt/Rh ratio of ~ 20 in both
spinel and melt, while the high fO, have a Pt/Rh ratio of

0.6 in the melt and 0.02 in the spinels. This is an important
observation, because it means that, even if the measure-
ment of the low fO, experiments are dominated by nuggets,
these metallic nuggets are not simply flakes of Pt—Rh wire
material that have been dispersed into the melt. Instead,
significant fractionation occurs when Pt and Rh are trans-
ported from the wire through the melt and to the crystals,
and, in the case of the high fO, experiments, also when the
spinels crystalize from the melt. It should also be noted that
the fractionation of Pt from Rh occurs into different direc-
tions under different oxygen fugacities; at low fO,, Pt/Rh
increases, while at high fO,, it is the other way around, Pt/
Rh decreases. This indicates that Pt can be significantly
fractionated from Rh during melt transport in silicate melts
and that this fractionation depends critically on fO,.

Implications and applications

Oxygen geobarometry using redox-sensitive trace
elements

Our experimentally determined partition coefficients may
be used to predict trace element evolution of spinel from
fractionating mafic magmas. The most straightforward case
in which one could use our data to predict the redox con-
ditions during spinel growth involves spinel-hosted melt
inclusions. In this case, one would need to measure both
the host spinel and the melt inclusions for Mo or V, calcu-
late Dy, or Dy, from the spinel/melt inclusion data, and use
the aforementioned equations (2, 3) which links Dy, or Dy,
to fO,.

If no melt inclusions are available, the determination of
fO, is more complicated. One could, however, use relative
redox indicators such as Mo/Ga or V/Ni ratios in spinels
to establish whether spinels were formed at relatively more
oxidizing or more reducing conditions. As an example,
consider a spinel which was formed early during fractiona-
tion from a near-primary basaltic magma, compared to a
spinel which was formed (or re-equilibrated) later during
contact with an evolved (and more oxidized) magma in a
magma reservoir. The first spinel is probably a Cr-rich
spinel (Barnes and Roeder 2001) that formed under rela-
tively reducing conditions. As Mo or V are more compat-
ible under these conditions, the spinel is expected to show
a relatively high Mo/Ga and V/Ni ratio. Note that Ga and
Ni partition coefficients are relatively constant and are not
significantly affected by changing melt composition, crys-
tal composition or fO,.

The spinel that formed later during the crystallization
sequence crystallizes under more oxidizing conditions,
where Mo and V are much more incompatible. Here, the
Mo/Ga and V/Ni should be much lower than in the reducing
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case. This approach will work only well when the system
is not disturbed by the crystallization of other silicate or
oxide phases. Both the Ga and Ni bulk partitioning coeffi-
cients during mantle melting are not far from 1 (Davis et al.
2013), so there is some potential that our proposed trace
element ratios may be used as a relative redox indicator, but
this needs to be tested further. In the case of basalts, the V/
Sc ratio is often used in a similar way to constrain varia-
tions in fO, (Lee et al. 2005; Mallmann and O’Neill 2009);
however, in case of spinel solid solutions, this is not recom-
mended since Dg, highly depends on the spinel major ele-
ment composition, i.e. the Cr#, and the Fe3t content, and
the latter is controlled by the redox conditions.

Conclusions

We determined spinel/melt partition coefficients for a num-
ber of trace elements, as a function of spinel composition
and oxygen fugacity conditions. For many trace elements,
there is little or no effect of either composition or fO, on
the partitioning behavior. However, partition coefficients
of the multivalent elements V and Mo are dependent of
redox conditions. These elements may be used to con-
strain relative oxygen fugacity during spinel formation or
re-equilibration.

For Ti, the HFSE, Sc and Lu (representing the rare earth
elements), the spinel composition is the major controlling
factor of their partitioning.

The partitioning of Pt and Rh is more complicated due
to the issue of metallic nuggets in the melt. We find strong
effects of fO, on the partitioning of Rh, while Pt appears
unaffected by oxygen fugacity. At high fO,, nuggets are not
an issue, and we find high D values for Rh. We also report
that a fractionation of Pt from Rh can occur during melt
transport in silicate melts and that the direction of this frac-
tionation depends on fO,: at low fO, the Pt/Rh increases,
while at higher fO,, Pt/Rh decreases.
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