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Abstract
Lattice diffusion coefficients and partition coefficients have been determined for Li, Mg, Al, Sc, Ti, Cr, V, Mn, Co, Ni, Cu, 
Zn, Ga, Y, Zr, Nb, Mo, In, Lu, Hf, Ta and U in single crystals of natural magnetite as a function of oxygen fugacity (fO2) 
at 1150 °C and 1 bar by equilibration with a synthetic silicate melt reservoir. Most experiments were run for twelve hours, 
which was sufficient to generate diffusion profiles from 25 to > 1000 µm in length. The results were checked at one condition 
with two additional experiments at 66.9 and 161 h. The profiles were analysed using scanning laser-ablation inductively-
coupled-plasma mass-spectrometry. Diffusion coefficients (D) were calculated by fitting data from individual element dif-
fusion profiles to the conventional diffusion equation for one-dimensional diffusion into a semi−infinite slab with constant 
composition maintained in the melt at the interface. Equilibrium magnetite/melt partition coefficients are given by the ratio 
of the interface concentrations to those in the melt. Plots of log D as a function of log fO2 produce V-shaped trends for all 
the investigated elements, representing two different mechanisms of diffusion that depend on (fO2)−2/3 and (fO2)2/3. Diffusion 
coefficients at a given fO2 generally increase in the order: Cr < Mo ≈ Ta < V < Ti < Al < Hf ≈ Nb < Sc ≈ Zr ≈ Ga < In < Lu ≈ 
Y < Ni < U ≈ Zn < Mn ≈ Mg < Co < Li < Cu. Thus, Cu contents of magnetites are most susceptible to diffusive reequilibra-
tion, whereas the original content of Cr should be best preserved.
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Introduction

Trace element concentrations in magnetite vary considerably 
between different deposit types (Dare et al. 2012; Nadoll 
et al. 2014) and can, therefore, be used as a tool for fin-
gerprinting mineralisation styles and interpreting primary 
conditions of crystallisation. Variations in trace element 

chemistry of igneous magnetite may be due in part to dif-
ferences in parameters such as temperature, bulk melt com-
position, oxygen fugacity (fO2) and pressure, which dictate 
equilibrium element partitioning behaviour. However, par-
titioning of trace elements can also occur at disequilibrium. 
Diffusion (disequilibrium) processes can act to modify the 
original magnetite chemistry, particularly in igneous sys-
tems. Thus, to utilise magnetite as a petrogenetic tool, it is 
important to understand the transport properties of elements 
within the mineral so that the likelihood and timescales nec-
essary for the trace element chemistry to be influenced by 
disequilibrium element partitioning can be assessed.

Magnetite (ideally  Fe2+Fe3+
2O4) is a common mineral 

in igneous and metamorphic rocks and has been studied 
extensively with regard to diffusion. A large volume of 
early work focused on oxidation kinetics (e.g. Dieckmann 
1982). At low temperature,  Fe3O4 has an inverse spinel 
structure, in which both  Fe2+ and  Fe3+ occupy the octa-
hedral sites in equal proportions, and with  Fe3+ being the 
sole component of the tetrahedral sites. With increasing 
temperature, cation distribution disorders towards the 
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random arrangement of maximum configurational entropy, 
 [A1/3B2/3][A2/3B4/3]O4 (Wu and Mason 1981). Magnetite 
is stable between the iron–magnetite or wüstite–magnet-
ite oxygen buffers (depending on temperature) at low fO2 
and the hematite−magnetite oxygen buffers at high fO2 
where its stoichiometry deviates somewhat from the ideal 
of three cations to four oxygens, depending also on tem-
perature (e.g. O’Neill 1988). These deviations from the 
ideal stoichiometry have been shown to have a profound 
effect on diffusion. Under oxidizing conditions, magnet-
ite is cation deficient (Fe/O < ¾ atomic), with vacancies 
on the normally occupied octahedral and/or tetrahedral 
cation sites. However, at low fO2, where magnetite is at, 
or near, equilibrium with wüstite, magnetite has a slight 
excess of cations accommodated at interstitial sites. As a 
result, it has been proposed that an interstitialcy diffusion 
mechanism predominates at low fO2, whereas a vacancy 
diffusion mechanism prevails under more oxidising condi-
tions (Van Orman and Crispin 2010). Hence understanding 
diffusion in magnetite mandates that fO2 should be studied 
as a variable.

The diffusion of some cations (Fe, Co, Cr, Al and Ni) in 
magnetite have been studied over a range of physical con-
ditions (Dieckmann et al. 1978; Dieckmann and Schmalz-
ried 1986; Aggarwal and Dieckmann 2002). However, dif-
fusion properties for the less compatible trace elements are 
not well known. Consequently, the diffusion coefficients 
for > 21 elements were investigated in natural magnetite as 
a function of fO2 (FMQ−1 ≤ fO2 ≤ FMQ + 4.89) at 1150 °C 
and 1 bar by equilibration with a synthetic silicate melt 
reservoir. This experimental approach also allows equi-
librium partition coefficients to be derived from element 
concentrations at the magnetite–glass interface.

Experimental procedures

The experimental approach applied here follows that of 
Spandler and O’Neill (2010). Silicate melt is held inside a 
crucible made from a single crystal of magnetite, to form 
a diffusion couple between melt and magnetite. The mag-
netite crystals used (known as Mt−1) have a restricted 
compositional range, which is close to pure magnetite, 
with total trace element contents less than 1500 ppm. 
The composition of the silicate melt is designed to have a 
major-element composition in equilibrium with the mag-
netite under the experimental run conditions, to ensure 
that negligible crystallisation or dissolution of magnet-
ite occurs at the magnetite–melt interface. The melts 
were doped with trace elements, and the experiments 
were run for sufficient time to generate diffusion profiles 
in the magnetite that can be measured using scanning 

laser-ablation inductively-coupled-plasma mass-spectrom-
etry (LA–ICP–MS).

Synthesis of trace‑element doped melt

Since the composition of the melt in equilibrium with mag-
netite changes with fO2, different synthetic CaO−FeO–SiO2 
(CFS) melts were prepared for each run condition. Other 
major elements such as Al, Mg and Ti were not added to 
the synthetic melt as major components because their par-
titioning could have altered the major element chemistry 
of the magnetite and, therefore, its structure and diffusion 
properties.

A primary CFS mix was prepared with FeO = 25 wt. %, 
CaO = 15 wt. % and  SiO2 = 60 wt. % from a mixture of syn-
thetic oxides  (SiO2 and  Fe2O3) and carbonates  (CaCO3). To 
obtain the composition of the melt needed for each fO2 con-
dition, preliminary experiments were conducted as follows. 
An aliquot of this primary CFS mix was combined with 
finely ground magnetite to form a paste, which was pressed 
onto 0.3 mm diameter Pt wire loops. The Pt wire loops were 
then suspended in the hot zone of a GERO 1-atm vertical 
furnace at 1150 °C with gas mixing ratios set to produce 
the specified fO2 conditions. Samples were held in the fur-
nace for 12 h before drop-quenching into distilled water. 
The experimental charges consisted of magnetite, quartz 
and glass (quenched melt). The composition of the glass 
in equilibrium with the magnetite and quartz was analysed 
via scanning electron microscopy electron-dispersive-spec-
troscopy (SEM–EDS) using a JEOL 6400 SEM; analytical 
conditions were 20 kV accelerating voltage, 3 nA sample 
current and 1 µm spot size. The derived compositions repre-
sent the experimental CFS starting compositions to be used 
for each respective fO2. Separate starting compositions for 
each fO2 condition were then prepared using dried oxides 
and carbonates and decarbonated as done for the primary 
starting material. The bulk chemical compositions of the 
starting materials used are provided in Table 1.

Trace elements were added to each separate starting 
composition as inductively coupled plasma (ICP) standard 
solutions using a pipette in proportions necessary to dope 
the starting material at approximately 200 ppm for all trace 
elements. Aluminium, Co, Cr, Cu, Hf, In, Mg, Mn, Mo, Nb, 
Ni, Th, Ti, Sc, Sr, Ta, U, V, W, Y, Zn, Zr, Lu, Y were added 
in all experiments, Li in experiments at FMQ−1, FMQ and 
FMQ + 4.89 and Ga in experiments at FMQ−1. Each mix-
ture was dried under a heat lamp, homogenized in an agate 
mortar, and denitrified at 500 °C for 2 h.

Preparing magnetite crucibles

Euhedral natural magnetite crystals measuring more than 
6 mm length and 6 mm in diameter were selected. SEM 
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back-scattered electron (BSE) images confirmed that the 
magnetite crystals were inclusion free and their com-
positions were checked via LA−ICP−MS. The crystals 
were mounted in epoxy resin and then carefully drilled 
with a diamond drill bit to produce a cylindrical cavity 
1.25–2.5 mm in diameter and 3–4 mm long. The epoxy 
was then carefully removed with pliers after softening in 
an oven at 120 °C and the crucibles were finally cleaned 
with ethanol and distilled water in an ultrasonic bath.

Each magnetite bucket was filled with the appropri-
ate powdered starting material and hung by Pt wire in 
a GERO 1-atm vertical gas-mixing furnace, with fO2 
conditions set to those required using a flowing  CO2/CO 
mixture. The magnetite was loaded into the furnace at 
600 °C, then the temperature was ramped at 200 °C/h to 
1150 °C and left to anneal for the required duration of the 
experiment. A relatively slow ramping rate was necessary 
to minimize cracking of the buckets and prevent the melt 
escaping from the bucket. Finally, the run product was 
drop quenched into distilled water, dried, mounted into 
epoxy and polished perpendicular to the cylindrical cav-
ity for analysis.

Experimental conditions

All experiments were conducted at 1 bar, 1150 °C with 
fO2 varied from FMQ−1 to FMQ + 4.89. 12 h was suf-
ficient time to generate diffusion profiles greater than 30 
microns for most elements studied, which are sufficiently 
long to interpret reliable interface concentrations, initial 
concentrations and diffusion constants for the different 
elements. However, two experiments were run at longer 
durations (66.9 and 161.4 h) to check for consistency with 
the 12-h experiments (Table 2).

Analytical methods

Run products were first examined using a JEOL 6400 SEM 
at the Research School of Earth Sciences (RSES), Australian 
National University (Fig. 1). Back-scattered electron imag-
ing was used to inspect the magnetite interface, to identify 
whether there had been discernible crystallisation or dissolu-
tion, which could distort diffusion profiles.

A Cameca SX-100 electron microprobe (EPMA) at the 
Natural History Museum, London, was used to measure 
major element contents of the silicate glass. Calcium, Si and 
Fe were analysed. A 20 kV accelerating voltage, 2 nA sam-
ple current and a defocused (10–20 µm) beam were applied.

Trace-element compositions of magnetite and glass 
were analysed using LA−ICP−MS at the RSES and at the 
LODE Research Facility at the Natural History Museum, 
London. The LA−ICP−MS at the RSES consists of an Agi-
lent 7700 × quadrupole ICP− MS coupled to a Resonetics 
193 nm excimer laser with a custom-built ablation cham-
ber. At the LODE Research Facility, a New Wave Research 
193 nm excimer laser coupled to an Agilent 7700 × quad-
rupole ICP−MS was used. Laser energy was regulated to 
provide a laser fluence at the sample site of 3.5 J/cm2 (ANU) 
and 3.2 J/cm2 (LODE). The ICP−MS was tuned prior to 
analyses to ensure low backgrounds and low oxide produc-
tion levels.

Rectangular ablation shapes were used to improve the 
resolution of an element concentration profile in compari-
son to profiles obtained using conventional circular abla-
tion shapes. For each traverse, the laser was focused into 
a 100 × 6 micron rectangular beam oriented parallel to the 
magnetite−glass interface, as observed with an optical 
microscope. After background counting for 30 s, the laser 
was switched on and the sample traversed continuously 
beneath the laser at a rate of 1 micron/s. All traverses were 
started in the interior of the magnetite crystal and ended 

Table 1  Major element composition of experimental starting materi-
als

Uncertainty in last significant figure (in brackets) = 1 σ of multiple (n) 
analyses
These compositions were determined by running preliminary experi-
ments to assess the composition of silicate melt in equilibrium with 
magnetite (Mt−1)

Experiment n SiO2 (wt. %) CaO (wt. %) FeO (wt. %)

MB− 24 (FMQ−1) 12 31.0 (3) 7.1 (2) 62.0 (4)
MB− 21 (FMQ) 14 37.0 (4) 8.5 (3) 54.5 (5)
MB− 7 (FMQ + 1) 13 44.5 (2) 12.60 (4) 42.9 (2)
MB− 2/3/9 (FMQ + 2) 23 47.6 (2) 18.60 (7) 33.5 (2)
MB− 14 (FMQ + 3) 14 49.6 (2) 21.48 (7) 28.9 (2)
MB− 23 

(FMQ + 4.89)
14 49.2 (3) 22.9 (3) 27.9 (3)

Table 2  Experimental conditions

a ΔFMQ = log fO2 (experiment)−log fO2 (FMQ buffer); values were 
calculated using O’Neill (1987)
b Time represents dwell time in hours after ramp up to final tempera-
ture

Experiment T (°C) fO2 (ΔFMQa) t (h)b

MB− 3 1150 FMQ + 2.0 11.99
MB− 2 1150 FMQ + 2.0 161.44
MB− 9 1150 FMQ + 2.0 66.93
MB− 7 1150 FMQ + 1.0 12.38
MB− 14 1150 FMQ + 3.0 12.12
MB− 21 1150 FMQ + 0.0 11.99
MB− 23 1150 FMQ + 4.9 12.00
MB− 24 1150 FMQ−1.0 12.28
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by ablating clean glass; this avoided analyses of previously 
ablated glass that could have been deposited at the magnet-
ite−glass interface. The traverses were positioned as far from 
cracks as possible. Glass was separately analysed with a 50 
micron laser spot size. Fe and Ca were used as an internal 
standard for the magnetite and glass analyses, respectively, 
measured previously via EPMA. BCR-2g was used as an 
external standard for magnetite analyses (other than In, for 
which GSD-1g was used) and NIST 610 for glass analy-
ses. GSD-1g and GSE-1g were also measured for quality 
control monitoring. All reference materials were analysed 
in the same fashion as the sample analysed. The isotopes 
analysed were 7Li, 24Mg, 27Al, 29Si, 43Ca, 45Sc, 49Ti, 51V, 
52Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 65Cu, 66Zn, 69Ga, 88Sr, 
89Y, 90Zr, 92Zr, 93Nb, 95Mo, 115In, 175Lu, 177Hf, 181Ta, 182W, 
232Th and 238U. For the majority of analyses, Lu, Y and Th 
were measured using a 0.3 s dwell time on each isotope; the 
other isotopes were measured with 0.1 s dwell times. Some 
slow diffusing elements (Sc, Ti, V, Zr, Nb, Hf, Ta) were also 
measured separately, thereby reducing the ICP− MS sweep 
time to 0.7 s which increased analytical precision. For most 
traverses, the sweep time for the ICP− MS was 2.0 s. Data 
were reduced using IOLITE software in a ‘natural’ fashion, 
such that each ablation slice was processed individually.

Calculation of diffusion and partition coefficients

The diffusion geometry is assumed to be that of one-dimen-
sional diffusion into a semi-infinite medium with a con-
stant concentration boundary condition maintained at the 

magnetite−melt interface. These conditions require element 
diffusion in the melt to be fast with respect to element diffusion 
in magnetite, which is deemed reasonable on account of very 
fast element diffusivities in silicate melts at high temperatures 
(Spandler and O’Neill 2010). Furthermore, the melt composi-
tions used here are relatively low silica (< 50 wt. %  SiO2) and 
diffusivities generally increase with decreasing  SiO2 (Hender-
son et al. 1986). The solution to the diffusion equation under 
these conditions is (Crank 1975):

Here, DM is the chemical diffusion coefficient, c(x) the 
concentration at distance x into the magnetite, ci the concen-
tration at the interface (x = 0), c0 the initial concentration in 
magnetite and t is the duration of the experiment, taken from 
when the heating ramp reached the equilibration temperature 
of 1150 °C. This equation applies to element diffusion both 
into and out of the magnetite.

The relatively slow ramping rate of 200 ºC/h raises the 
possibility of some experimental error in the time of the 
diffusion anneals. An effective time ( teff ), equivalent to the 
time that would be required at the equilibration temperature 
(1423 K) to achieve the same amount of diffusion, may be 
calculated from:

(1)
ci − c(x)

ci − c0
= erf

⎛⎜⎜⎝
x

2
�
DMt

� 1

2

⎞⎟⎟⎠

Fig. 1  Geometry of experimen-
tal products and analytical pro-
cedure. a, b SEM−BSE images 
of magnetite crystal containing 
quenched glass post-analysis 
with LA−ICP−MS showing 
laser traverse profiles. c Cartoon 
of the magnetite–glass interface 
region showing laser-ablation 
profiles through magnetite and 
glass and laser ablation pits in 
glass
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Assuming that the diffusion coefficients vary with tem-
perature according to the Arrhenius relationship, with 
constant activation energies H, their variation with time 
during the ramp would be:

where dT
dt

 is the ramp rate. Substituting this relation into Eq. 2 
gives:

Cation diffusion in oxides generally has activation ener-
gies between 200 and 300 kJ/mol (Van Orman and Crispin 
2010), corresponding in these experiments to values of 
0.37 and 0.25 h, respectively, from numerical integration 
of Eq. 4. These values are 3% and 2% of the shortest equi-
libration time used in this study, 12 h, well below other 
experimental uncertainties. In addition, the times calcu-
lated from Eq. 4 may be overestimated as diffusion pre-
sumably only gets going when the contents of the buckets 
melt and wet the walls. In magnetite, however, the situa-
tion is complicated by the dependence of cation diffusivity 
on fO2, values of which also depend on temperature and, 
therefore, also vary continuously during the ramp. Fur-
thermore, the magnetite crystals in principle need some 
time to equilibrate their point-defect concentrations with 
the imposed fO2. In view of these complexities, it is more 
appropriate to evaluate whether the ramp time has any 
effect by comparing results from the three experiments 
run for 12.0, 66.9 and 161.4 h under otherwise identical 
conditions (Table 2).

Diffusion profiles across the inner edges of the magnet-
ite crucibles into the glass were evaluated by plotting ele-
ment concentrations versus distance. The position of the 
interface in each profile was determined from the abrupt 
change in concentrations of most elements in the profiles 
(Fig. 2). It is worth noting that given the width of the 
rectangular laser beam (6 µm), the interface position may 
be inaccurate by up to 3 µm. The abrupt change in con-
centrations of most elements at the interface did vary for 
some analytical traverses by up to 5 microns, correspond-
ing to 5 s of continuous analysis. The increase becomes 
noticeable earlier for very incompatible elements, due to 
imperfect alignment of the slit with the interface. In such 
cases, the last few microns of the profile were excluded, 

(2)teff =

⎛
⎜⎜⎝

tf

∫
0

D(t)dt

⎞
⎟⎟⎠
∕D1423 K

(3)D(t) = Doexp
{
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R
(
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t
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�
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�
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�

and this part was extrapolated to the glass interface using 
the remainder of the diffusion profile within the magnetite. 
The uncertainties caused by the uncertainty in the inter-
face position with the scanning method have been dis-
cussed by Zhukova et al. (2014). They are more significant 
for partition coefficients than diffusion coefficients.

The data were fitted directly to the diffusion equation 
using the known values, c(x), x and t, and solving for ci, co 
and DM using weighted, multiple, non-linear least squares. 
The accuracy of each fit was checked graphically by com-
paring the calculated and measured diffusion profiles. With 
the exception of volatile elements (e.g. In, Zn), whose dif-
fusion profiles are modified by decreasing concentrations 
with time in the melt, only those diffusion profiles which 
were described well by the diffusion equation were accepted. 
Poor fits could occur if the profile was not close enough to 
perpendicular to the interface, or if the profile was distorted 
by element diffusion from melt in a crack. Examples of the 
fits are given in Fig. 2.

The parameters ci, co and DM, were obtained for each 
element in each diffusion profile. Consistent values of DM, 
ci and c0 across all experiments provide a check on data 
quality and the standard deviation of these multiple values 
was used to estimate the experimental uncertainties. As an 
additional means of verification of the values of co, analyses 
using LA−ICP−MS with a 100 micron spot were conducted 
at the outside of the magnetite bucket and distal from the 
melt, in regions not influenced by element diffusion from the 
melt for most elements. Even with a 100 micron laser spot, 

Fig. 2  Representative diffusion profiles for Mn, Zn, Ni, Sc, U and 
Lu acquired by LA–ICP–MS analysis for experiment MB-7 at 
fO2 = FMQ + 1, t = 12 h. Solid curves represent the best fits to the data 
according to the diffusion equation. Dashed vertical line at 0  µm is 
the magnetite−glass interface
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a number of elements were not above the limit of detection. 
For these elements, co was approximated as 0 ppm when 
solving for ci and DM.

Values of the magnetite/melt partition coefficients (KM) 
can be calculated from KM = ci/cliq, where cliq is the concen-
tration in the liquid, and ci is the interface concentration. The 
uncertainty in KM for each element in each experiment was 
propagated from the standard deviations of multiple ci and 
cliq determinations. For some analytical traverses, it was not 
possible to extract a viable diffusion profile whilst still being 
possible to interpret ci. For example, in some analytical trav-
erses pre-existing inclusions in the magnetite interrupted the 
diffusion profile. However, it was still usually possible to 
obtain  ci, and thus calculate KM.

Results

Magnetite (Mt−1) composition

Multiple analyses of four separate magnetite (Mt−1) crys-
tals prior to experiments indicated a uniform major and 
trace element composition (Table 3). However, some minor 

exsolution for elements such as Mg and Ti meant it was 
sometimes difficult to measure clean diffusion profiles for 
these elements. Prior to the experiment, most trace element 
contents are very low in the natural magnetite. Only Mg, Al, 
Si, P, Sc, Ti, V, Cr, Mn, Co, Ni, Zn, Ga and Mo were above 
the limit of detection with LA−ICP−MS using a 100 micron 
spot and GSD-1g as the external standard. The total trace 
element content of all elements detectable with LA–ICP–MS 
is less than 1500 ppm.

Post-experimental, annealed magnetite crystals have 
trace element contents in the outer edge of the crucibles 
(in regions unaffected by element diffusion) in agreement 
with the initial composition of Mt−1, apart from Cu and 
Li. Furthermore, in all experiments, co values refined from 
least-squares regressions are similar to the concentrations 
measured in the original magnetite for elements which 
are above the limit of detection. Values of ci, c0 and log 
D determined using LA–ICP–MS data generated at RSES 
and LODE were consistent for all elements analysed. Some 
particularly incompatible elements (e.g. Sr and Th) were not 
doped at sufficient concentrations to raise  ci above the limit 
of detection in most experiments.

Glass composition

The starting glass and final glass post− experiment are very 
similar in composition. For the 12 h experiments, the final 
glass differs from the initial composition by < 1.5 wt % for 
Ca, Fe and Si. This is important because it indicates that 
the composition of the melt remained relatively constant 
for the duration of the experiments. Some experiments have 
rare crystals of magnetite and quartz (e.g. Fig. 1a) nucle-
ated within sections of the melt, the abundance of which 
increases with experiment duration. This resulted in a pro-
gressive decrease in FeO and  SiO2 concentrations, and con-
comitant increase in CaO concentrations in comparison to 
the starting composition, with increasing experiment dura-
tion (Table 4).

With increasing fO2, there is a significant change in the 
major element chemistry of the melt in equilibrium with the 
magnetite (Table 1). Between FMQ−1 < fO2 < FMQ + 4.89, 
the FeO content decreases from 62.0 to 27.9 wt. %, the CaO 
content increases from 7.1 to 22.9 wt. %, and the  SiO2 con-
tent increases from 31.0 to 49.2 wt. % (Table 1).

Table 3  Composition of magnetite crystals (Mt−1) prior to annealing 
which was used in experiments

*Errors (in last 1 or two significant figures, in brackets) = 1σ of 40 
analyses (10 on each of four separate magnetite crystals)

Element Mean Concentration 
(ppm)*

Element Mean Con-
centration 
(ppm)*

Li 0.91 (3) Zn 26 (3)
Mg 260 (71) Ga 2.3 (5)
Al 230 (57) Y  < dl
Si 230 (38) Zr  < dl
Ca  < dl Nb  < dl
Sc 0.9 (3) In  < dl
Ti 230 (56) Mo 0.02 (1)
V 40 (17) Lu  < dl
Cr 10 (7) Hf  < dl
Mn 100 (20) Ta  < dl
Co 2.0 (3) W  < dl
Ni 3.9 (7) Th  < dl
Cu  < dl U  < dl

Table 4  Starting composition 
and final glass compositions for 
experiments at fO2 = FMQ + 2 
and T = 1150 °C

SiO2, CaO and FeO were measured using EPMA. Data are normalized to 100% anhydrous errors = 1σ

Starting mix Glass @ 12.0 h Glass @ 66.9 h Glass @ 161.4 h

SiO2 (wt. %) 47.6 47.1 (2) 46.3 (1) 48.4 (2)
CaO (wt. %) 18.6 18.0 (1) 20.8 (1) 23.7 (2)
FeO (wt. %) 33.5 34.9 (2) 32.9 (1) 27.8 (3)
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Bulk loss of trace elements

Several elements could be susceptible to bulk loss during 
experiments due to their volatility. For example, although 
added at an initial concentrations > 200  ppm, the con-
centrations of Zn and In in the final glass were < 1.4 ppm 
and < 8.8 ppm, respectively, at fO2 = FMQ−1, and exhib-
ited increasing loss with decreasing fO2 and with increasing 
duration of the experiment. In the case of In, it was clear that 
In was volatile at low fO2 from the deviation in the fit of the 
diffusion profiles from Eq. 1. This effect was only apparent 
in experiments with low fO2 (fO2 ≤ FMQ + 1).

Copper concentrations in the glass were significantly 
lower than expected and decreased with experimental dura-
tion in experiments conducted at the same fO2 and T condi-
tions (FMQ + 2/1150 °C). This could be due to volatility, 
but it is also possible that the particularly fast diffusion for 
Cu meant a large amount of Cu was removed from the melt 
to the magnetite crucible. Chromium, V and Ni contents in 
the glass were also significantly less than 200 ppm, plausi-
bly due to high magnetite-melt partition coefficients. These 
latter depletions have a relatively minor effect on calculated 
diffusion coefficients.

Partition coefficients

The results for ci,  cmelt and KM are listed in Supplementary 
Table S1. At least three values were measured for each ele-
ment in each experiment, and the mean value of these was 
used to calculate K. In the realm of Henry’s Law, partition 
coefficients will be independent of the concentration of the 
trace element. It has been suggested that Henry’s Law will 
be satisfied as long as the concentrations in the crystal are 
less than 1 wt. % (Prowatke and Klemme 2006), which is 
the case for the interface concentration of all trace elements 
in the magnetite crystals studied here.

The derived partition coefficients for a subset of 16 of 
the elements studied are in excellent agreement with litera-
ture data acquired under similar conditions (FMQ + 2 and 
1220 °C—Fig. 3; Wijbrans et al. 2015). Nevertheless, differ-
ences should be expected considering the different magnetite 
composition and temperature.

Monovalent cations

Lithium partitioning into magnetite increases with increas-
ing fO2, particularly at fO2 > FMQ (Fig. 4a). Lithium was not 
added to the FMQ + 1, FMQ + 2 or FMQ + 3 starting materi-
als, however, a trace amount was still present in these melts 
enabling K to be determined for FMQ + 3. In this experi-
ment, Li diffused out instead of into magnetite.

Copper exhibits similar partitioning behaviour to Li, with 
a strong correlation between K(Cu) and K(Li). As mentioned 

previously, there was significant Cu loss during experimental 
runs, particularly at high fO2 and over experimental dura-
tions more than 12 h. However, despite the low concentra-
tions of Cu, there is a clear linear trend for K(Cu) with fO2 
for experiments conducted at t = 12 ± 0.4 h (Supplementary 
Fig. S1).

Divalent cations

The magnetite-melt partition coefficients of Mg, Mn, Co and 
Ni all correlate with one another suggesting a similar control 
on their behaviour. Nickel is most compatible, followed by 
Co, Mn and Mg. These cations exhibit an increase in K with 
increasing fO2; between FMQ−1 ≤ fO2 ≤ FMQ + 4.89, K(Mn) 
increases from 0.24 to 1.08, K(Co) increases from 0.94 to 
4.50 (Fig. 4b), K(Ni) increases from 3.01 to 18.41 and K(Mg) 
increases from 0.20 to 0.66.

It was generally difficult to measure accurate inter-
face concentrations for Ca as a result of the large contrast 
between the Ca content of the melt (a major element in the 
melt composition) and the low concentration at the mag-
netite−glass interface. Consequently, K(Ca) values are not 
supported by as large a number of ci values as for other 
divalent cations and should, therefore, be viewed with cau-
tion. Nonetheless, where it was possible to calculate K(Ca), 
there is a good correlation between K(Ca) and the other diva-
lent cations. As mentioned previously Zn was lost during 

Fig. 3  Partition coefficient data acquired in this study compared with 
results from Wijbrans et al. (2015). Note, Wijbrans et al. (2015) stud-
ied spinel with a 54% magnetite component, compared to the 100% 
magnetite used in this study. Grey line is 1:1. Error bars = 1σ of mul-
tiple analyses
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the experiments. Given that the initial concentration of Zn 
in Mt−1 was relatively high, this resulted in bulk diffusion 
out of the crystal (Fig. 2). The decrease in ci values for Zn 
leads to anomalous values for K(Zn), particularly at low fO2 
values. Consequently, values for K(Zn) are not considered 
reliable.

Trivalent cations

K values for the trivalent cations, Al, Sc, Ga, Y and Lu 
correlate positively, suggesting a similar control on their 
magnetite-melt partitioning behaviour. Gallium is the most 

compatible, followed by Al, Sc, Lu and Y. With increas-
ing fO2, there is a decrease in the partition coefficient for 
all trivalent cations. Between FMQ−1 ≤ fO2 ≤ FMQ + 4.89, 
K(Al) decreases from 1.05 to 0.11, K(Sc) decreases from 
0.75 to 0.12 (Fig. 4c), K(Ga) decreases from 2.79 to 0.32, 
K(Cr) decreases from 197 to 0.11, and K(Y) decreases from 
0.0026 to 0.00051.

Cr is significantly more compatible in magnetite than any 
other element studied, with a partition coefficient as high 
as 197. Despite this, there are large errors associated with 
the K(Cr) values as a result of particularly slow diffusion 
which meant the exact concentration of Cr at the magnet-
ite− glass interface was difficult to determine precisely. 
K(Cr) correlates positively with K values for other trivalent 
cations suggesting that Cr is incorporated predominantly as 
a trivalent cation. However, Cr is known to exhibit variable 
valence state as a function of fO2 and the  Cr2+/ΣCr ratio 
has been shown to vary from 0.45 at FMQ + 0.61 (Ni− NiO 
fO2 buffer) to 0.9 at FMQ−3.1 (iron-wüstite fO2 buffer) 
in a basaltic melt at 1400 °C (Schreiber and Haskin 1976; 
Roeder and Reynolds 1991; Berry and O’Neill 2004). A 
minor amount of  Cr6+ can also occur at particularly high fO2 
(FMQ + 4.38; Berry et al. 2006).

Loss of indium (presumed to be due to volatility) was 
evident, particularly at low fO2, which produced hump-
shaped diffusion profiles because of a decrease in the 
concentration of In in the melt during some experiments. 
Thus, K(In) values measured at fO2 = FMQ−1 (MB-24); 
FMQ (MB-21) and FMQ + 4.89 (MB-23) are not consid-
ered to be as accurate as for other elements.

Tetravalent, pentavalent and hexavalent cations

Titanium and the HFSEs (Zr, Hf, Nb, and Ta) show similar 
partitioning behaviour and are decreasingly partitioned with 
increasing fO2. Titanium ranges from being compatible at 
fO2 < FMQ + 3 to incompatible at higher fO2, whereas the 
HFSEs are incompatible over the entire range of fO2 studied. 
Between FMQ−1 ≤ fO2 ≤ FMQ + 4.89, K(Ti) decreases from 
4.97 to 0.22, K(Nb) decreases from 0.52 to 0.0024, K(Hf) 
decreases from 0.50 to 0.007, K(Ta) decreases from 0.33 
to 0.0024 and K(Zr) decreases from 0.30 to 0.006. There 
is also an excellent correlation between the partitioning 
of trivalent cations, Ti and HFSEs, although the range of 
partition coefficients does not vary as much for the triva-
lent cations as for Ti and the HFSEs. In comparison to the 
HFSEs, there is a paucity of data for Ti due to minor pre-
existing exsolution in the magnetite disturbing the Ti diffu-
sion profiles. The HFSEs and other tetravalent, pentavalent 
and hexavalent cations, however, were much less frequently 
interrupted by exsolution. Furthermore, the minor increase 
in Ti content in exsolved sections did not affect the diffusion 
of other elements, as evinced by a good fit to the diffusion 

Fig. 4  Magnetite-melt partition coefficients (K) for a Li, b Co and c 
Sc as a function of fO2. ΔFMQ = log fO2 (experiment)−log fO2 (FMQ 
buffer); values were calculated using O’Neill (1987). Error bars = 1σ 
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equation through exsolved regions. Silicon concentrations 
in the annealed magnetites were much elevated over those 
in the crystals analysed before annealing, but the diffusion 
profiles across the crystals were flat (Supplementary Fig. 
S2). This implies either that the analysed Si is an artefact of 
unknown origin, or that the four unannealed crystals cho-
sen for analysis were somehow not representative in their Si 
contents of the crystals used in the diffusion experiments, 
or, if the elevated levels are real, that diffusion of Si in mag-
netite is extraordinarily fast. In support of the latter, we note 
that there is a weak correlation between K(Ti) and K(Si). 
Nevertheless, we feel that this implied fast diffusion is so 
unexpected as to require future experimental replication for 
its affirmation.

Vanadium partitioning decreases with increasing 
fO2 (Fig.  5b) and, like Ti, changes from compatible at 
fO2 < FMQ + 3 to incompatible at higher fO2. A complication 
of interpreting V partitioning, as discussed in Sievwright 
et al. (2017). is that V occurs as  V3+,  V4+ and  V5+ in silicate 
melts across the range of fO2 studied, and as  V3+ and  V4+ in 
magnetite, independent of fO2, due to the electron exchange 
reaction  V3+  + Fe3+  = Fe2+  + V4+ (O’Neill and Navrotsky 
1984). K(V) values reported here follow a similar trend with 
fO2 to those reported by Toplis and Corgne (2002) for a Ti-
bearing ferrobasaltic system (Fig. 5b), but are slightly offset 
to lower values. It is likely that the lower K(V) values are 
a result of the lower Ti contents of magnetite in this study 
(maximum Ti = 0.14 wt. %).

Uranium and W are highly incompatible in magnetite 
and their partition coefficients decrease with increasing 
fO2 (Fig. 5c), correlating with Ti, HFSEs and V. Tungsten, 
although a polyvalent cation, has been shown to occur prin-
cipally as  W6+ in the fO2 range studied (O’Neill et al. 2008), 
suggesting that W is incorporated into magnetite as a 6+ cat-
ion. Uranium can occur as  U4+,  U5+ or  U6+ under conditions 
geologically relevant for Earth, although  U4+ and  U5+ are the 
most abundant species in silicate melts over the fO2 range 
studied (Halse 2014). The oxidation state of U in magnetite 
is unknown (see below). Thorium is strongly incompatible 
in magnetite with the lowest partition coefficient of any ele-
ment investigated; the maximum K(Th) value in this study is 
0.00023. It was only possible to measure discernible diffu-
sion profiles in two experiments at fO2 < FMQ + 1. Nonethe-
less, the observed increase in K(Th) with decreasing fO2 is 
comparable to the other tetravalent cations.

Molybdenum partitioning decreases with increasing fO2 
but, unlike other tetravalent, pentavalent and hexavalent cati-
ons previously reported, exhibits a more substantial decrease 
in magnetite-melt partitioning between FMQ−1 and FMQ. 
Molybdenum in silicate melts occurs predominantly as a 
6+ cation under the relatively oxidizing conditions of our 
experiments, only changing to predominantly 4+ at lower 
fO2 (Holzheid et  al. 1994; O’Neill and Eggins 2002). 

Molybdenum occurs in the spinel phases  Fe2MoO4 as 4+, 
and likely also in  Fe3O4–Fe2MoO4 solid solutions (Katsura 
et al. 1975; O’Neill and Navrotsky 1984). Values of K(Mo) 
follow a similar trend with fO2 to that reported by Wijbrans 
et al. (2015), who studied spinel− melt partitioning in more 
Cr-rich spinel but are generally higher (Fig. 5a).

Fig. 5  Magnetite-melt partition coefficients (K) for a Mo, b V and c 
U as a function of fO2 for this study compared with previous work. 
ΔFMQ = log fO2 (experiment)−log fO2 (FMQ buffer); values were 
calculated using O’Neill (1987). Error bars = 1σ 
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Diffusion coefficients

Chemical diffusion coefficients (D) are summarised in Sup-
plementary Table S1 and presented as a function of fO2 in 
Fig. 6. For some traverses, it was sometimes not possible to 
quantify a diffusion coefficient because of features such as 
contamination of the diffusion profile from melt in a nearby 
crack. In these cases it was usually still possible to measure 
ci so that there are generally more values for ci than for D. 
Nonetheless, at least 2 or more D values were measured 
for each cation in each sample, and the D values reported 
represent the mean of these repeat analyses. Diffusion coef-
ficients are generally in good agreement with each other, 
with uncertainties typically less than 0.2 log D units (one 
standard deviation—Fig. 6d).

Most elements doped in the melt diffused into magnetite, 
with a concentration at the interface significantly greater 
than the initial background concentration. Magnesium, Al, 

Si and Ti are often present in minor exsolved or inclusion 
phases which meant it was not always possible to fit a diffu-
sion profile. Furthermore, the concentrations of Al and Mg 
at ci were often close to co so that the profiles were not as 
clearly defined as for other elements. Spot analyses of the 
magnetite in regions furthest from the silicate melt reservoir 
were checked against the original magnetite composition and 
used to verify c0. For elements above the limit of detection in 
the initial magnetite crucible, apart from Li, most traverses 
reached c0 and were within the error of the concentration 
measured in the original magnetite. In some cases, however, 
where the concentration of a given element in an analytical 
traverse did not reach c0, the concentration determined from 
the spot analysis was used as c0. For elements that were 
below the detection limit in the initial magnetite, c0 was set 
to 0. The difference in log D between that calculated using 
the limit of detection of spot analyses or using c0 = 0 is less 

Fig. 6  Variation in cation diffusion coefficients in magnetite as a 
function of fO2 for Co, Mn, Ni, Mg and Zn (a), Sc, Cr, Ga, Y, Lu, 
Al and In (b), and V, Ti, Zr, Hf, Nb, Ta, Mo and U (c). Fit of cat-
ion diffusion coefficients for all elements to Eq.  5 used to solve for 
a vacancy constant (DV

1 = DVexp(− HV/RT)) and interstitial constant 

(DI
1 = DIexp(− HI/RT)) with fixed exponents of fO2 to 2/3 and − 2/3 

for the vacancy and interstitialcy terms, respectively. Error bars (1σ) 
provided for Sc and Cr as an example in (D), but were not included in 
other figures for clarity
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than 0.005 log units. c0 for all elements not detectable in 
Mt−1 prior to annealing are reported as “ < dl”.

Copper diffusion was particularly fast, such that even at 
the furthest distance from the melt reservoir the Cu concen-
tration was greater than the original magnetite (originally 
below detection limit); it was, therefore, not possible to 
determine D values for Cu in some experiments. Similarly, 
Li diffusion was also fast which meant that it was not pos-
sible to determine D values at fO2 < FMQ + 3. As we have 
pointed out earlier, Si diffusion appears to be sufficiently 
quick that flat profiles were produced in all experiments, 
thus it was not possible to determine D(Si) (Supplementary 
Fig. S2). This contrasts with Si diffusion in silicates, such 
as olivine, where Si is one of the slowest diffusing species 
(Dohmen et al. 2002).

For the 12-h experiments, D values could be measured 
for elements with − 16 < log D <− 11.6. However, D values 
are most accurate for those in the middle of this range where 
the diffusion distance was not too short (< 12 microns) or too 
long (e.g. > 600 microns), in which case the diffusion profile 
appears flat (Supplementary Fig. S2). It was not possible to 
determine accurate D values for W and Th at fO2 > FMQ + 1, 
where these elements were particularly incompatible.

Although there were difficulties determining K(Zn) and 
K(In), it was possible to determine D values for these ele-
ments. Zinc was substantially lost from the melt during 
experimental runs so that diffusion profiles could be fitted 
for diffusion out of the magnetite into the melt. Indium was 
present in the initial magnetite crystal at low concentrations 
so diffusion still occurred from the melt into the crystal. In 
some cases there was evidence for a change in the interface 
concentration, thought to be due to progressive loss of the 
elements from the melt during runs (Fig. 7). In cases where 
this occurred, the diffusion profile was only fitted for the 
initial part of the profile and so the results should be viewed 
with caution.

Time‑independent diffusion coefficients

Experiments MB-9, MB-3 and MB-2 were conducted over 
the same fO2 and T conditions (FMQ + 2/1150 °C), but 
MB-9 was annealed for 66.9 h, MB-3 was annealed for 
12.0 h, and MB-2 for 161.4 h. Despite the different experi-
ment durations, diffusion coefficients from the three experi-
ments are in agreement within 2 standard deviations (Fig. 8). 
This shows that diffusion coefficients are independent of 
experiment duration. Furthermore, the comparison shows no 
evidence that the 12 h run returns erroneously high diffusivi-
ties due to neglect of the ramp time, apart from Zn, which is 
volatile. Zinc was lost from the melt during the experiment 
so that it was the only cation observed with diffusion con-
sistently out of the magnetite bucket. It is possible that dur-
ing the shortest experimental duration there may have been 

enough Zn in the melt early on so that there was also some 
diffusion in, resulting in a slower net diffusion rate (Supple-
mentary Table S1). Some elements, e.g. Mo, not added to 
the MB-3 starting composition, were added to the starting 
composition used in MB-9, so K and D values for Mo could 
only be derived from this experiment. Furthermore, K and 
D values for some faster diffusing elements could not be 
derived from MB-9 because their concentrations were raised 
above the original concentrations for the whole crystal over 
the longer experiment durations e.g. U.

Cation diffusion

As reported in previous work, cation diffusion rates in mag-
netite exhibit a concave-upwards trend as a function of fO2, 
with a minimum D at intermediate fO2. This is considered to 

Fig. 7  Analytical traverse for indium in a experiment MB-21(FMQ) 
and b MB-14 (FMQ + 3). Indium is progressively lost, presumed due 
to volatility, at lower fO2 (b). The diffusion profile and diffusion coef-
ficient were calculated only for the start of the profile prior to sub-
stantial volatile loss. Indium volatility does not appear to pose a prob-
lem at higher fO2 (a)
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be a result of a transition between interstitial- and vacancy-
diffusion mechanisms (Lewis et al. 1985). Here, we extend 
the documentation of this behaviour to > 20 elements. Dieck-
mann and Schmalzried (1977) derived the following equa-
tion to describe the diffusion coefficient for Fe as a function 
of fO2, expressed as a sum of the diffusivities by interstitial 
and vacancy mechanisms:

where DFe, DV and DI are diffusion coefficients for Fe, 
vacancy mechanism and interstitial mechanism, respec-
tively, HV and HI are the activation enthalpy for diffusion 
by a vacancy and interstitial mechanism, respectively, R is 

(5)DFe = D0
V
exp

(
−HV

RT

)
a
2∕3

O2
+ D0

I
exp

(
−HI

RT

)
a
−2∕3

O2

ideal gas constant, T is temperature and aO2 is the activity 
of oxygen. The diffusion of all other cations studied here 
exhibit a similar behaviour in their response to fO2 as Fe. 
Thus, the same equation can also be used to explain cation 
diffusion for other species. The location of the minimum 
D point in fO2−D space varies between the different ele-
ments. Using the equation above, curves were fitted to the 
experimental data for each cation as a function of fO2 using 
weighted least square regressions to solve for a vacancy con-
stant (DV

1 = Dv
0exp(−Hv/RT)) and an interstitial constant 

 (DI
1 = DI

0exp(−  HI/RT)) with fixed exponents of fO2 as 2/3 
and − 2/3 for the vacancy and interstitialcy terms, respec-
tively. These fits take account of the errors in D (Supple-
mentary Table S1); Fig. 6d compares the fits for Sc, which 
has small errors in log D, and Cr, which has more signifi-
cant errors in log D. The fit of the data to Eq. 5 is excellent 
for most elements. For certain elements, such as In and Zn, 
the fit is less good, perhaps accounted for by the volatility 
problem noted earlier. The fit of the data is also less good 
for some polyvalent cations, such as U, and elements for 
which there are fewer data, such as Ti, where exsolution was 
a problem. Values for DV

1 and DI
1, as well as the minimum 

log D value (log DX(min)) and log fO2 at the minimum in 
the curve (log fO2(min)), are given in Table 5.

Comparison with previous work

The diffusion coefficients for Co, Mn, Cr, Al, Ni and Ti 
in magnetite as a function of fO2 have been studied previ-
ously at 1200 °C (Dieckmann et al. 1978; Dieckmann and 
Schmalzried 1986; Aggarwal and Dieckmann 2002). How-
ever, the majority of existing work has employed a different 
experimental technique using radioactive tracers—such as 
Fe-59, Ti-44 and Co-60—dropped in the form of aqueous 
solutions onto a polished disk of magnetite (e.g. Aggarwal 
and Dieckmann 2002; Lu and Dieckmann 1992). This work 
included evaluation of the diffusivity of Fe in magnetite as a 
function of temperature. Assuming the relationship between 
temperature and the diffusion coefficients of other cations is 
the same as for Fe, it is possible to predict the diffusion coef-
ficients for the other cations at 1150 °C so that they can be 
more readily compared to this dataset. Using this approach 
for Mn and Ti, the diffusion coefficients derived here are 
found to agree very well with those predicted from the exist-
ing literature data (Supplementary Fig. S3).

The minimum log D (log Dmin) varies signifi-
cantly between the different elements in the order 
Cr < Mo ≈ Ta < V < Ti < Al < Hf ≈ Nb < Sc ≈ Zr− 90 ≈ 
Ga < In < Zr− 92 < Lu ≈ Y < Ni < U ≈ Zn < Mn ≈ Mg < Co. 
If our observations of Si have been interpreted correctly, 
Si would be the fastest diffusing cation from its flat diffu-
sion profiles. Lithium and Cu can also be inferred to be par-
ticularly fast diffusing cations, and because of this it was 

Fig. 8  Comparison of diffusion coefficients at fO2 = FMQ + 2 and 
T = 1150  °C from experiment at 12.0  h (MB-3) with 66.9  h (MB-
9, A) and 161.4 h (MB-2, B) duration for cations which diffused into 
the magnetite bucket only. Zinc, which diffused out of the magnetite 
as a result of volatile loss at the start of the experiment, is not plotted. 
Error bars = 1σ 
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only possible to quantify Li and Cu diffusion rates in the 
two experiments at the highest fO2 conditions (FMQ + 3 
and + 4.89).

The location of the log Dmin in fO2 space describes the 
preference of different cations for a vacancy versus an inter-
stitialcy mechanism of diffusion. The lower the fO2 of the 
minimum log D, the greater the preference for a vacancy 
mechanism over an interstitialcy mechanism. This prefer-
ence increases in the order: Nb ≈ Mo < Ta < U < Zr-90 ≈ 
Zr-92 < Hf ≈ Ti < In < Ga ≈ Al < V < Sc ≈ Y < Lu < Mn ≈ 
Zn ≈ Cr < Co < Mg ≈ Ni. Given that it was only possible to 
measure D values for Li and Cu at fO2 = FMQ + 3 and + 4.89, 
it can be inferred that the preference for an interstitialcy 

over vacancy mechanism of diffusion is greatest for these 
elements. It is worth noting that at the highest fO2 studied, 
where the vacancy mechanism dominates, there is a conver-
gence of D values. At the lowest fO2, where the interstitialcy 
mechanism is dominant, there is more spread in the D values 
for the different cations.

Fig. 9  Magnetite-melt partition coefficients of a Mg, b Mn and c Co 
plotted against aFe3O4(mgt)/XFe2+O(melt). aFe3O4(mgt) approxi-
mated using model by O’Neill (1987) with mole fraction on a single 
cation basis.  XFe2+O(melt) and  XFe3+O1.5(melt) calculated from val-
ues approximated using Kress and Carmichael (1991). Literature data 

includes: Sievwright et  al. (2017) (And -190 and JA-1), Toplis and 
Corgne (2002) which were conducted at 1068 °C; and Righter et al. 
(2006), Leeman (1974), Horn et al. (1994) and Wijbrans et al. (2015) 
which were conducted between 1150 and 1370 °C. Error bars = 1σ 
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Discussion

Controls on magnetite‑melt partitioning

Magnetite− melt partition coefficients can be predicted using 
linear correlations with functions related to aFe3O4(spinel), 
 XFe2+O(melt),  XFe3+O1.5(melt) and fO2 (Sievwright et al. 
2017). The results here agree with the linear trends defined 
by Sievwright et al. (2017) for the divalent, tetravalent and 
pentavalent cations (Figs. 9, 10, 11). A linear trend is also 
observed for K(Sc) as a function of aFe3O

0.5
4
∕XFeO1.5 which 

is supported by data from Wijbrans et al. (2015) (Fig. 11b); 
this suggests that the partitioning of Sc is principally gov-
erned by thermodynamic equilibria associated with changes 
in spinel and melt composition and that there are not sub-
stantial changes in the activity coefficients, either in the 

spinel or melt, with changes in bulk composition. The parti-
tioning of Al, however, is different. Whereas there is a weak 
negative correlation between K(Al) and aFe3O

0.5
4
∕XFeO1.5 

in an andesitic to dacitic bulk system, in these experiments 
there is a positive non-linear correlation (Fig. 11a). It is 
important to note that, unlike most natural silicate melts, 
Al is not a major network-forming component of the melt 
in the experiments reported here so that it is likely that the 
activity−composition relations in natural silicate melts dif-
fer significantly. Alternatively, the partitioning of Al could 
be more sensitive to spinel composition (e.g. Al content) 
than other cations studied, possibly because of modification 
of the activity coefficients in spinel. In these experiments, 
however, with low-Al spinel, K(Al) is similar to the other tri-
valent cations and is dominantly dictated by thermodynamic 
equilibria between magnetite and melt species. 

Fig. 10  Magnetite-melt partition coefficients of a Ti and 
b Zr plotted against aFe3O

0.5
4
∕XFeO1.5 and c D(Nb) vs. 

aFe3O4(mgt)∕(XFe3+O1.5(melt)(2∕3) ∗ fO
(1∕3)

2
) . aFe3O4(mgt) approxi-

mated using model by O’Neill and Wall (1987), with mole fraction 
on a single cation basis.  XFe2+O(melt) and  XFe3+O1.5(melt) calcu-
lated from values approximated using Kress and Carmichael (1991). 

Literature data includes: Sievwright et  al. (2017) (And -190 and 
JA-1), Toplis and Corgne (2002), Toplis et  al. (1994) which were 
conducted at 1068  °C; and Righter et  al. (2006), Leeman (1974), 
Horn et al. (1994) and Wijbrans et al. (2015) which were conducted 
between 1150 and 1370 °C. Error bars = 1σ 
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Lattice strain models

The logarithm of partition coefficients plotted vs. ionic 
radius produces parabolic trends for suites of elements 
grouped by different valence states (Fig. 12). The apices of 
these parabolic trends—known as Onuma diagrams (Onuma 

et al. 1968)—display the optimal size of the crystal site into 
which the cations substitute and the curvature indicate the 
elasticity of the surrounding lattice (Blundy and Wood 
1994). In magnetite, both divalent and trivalent cations can 

Fig. 11  Magnetite-melt partition coefficients of a Al and b Sc plot-
ted against aFe3O4(mgt)0.5∕XFe3+O1.5(melt)aFe3O4(mgt) approxi-
mated using model by O’Neill (1987), with mole fraction on a sin-
gle cation basis.  XFe2+O(melt) and  XFe3+O1.5(melt) calculated from 
values approximated using Kress and Carmichael (1991). Literature 
data includes: Sievwright et  al. (2017) (And -190 and JA-1), Toplis 
and Corgne (2002), Toplis et al. (1994), Righter et al. (2006) and Wij-
brans et al. (2015). Error bars = 1σ 

Fig. 12  Magnetite− melt partition coefficients of a divalent, b triva-
lent and c tetravalent cations as a function of ionic radius for this as 
a function of fO2. The solid lines represent fit of trivalent cations to 
Eq. 6 taken from Blundy and Wood (1994). The optimum radius was 
fixed to be 0.63 Å
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occupy both the octahedral (B) or tetrahedral (A) sites, with 
site distributions dependent on temperature according to the 
octahedral site preference energies of the cations relative to 
those of  Fe2+ and  Fe3+ (O’Neill and Navrotsky 1984). Here 
we have used octahedral radii to represent the data. For the 
divalent and tetravalent cations, only the right-hand limb of 
the parabola is evident. The data for V have been included 
in the plot for the 4+ cations in Fig. 12c, although this cation 
is present as both 3+ and 4+ in magnetite (O’Neill and Nav-
rotsky 1984; Sievwright et al. 2017) and may be present as 
3+ , 4+ and 5+ in the melt, depending on fO2 (e.g. Canil 
1999; Mallmann and O’Neill 2009). The very much lower 
value of K(V) in the most oxidized experiment (MB-23 
at FMQ + 4.9) is consistent with a substantial fraction of 
 V5+ in the melt. Likewise, U has also been included with 
the tetravalent cations, although this element exists as 4+ , 
5+ and 6+ in silicate melts depending on fO2 (Halse 2014), 
and might also have variable oxidation states in  Fe3O4, due 
to electron exchange reactions  (Fe3+  + U4+  = Fe2+  + U5+ 
and/or 2  Fe3+  + U4+  = 2  Fe2+  + U6+). The smaller  U5+ and 
 U6+ cations may fit more comfortably into the spinel crystal 
structure of  Fe3O4 than the large  U4+ cation.

Some elements do not fit onto the parabolic trend for par-
tition coefficients as a function of ionic radius in octahedral 
coordination. For example, Cr has a much higher partition 
coefficient than would be expected based on the parabolic 
fit defined by the other trivalent cations. The other trivalent 
cations produce a well− defined parabola with a peak at 
approximately 0.63 Å, suggesting this is the optimal triva-
lent site radius (rO). The lattice-strain model for the partition 
coefficient Ki of a homovalent cation i depends on the differ-
ence between the ionic radius of the cation (ri) and rO, and 
the Young’s modulus (E) of the host crystal:

where NA is Avogadro’s number and K0 is the hypothetical 
partition coefficients of a cation with an optimal radius for 
the site (Blundy and Wood 1994). The partition coefficients 
for the trivalent cations (excluding  Cr3+ because of this 
cation’s large crystal field effects) can be plotted according 
to Eq. 6 using the suggested r0 of 0.63 Å. This produces 
straight lines from which both E and K0 can be approximated 
as a function of fO2 for these experiments. Using the identi-
fied K0, E and r0 values, parabolic trends can be drawn which 

(6)lnKi = lnK0 −
4�ENA

RT

( ri
3
+

r0

6

)(
ri − rO

)2

can be used to predict K as a function of ionic radius. These 
fits are shown as a function of fO2 in Fig. 12b and values of 
E and K0 are provided in Table 6. Lattice strain models were 
not fitted to the divalent and tetravalent cations because only 
the right limb of the Onuma diagram was apparent and due 
to the possible mixed-valence states for some elements.

Diffusion in magnetite as a function of fO2

In the experiments reported here, Li and Cu diffused rapidly 
such that it was only possible to calculate D values for these 
elements at fO2 > FMQ + 2. Copper and Li diffusion have 
been observed to be quick relative to higher valence cations 
in other minerals (e.g. Seo and Heinrich 2013). The ionic 
radius of  Cu+ and  Li+ are close to the middle of the range 
of other cations studied but their common property is their 
univalent state, which gives them a very low charge/radius 
ratio. It is plausible that Cu diffusion was only measurable 
at fO2 > FMQ + 2 as a result of the increased abundance 
of  Cu2+, which would be expected to diffuse slower than 
 Cu+. Similar to Cu and Li, Si diffusion was particularly fast 
such that it was not possible to interpret D values at any fO2 
studied. In comparison to all other cations studied, Si has 
the smallest ionic radius (0.4 Å for  Si4+ in VI coordination; 
Shannon 1976), which suggests that this could be important 
in permitting such rapid diffusion. Niobium and Ta have 
identical charge and similar partition coefficients, but there 
has been considerable debate as to whether Nb and Ta have 
the same cationic radius. Given their differing rates of dif-
fusion presented here, these results could support that the 
cationic radius of Nb and Ta may differ in magnetite, as has 
been suggested to be the case in amphibole (e.g. Tiepolo 
et al. 2000; Nandedkar et al. 2016).

To assess the relative controls of different parameters on 
the vacancy and interstitialcy diffusion mechanisms identi-
fied, values for the vacancy constant (DV

1 = Dvexp(− Hv/RT)) 
and the interstitial constant (DI

1 = DIexp(− HI/RT)) from 
Eq. 5 were studied separately. The following parameters 
were investigated: ionic radius (Shannon 1976), charge den-
sity, KM (reported here), site preference energy (O’Neill and 
Navrotsky 1984), electronegativity, charge and atomic mass.

The values of log DV
1 mostly vary less than those for 

log Di
1, with all values ranging between − 10.5 and − 8.97 

apart from U and Cr. There is an increase in log DV
1 with 

increasing ionic radius and decreasing charge density for 

Table 6  Approximated values of E and K0 as a function of fO2 for the trivalent cations (excluding Cr) using linear trends produced by plotting 
Eq. 6 assuming they are incorporated into the octahedral site

Parameter FMQ-1 FMQ FMQ + 1 FMQ + 2 FMQ + 3 FMQ + 4.89

E (GPa) 353.8 340.7 426.8 358.1 345.2 314.3
K0 2.24 0.94 1.02 0.71 0.57 0.27
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most cations with the exception of Cr and U (Supplementary 
Fig. S4). The observed relationship could be a result of cati-
ons with higher charge density having stronger interactions 
and forming stronger bonds with surrounding oxygen anions 
so that they cannot jump between vacant sites as easily by 
a vacancy mechanism. The multiple possible valence states 
of U could explain why it does not fit on this trend. Log DV

1 
was also plotted against K at fO2 = FMQ + 4.89 (most oxidis-
ing condition studied where the vacancy mechanism is most 
dominant); this produced a negative correlation excluding 
the 2+ cations, suggesting K could exert some control on 
vacancy diffusion (Supplementary Fig. S4). It is important 
to note that this correlation aids in explaining the slower dif-
fusion rate for Cr. The fact that the 2+ cations do not appear 
to follow this relationship could reflect their higher affinity 
for interstitialcy diffusion (which might be less influenced by 
K) in comparison to higher valence cations. Site preference 
energies were determined for some cations in oxide spinels, 
relative to  Fe3+ as a zero reference point (O’Neill and Nav-
rotsky, 1984). Cations with a greater affinity for octahedral 
coordination have a more negative site preference energy. 
There is a trend of increasing log DV

1 with increasing site 
preference energy for 2+ and 3+ cations (Supplementary 
Fig. S4), indicating that cations with a greater affinity for 
octahedral coordination diffuse slower by a vacancy mecha-
nism. No significant relationship is evident between DV

1 and 
ionic charge (Supplementary Fig. S4) and no trend for log 
DV

1 was found as a function of electronegativity or atomic 
mass.

There is generally more variation in values in log DI
1 for 

the majority of cations. This means that interstitialcy diffu-
sion can usually reach faster rates than vacancy diffusion. 
For all except the 2+ cations, there is a general increase in 
log DI

1 with increasing ionic radius and decreasing charge 
density (Supplementary Fig. S5), although the latter trend is 
more scattered than that defined by log Dv

1 and varies over 
a greater range from − 22.2 to − 19.6. There is a relatively 
well− defined linear trend for the trivalent and tetravalent 
cations as a function of K at fO2 = FMQ−1 (most reducing 
condition where interstitialcy mechanism is most dominant), 
however, the 2+ , 5  and 6+ cations sit off this trend (Supple-
mentary Fig. S5). Unlike log DV

1, there is a distinct decrease 
in log DI

1 with increasing ionic charge (Supplementary Fig. 
S5), which suggests that this parameter is more important 
in controlling the interstitialcy over the vacancy mechanism 
of diffusion. No trend for log DI

1 was found as a function of 
electronegativity or atomic mass.

Plotting log Dv
1 vs. log DI

1 allows the preference for a 
vacancy relative to interstitialcy mechanism of diffusion to 
be assessed for each cation (Fig. 13). Cations with a higher 
valence have increased preference for the vacancy over the 
interstitialcy mechanism of diffusion. Linear arrays can 
be defined on this plot for the 3+ and higher valence ions 

studied, apart from Cr. The deviation in the behaviour of Cr 
could be explained by its higher K value and/or increased 
preference for octahedral coordination relative to the other 
trivalent cations studied. Vanadium plots along the trend 
defined by the trivalent cations, which supports the inference 
that  V3+ is the predominant diffusing species in magnetite, 
at least under the experimental conditions considered. The 
divalent cations form a cluster offset from the trend defined 
by the other cations, possibly as a result of their lower 
charge. Within the divalent cations, those cations, which 
plot furthest from the dominant linear array have strongest 
preference for octahedral coordination.

In conclusion, the mechanism of diffusion is primarily 
controlled by the concentration of interstitials relative to 
vacancies in the lattice, which is a function of fO2 (Eq. 5). 
The preference for interstitialcy diffusion and its rate 
decrease with ionic charge (Supplementary Fig. S5). Cati-
ons with greater preference for octahedral coordination also 
have an increased affinity for an interstitialcy over a vacancy 
mechanism of diffusion (Fig. 13). Vacancy diffusion, how-
ever, is predominantly controlled by charge density and sec-
ondarily by the partition coefficient (which could express 
how well an element fits into cation sites in the lattice) and 
crystal-field site preference energy. Cations with a higher 
charge density, lower mineral-melt partition coefficient, and 
higher preference for octahedral coordination diffuse more 
slowly by the vacancy mechanism. These factors do not exert 
as strong an influence on the rate of interstitial-mediated 
diffusion in the low fO2 regime.

Fig. 13  The logarithm of Di
1 (Di

1   =   Di
0exp(−HV/RT)) vs. the loga-

rithm of DV
1 (DV

1 = DV
0exp(−  HV/RT)) for divalent  (Mg2+,  Co2+, 

 Mn2+,  Ni2+ and  Zn2+), trivalent  (Al3+,  Ga3+,  Sc3+,  In3+,  Y3+ and 
 Lu3+), tetravalent  (Ti4+,  Zr4+,  Hf4+ and  U4+), and pentavalent  (Nb5+ 
and  Ta5+) cations. The data for V are consistent with its oxidation 
state being 3+ . However, the data for Mo suggest a higher oxidation 
state than 4+ 
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Implications for studying natural systems

Diffusion coefficients

Diffusion modelling of chemical gradients in minerals 
is frequently applied as a chronological tool to constrain 
the timescales of geological processes. Diffusion speed-
ometry requires optimal thermal histories and diffusion 
rates to produce a measurable diffusion gradient. Mercer 
et al. (2015) applied diffusion modelling of Ti gradients in 
quartz to investigate the formation and cooling time scales 
of quartz from porphyry dyke intrusions and hydrother-
mal veins associated with porphyry copper mineralisation. 
A calibration was developed to measure Ti gradients in 
quartz using high spatial resolution SEM cathodolumi-
nescence images over distances as short as 2 µm. Cation 
diffusion is significantly faster in magnetite than silicate 
minerals such as quartz (typically more than 4 orders of 
magnitude). As a result, diffusion gradients in magnetite 
could be amenable to analysis by LA−ICP−MS, even at 
temperatures relevant for the magmatic-hydrothermal tran-
sition (e.g. 700 °C), generating broader diffusion profiles 
for a range of elements, which would not be easily detect-
able in minerals with slower diffusion. On the other hand, 
magnetite may not be so well suited for tracking the time-
scales of higher temperature magmatic processes, where 
rapid diffusion is likely to generate flat, completely relaxed 
diffusion profiles. Owing to its cubic symmetry, magnet-
ite does not exhibit variation in diffusivity with crystallo-
graphic orientation, thereby removing an additional aspect 
of complication in using magnetite for diffusion speed-
ometry relative to anisotropic phases. The diffusion rates 
of various trace elements in magnetite cover nearly four 
orders of magnitude, offering a range of possible elements 
to cross-check the timescales of processes.

The trace element contents of natural hydrothermal 
magnetite are often heterogeneous on the grain scale (Cook 
et al. 2016), sometimes exhibiting oscillatory zoning (e.g. 
Knipping et al. 2015). Copper commonly exhibits a remark-
able scale of heterogeneity in natural magnetite, which has 
been dismissed by some as a result of ‘nanoinclusions’ (e.g. 
Hough et al. 2008), however, it is possible that this hetero-
geneity could also be explained by the rapid diffusion of Cu. 
Nevertheless, it is important to consider that the heterogene-
ous chemistry on the grain scale may not be solely a result 
of diffusion processes, but instead a result of dissolution-
reprecipitation processes (e.g. Hu et al. 2015).

Magnetite‑melt partition coefficients

Experiments conducted here provide partition coefficients 
for a number of elements, such as Mo, U, W, Y, Lu and 

Li, which until now have not been investigated comprehen-
sively. Magnetite-melt partitioning for most elements can be 
explained in terms of changes in fO2 and melt composition. 
The latter may result in changes in the activity coefficients 
in the melt with variations in the major element composi-
tion of the system (Sievwright et al. 2017), an effect that is 
particularly strong for Al and Ga.

Conclusions

Diffusion coefficients (D) for a wide range of cations 
in magnetite vary over 4 orders of magnitude. Diffu-
sion coefficients at a given fO2 generally increase in 
the order: Cr < Mo ≈ Ta < V < Ti < Al < Hf ≈ Nb < Sc 
≈ Zr ≈ Ga < In < Lu ≈ Y < Ni < U ≈ Zn < Mn ≈ 
Mg < Co < Li < Cu. Thus, Cu contents of magnetites are 
most susceptible to diffusive re-equilibration whereas 
the original content of slow diffusing elements, such as 
Cr, should be best preserved. Plots of log D as a func-
tion of log fO2 produce V-shaped trends for all the inves-
tigated elements, representing two different mechanisms 
of diffusion that depend on (fO2)−2/3 and (fO2)2/3, probably 
interstitialcy and vacancy mechanisms respectively. The 
preference for interstitialcy diffusion relative to vacancy 
diffusion is primarily controlled by the concentration of 
interstitials relative to vacancies in the lattice which is 
dictated by fO2 via 3  Fe2+  + 2/3  O2 ↔ 2  Fe3+  + VFe + 1/3 
 Fe3O4. The minimum of the V-shaped trends in log D−log 
fO2 space differs for the various cations. Lower valence 
cations have greater preference and rate of interstitialcy 
diffusion. Cations with higher charge density, lower mag-
netite-melt partition coefficients, and a higher preference 
for octahedral coordination diffuse at a slower rate by a 
vacancy mechanism.

Magnetite-melt partitioning can be explained by ther-
modynamic equilibria between magnetite and melt asso-
ciated with changing aFe3O4(spinel),  XFe2+O(melt), 
 XFe3+O1.5(melt) and fO2. These thermodynamic relation-
ships can be used to explain partitioning of a number of 
elements, which until now have not been investigated com-
prehensively as a function of fO2. Nevertheless, for some 
elements, these relationships break down for spinel compo-
sitions containing lower fractions of  Fe3O4 than those stud-
ied here and for different bulk compositions. This could be 
related to changing activity-composition relations in either 
the spinel or in the melt.

The new partitioning and diffusion parameters reported 
here open up new possibilities for constraining the oxidation 
state and chemistry of silicate melts, as well as scope for 
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determining the duration of late magmatic and hydrothermal 
phenomena.
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