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Abstract
We performed deformation experiments on dry natural single crystals of magnetite and ilmenite to determine the rheological 
behavior of these oxide minerals as a function of temperature, orientation, and oxygen fugacity. Samples were deformed at 
temperatures of 825–1150 ◦ C to axial strains of up to 15–24% under approximately constant stress conditions up to 120 MPa 
in a dead-load-type creep rig at ambient pressure in a controlled gas atmosphere. Oxygen fugacity ranged from 10−9.4 to 10−4 
atm. Ilmenite creep was insensitive to oxygen fugacity, while magnetite displayed a strong, non-monotonic oxygen fugacity 
dependence, with creep rates varying as f −0.7

O
2

 and f 0.4
O

2

 at more reducing and more oxidizing conditions, respectively. Disloca-
tion creep rates of magnetite single crystals were weakly dependent on crystallographic orientation with stress exponents 
that varied between 2.8 and 4.3 (mean 3.5 ± 0.4). Magnetite compressed parallel to <100>, <110>, and <111> axes exhib-
ited apparent activation energies of 315±5, 345±30, and 290±5 kJ/mol, respectively. We estimated fO2

-independent magnetite 
activation energies of 715 ± 150, 725 ± 145, and 690 ± 150 kJ/mol for <100>, <110>, and <111> orientations, respectively, 
in the region of negative fO2

-dependence. Ilmenite single crystals were compressed parallel, normal, and inclined to the 
c-axis. Stress exponents of 3.4, 4.3, and 3.9 indicate dislocation creep with activation energies of 420 ± 35, 345 ± 30, and 
360 ± 40 kJ/mol, respectively, for these orientations. Mechanical anisotropy in ilmenite is notably higher than in magnetite, 
as expected from its lower crystal symmetry. Constitutive equations were formulated for ilmenite and magnetite creep.
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Introduction

The Fe–Ti oxides, magnetite and ilmenite, are widespread 
accessory minerals. The mechanical properties of these 
oxides can influence the deformation behavior of rocks 
where they occur in abundance, such as iron ore deposits 
(Zheng et al. 2017) and zones of intrusive igneous rocks 
where fractional crystallization results in Fe–Ti enrich-
ment of magmas (Zhang et al. 2012). For example, oce-
anic gabbros formed at slow-spreading ridges frequently 
exhibit strain localization associated with Fe–Ti oxide-
rich zones (Agar and Lloyd 1997; Dick et al. 2000, 2017). 

Differentiation of the lunar magma ocean is also thought 
to have produced ilmenite-bearing cumulates (Charlier 
et al. 2018), whose deformation behavior would likely have 
depended on the viscosity of the ilmenite (Dygert et al. 
2016).

In particular, for the analysis of naturally deformed Fe–Ti 
oxide microstructures, creep data for single crystals of mag-
netite, ilmenite, and hematite are essential. However, rele-
vant experimental data are currently limited. Dislocation and 
diffusion creep laws for (wet) magnetite were proposed by 
Till and Moskowitz (2013) based on theoretical considera-
tions. More recently, Till et al. (2019) experimentally exam-
ined the creep behavior of (dry) polycrystalline magnetite 
aggregates. The textural development and creep strength of 
hematite have been studied in detail by Siemes et al. (2003, 
2010, 2011), as well as single crystal deformation (Siemes 
et al. 2008). However, a study by Dygert et al. (2016) is 
the only one to report experimental deformation results for 
ilmenite, which was limited to the dislocation creep regime 
in synthetic ilmenite aggregates. Further data are needed 
for fined-grained and single crystalline ilmenite to better 

 * J. L. Till 
 jtill@hi.is

1 Deutsches GeoForschungsZentrum Helmholz Zentrum 
Potsdam, Telegrafenberg, 14473 Potsdam, Germany

2 Institute of Earth Sciences, University of Iceland, Sturlugata 
7, 101 Reykjavik, Iceland

3 Present Address: Institute for Rock Magnetism, University 
of Minnesota, Minneapolis, USA

http://orcid.org/0000-0002-6982-6973
http://crossmark.crossref.org/dialog/?doi=10.1007/s00269-020-01122-6&domain=pdf


 Physics and Chemistry of Minerals (2020) 47:52

1 3

52 Page 2 of 16

understand creep behavior in Fe–Ti oxide systems. In this 
paper, we present high-temperature experimental deforma-
tion data for natural magnetite and ilmenite single crystals 
including investigations of mechanical anisotropy and the 
dependence of strain rate on oxygen fugacity.

Magnetite (Fe
3
O

4
 ) has an inverse spinel structure with 

an oxygen sublattice in a face-centered cubic (fcc) arrange-
ment. The slip direction (Burgers vector) in spinel-struc-
tured materials is always parallel to the <110> axes, which 
have the smallest distance between oxygen atoms. As in 
other fcc materials, the smallest interplanar spacing occurs 
between {111} planes, which are predicted to be the easiest 
set of slip planes in spinels (Hornstra 1960). The {111} 1 10 
group contains 12 slip systems, of which 5 are independent 
(Groves and Kelly 1963), satisfying the von Mises criterion 
for homogeneous strain. Therefore magnetite deforming by 
slip on {111} does not require activation of any additional 
slip planes for homogeneous ductile deformation. While a 
number of experimental studies on spinel-structured miner-
als do find evidence for dominant slip on {111} (Charpentier 
et al. 1968; Veyssiere et al. 1978; Siemes et al. 1991), sev-
eral other studies have also found evidence for significant 
amounts of slip accommodated on {110} and {100} planes 
(Mishra and Thomas 1976; Duclos et  al. 1978; Broese 
Van Groenou and Kadijk 1989). Stoichiometric magnetite 
contains both Fe2+ and Fe3+ , and is stable at oxygen fugaci-
ties between the magnetite–hematite buffer and the magnet-
ite–wustite buffer. Within this stability range, mass transport 
rates in magnetite are highly sensitive to oxygen fugacity 
(Van Orman and Crispin 2010) and magnetite creep rates 
have also shown a strong non-linear dependence (Gómez-
Garcıa et al. 2002).

Ilmenite (TiFeO
3
 ) is a hexagonal oxide that is isostruc-

tural with hematite ( �-Fe
2
O

3
 ) and corundum (Al

2
O

3
 ), but 

has a lower symmetry ( 3 ) than either hematite or corun-
dum ( 32/m) due to the alternating layers of Fe and Ti that 
occupy octahedral sites arranged parallel to the basal plane. 
At high temperatures, ilmenite forms a solid solution with 
hematite and often occurs in slowly cooled igneous rocks as 
lamellar intergrowths with hematite due to phase unmixing 
of hemoilmenite (McEnroe et al. 2002). It similarly forms 
intergrowths with magnetite due to oxyexsolution of titano-
magnetite or ülvospinel on cooling (Andersen and Lindsley 
1988). Hexagonal crystals in general typically display high 
mechanical anisotropy, with basal slip on (0001) being the 
easiest glide plane to activate, followed by prismatic slip on 
{1010} (Hutchinson 1977). These two sets of planes con-
tain four independent slip systems. Homogeneous strain 
in polycrystalline material may be achieved by additional 
slip on pyramidal planes {h0il} , or by the contribution of 
other deformation mechanisms such as twinning and grain 
boundary sliding. However, Hutchinson (1977) argues that 
in practice, individual grains in a polycrystal may deform at 

different rates than the bulk strain rate, as pyramidal slip is 
very difficult to activate.

Starting materials and experimental 
methods

Sample details

Magnetite samples for deformation experiments were pro-
duced from individual octahedral magnetite crystals from 
Bahia, Brazil. The composition of the starting materials 
was determined by electron microprobe analysis (EMPA) 
on a JEOL Hyperprobe JXA-8500F instrument with a field-
emission gun. The average composition of this magnetite 
as measured by EMPA in wt% oxides is 92.41% FeO (with 
total Fe calculated as FeO), 0.01% TiO

2
 , 0.16% MgO, 0.02% 

MnO, 0.08% Al
2
O

3
 , and 0.01% Cr

2
O

3
 (total = 92.71% ), cor-

responding to a mole fraction of pure magnetite over 99.7% . 
Small inclusions of Al-silicate, Fe–Mg-silicate, and Ca-
carbonate were identified in the magnetite crystals, with an 
estimated volume of approximately 0.2% of the total sample. 
No cracks or other structural defects were observed in pol-
ished specimens of the starting material.

Ilmenite samples for creep experiments were cut from a 
large euhedral manganiferous ilmenite crystal from Kola, 
Russia. The EMPA composition of this material in wt% 
oxides is 39.05% FeO (with total Fe calculated as FeO), 
51.68% TiO

2
 , 0.05% MgO, 6.77% MnO, 0.02% Al

2
O

3
 , and 

0.03% NaO
2
 (total = 97.64%).

Samples for creep experiments were prepared by drill-
ing oriented cylinders (2-mm diameter, 4-mm length) from 
individual magnetite octahedra (Fig. 1a) and by cutting the 
ilmenite single crystal into oriented rectangular blocks with 
lengths of 4–6 mm and widths of 2 × 2 mm, using the crys-
tal faces as reference orientations (Fig. 1b). Three sample 
orientations were used for each material. Magnetite crys-
tals were compressed parallel to either <100>, <110>, or 
<111> directions. Ilmenite crystals were compressed along 
the <c> axis (perpendicular to the basal plane), normal to 
the <c> axis (parallel to the <a> axis), or at an approxi-
mately 45◦ angle to both the <c> axis and the <a> axis.

Experimental procedures

Creep experiments were performed in a uniaxial dead load 
creep rig (Freund et al. 2004) at ambient pressure of approxi-
mately 0.1 MPa in a controlled gas atmosphere. Piston 
displacement was recorded by a linear voltage differential 
transducer with 0.2μm resolution, which was used to calcu-
late sample strains and strain rates. Load was applied to a 
leveraged platform in the form of steel plates in increments 
of approximately 32 N. Creep experiments were conducted 
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at temperatures between 825 and 1150◦ C under applied 
axial stresses of 8–120 MPa. The samples were separated 
from the pistons with alumina spacers and a thin layer of 
finely powdered boron nitride made into a paste to facilitate 
removal of the sample after the experiments. Boron nitride 
is highly refractory and is not expected to creep at the tem-
perature range of our experiments. The calibrated tempera-
ture gradient of the furnace is approximately 3 ◦ C across the 
length of the sample in the temperature range 800–1200◦ C. 
Each specimen was deformed at several temperature steps in 
decreasing order and several load steps in increasing order 
at each temperature.

For load-stepping experiments, a flowing gas atmosphere 
composed of CO

2
 mixed with 3% H 

2
 was used. This gas 

mixture produces an oxygen fugacity close to that of the 
quartz–fayalite–magnetite (QFM) buffer over the temper-
ature range of our experiments (Huebner and Sato 1970; 
Prunier and Hewitt 1981). Gas was allowed to flow through 
the sealed vessel for several hours prior to the start of the 
experiment to thoroughly flush out excess oxygen. To inves-
tigate the influence of oxygen fugacity on magnetite defor-
mation, a series of experiments was performed in the creep 
assembly under constant load at select temperatures with 
varying concentrations of H 

2
 mixed with CO

2
 gas. Tabu-

lated values of H 
2
 and CO

2
 mixtures corresponding to tar-

get oxygen fugacity ( fO2
 ) values from Prunier and Hewitt 

(1981) were used to calculate the proportional flow rates for 
a pre-mixed CO

2
 gas containing 3 % hydrogen mixed with 

pure CO
2
 . After each change in gas composition, the sample 

was unloaded and the gas was allowed to flow through the 
furnace for at least 20 min before reloading to stabilize the 
atmosphere. Steady-state creep rates were observed follow-
ing each change in atmosphere; however, it should be noted 
that point defect structures in olivine have been observed to 
require substantially longer times to respond to changes in 
fO2

 (Mackwell et al. 1988). For creep tests of fO2
-depend-

ence, a single crystal of magnetite was compressed parallel 
to <111> under axial stresses around 35 and 65 MPa at 
temperatures of 1100◦ and 1150◦ (Table 1) and an ilmenite 
single crystal sample was compressed normal to <0001> 
under an axial stress around 46 MPa at 1150◦ C (Table 2).

Initial sample dimensions were precisely measured prior 
to each experiment. A data-processing algorithm was used 
to calculate the axial stresses in each load step by correcting 
for the increase in cross-sectional area of the sample dur-
ing shortening, assuming uniform shortening and constant 
volume. Load steps were usually limited to increments of 
1 % strain after reaching steady-state flow conditions. Total 
strains achieved in each experiments were less than 15% 
except for experiment JM06, where the final strain was 24% . 
Representative curves of load and displacement vs. time are 
shown in Fig. 2 for several 1100◦ C steps for magnetite and 
ilmenite.

After each experiment, deformed samples were sectioned 
in half along the compression axis, mounted in epoxy, and 
polished for microscopic analysis. All deformed samples 
were examined for evidence of oxidation, alteration or chem-
ical reaction in polished sections using reflected light optical 
microscopy. Transmission electron microscopy (TEM) was 
performed on representative deformed samples to image dis-
locations and deformation microstructures. TEM foils were 
prepared with the focused ion beam (FIB) technique and 
imaged in diffraction contrast mode on a Tecnai G2 F20 
X-Twin TEM equipped with a field-emission gun.

Results

Deformation microstructures

The main defects identified in TEM analysis of deformed 
magnetite from experiment JM06 were narrow slip bands 
(Fig. 3a). Free dislocations were rare in the TEM foils 
examined from this sample. The formation of slip bands 
and highly inhomogeneous distribution of defects has 
been noted in Ni-ferrite spinel crystals by Rabier et al. 
(1976), in natural magnetite crystals experimentally 
deformed by Lindquist et al. (2015) and Hennig-Michaeli 
and Siemes (1982), as well as in naturally deformed 

a1

a2

a3

<111>

<110>

<100>

a1

c

a2

a3

<0001>
<0001><

(b)

(a)

<0001>┴

<a>

Fig. 1  Diagrams illustrating sample orientations used for creep exper-
iments from a magnetite and b ilmenite single crystals
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Table 1  Magnetite single-
crystal creep experiment 
conditions and results

Experiment Compression 
direction

Temp ◦C � (MPa) Log. �̇� 1/s % strain log fO
2
 (atm)

JM03 < 100 > 825 69.4 –7.32 1.2 –14.8
825 93.2 –6.88 2.3 –14.8
825 116 –6.58 3.1 –14.8
880 51.6 –6.75 3.9 –13.5
880 75.1 –6.35 4.7 –13.5
880 97.9 –5.95 5.6 –13.5
880 120 –5.63 6.5 –13.5
938 49.6 –6.77 7.4 –12.3
938 79.7 –5.85 8.3 –12.3

JM04 < 111 > 1094 30.1 –6.20 1.4 –9.5
1094 43.8 –5.59 2.2 –9.5
1094 57.2 –5.22 3.0 –9.5
1043 43.2 –6.03 3.6 –10.3
1043 29.2 –6.71 4.0 –10.3
1043 56.2 –5.75 5.0 –10.3
990 21.9 –7.52 5.8 –11.2
990 55.3 –6.25 6.4 –11.2
990 74.7 –5.76 7.3 –11.2
990 92.7 –5.40 10.1 –11.2
938 65.2 –6.50 11.2 –12.3
938 90.0 –6.01 12.0 –12.3
938 114 –5.64 13.0 –12.3

JM05 < 110 > 1145 26.5 –5.62 2.4 –8.8
1145 38.7 –5.15 2.9 –8.8
1145 50.7 –4.78 3.5 –8.8
1095 32.0 –5.90 4.0 –9.5
1095 49.8 –5.28 4.6 –9.5
1095 67.5 –4.83 5.3 –9.5
1044 48.4 –6.02 6.4 –10.3
1044 65.2 –5.47 7.3 –10.3
1044 81.7 –5.07 8.3 –10.3
990 57.8 –6.02 9.3 –11.2
990 79.7 –5.63 10.3 –11.2
990 100.8 –5.34 11.1 –11.2

JM06 < 100 > 1143 35.1 –4.78 2.3 –8.8
1143 26.5 –5.32 3.4 –8.8
1143 42.3 –4.69 4.4 –8.8
1143 49.5 –4.45 5.1 –8.8
1094 17.7 –6.44 5.6 –9.5
1094 33.1 –5.54 6.5 –9.5
1094 48.2 –4.97 7.5 –9.5
1094 62.9 –4.56 8.2 –9.5
1094 77.2 –4.22 9.2 –9.5
1042 46.4 –5.40 10.2 –10.3
1042 23.6 –6.79 11.3 –10.3
1042 38.2 –5.86 12.2 –10.3
1042 59.6 –5.10 13.2 –10.3
1042 73.3 –4.73 13.8 –10.3
990 51.1 –5.87 15.0 –11.2
990 64.4 –5.44 16.0 –11.2
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magnetite by Mamtani et  al. (2020), who addition-
ally observed stacking faults, nanotwins, and evidence 
of recrystallization in TEM imaging. TEM images of 
deformed ilmenite from experiment KI03 (Fig. 3b) mainly 
contain short, straight dislocations arranged into incipi-
ent low-angle boundaries with a relatively low density of 
free dislocations.

Creep of magnetite single crystals

Axial strain rates in all experiments ranged from 3 × 10−8 to 
6 × 10−5 s −1 for applied stresses between 20 and 120 MPa 
(Table 1). For data analysis, we assumed power law creep 
behavior of the form �̇� = A𝜎nf r

O2

exp{−Q∕RT} , where �̇� is 
strain rate in s −1 , A is a material-dependent pre-exponential 
factor, � is the axial stress in MPa, n is the stress exponent, 
fO2

 is oxygen fugacity in atm, r is the fugacity exponent, and 
Q is the activation energy in kJ/mol.

All load-stepping segments exhibited steady-state creep 
behavior with stress exponents ranging between 2.8 and 4.3 
independent of sample orientation (Figure 4) with a mean 
value of 3.5 ± 0.4, consistent with dislocation creep. Evi-
dently, at a given temperature, samples deformed parallel to 
<100> are weaker than those compressed along the <110> 
and <111> directions. Activation energies were calculated 

by taking the mean stress exponent from the creep seg-
ments at each temperature, extrapolating the strain rates 
for a stress of 100 MPa, then plotting the strain rates on an 
Arrhenius diagram (Figure 5). Figure 5 also contains data 
for 1-atm creep experiments on magnetite single crystals 
from Lindquist et al. (2015) and Gómez-Garcıa et al. (2002), 
who investigated creep rates as a function of oxygen fugac-
ity. Also shown are experimental creep data for Mn–Zn fer-
rite single crystals from Nishikawa et al. (1981b) as cited in 
Okamoto (1989), performed in a bending apparatus.

Compression along <100> was found to be the weakest 
orientation, for which we determined a mean stress exponent 
of 3.6 ± 0.5 and an activation energy of 315 ± 5 kJ/mol. 
Single crystals compressed along <110> exhibited a mean 
stress exponent of 3.3 ± 0.6 and an activation energy of 
345 ± 30 kJ/mol. Compression along <111> exhibited simi-
lar strengths to the <110> orientation, with a mean stress 
exponent of 3.5 ± 0.4 and activation energy of 290 ± 5 kJ/
mol. Within the uncertainties, the stress exponents for each 
orientation are indistinguishable, and the activation energies 
nearly overlap. The above creep parameters correspond to 
pre-exponential factors of A = 14.2, 158, and 0.725 MPa−n 
for compression along <100>, <110>, and <111>, respec-
tively, without accounting for creep dependence on oxygen 
fugacity (see Sect. 3.4).

Table 1  (continued)

Experiment Compression 
direction

Temp ◦C � (MPa) Log. �̇� 1/s % strain log fO
2
 (atm)

990 77.3 –5.10 17.0 –11.2
990 89.9 –4.82 17.8 –11.2
936 68.9 –5.83 18.5 –12.3
936 47.9 –6.58 20.7 –12.3
936 60.3 –6.17 21.7 –12.3
936 72.5 –5.82 22.6 –12.3
936 84.2 –5.55 23.6 –12.3

JM07 < 111 > 1150 37.6 –4.99 1.8 –8.8
1150 36.8 –5.37 2.5 –8.0
1150 36.7 –6.24 3.0 –7.0
1150 36.2 –5.90 3.7 –6.0
1150 35.8 –5.47 4.5 –5.0
1150 35.5 –5.45 5.1 –4.0
1100 35.0 –6.83 6.2 –8.0
1100 34.7 –5.94 6.6 –9.4
1100 66.8 –5.01 7.0 –9.4
1100 66.3 –5.49 8.2 –9.0
1100 66.1 –5.92 8.6 –8.6
1100 65.9 –6.09 9.0 –8.0
1100 65.4 –6.05 9.4 –7.0
1100 64.7 –5.37 10.4 –6.0
1100 64.5 –5.30 11.3 –5.0
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Table 2  Ilmenite single-crystal 
creep experiment conditions 
and results

Experiment Compression direction Temp ◦C � (MPa) Log �̇� 1/s % strain log fO
2
 (atm)

KI03 Angle to <0001> 1100 15.9 –4.67 1.4 –9.4
1100 8.7 –5.82 2.1 –9.4
1100 15.6 –4.97 2.7 –9.4
1100 22.4 –4.37 3.2 –9.4
1050 22.0 –5.14 4.2 –10.2
1050 35.3 –4.08 5.0 –10.2
1050 28.2 –4.33 5.7 –10.2
1050 14.5 –5.60 6.4 –10.2
1000 14.2 –6.22 6.6 –11.1
1000 27.2 –5.09 8.0 –11.1
1000 39.7 –3.52 9.2 –11.1
950 26.4 –5.46 10.0 –12.0
950 32.6 –4.89 10.8 –12.0
950 38.6 –4.36 11.6 –12.0
950 13.2 –7.10 12.2 –12.0
900 31.7 –6.33 12.8 –13.0
900 43.6 –4.75 13.6 –13.0

KI04 <0001> 1144 34.4 –6.16 1.5 –8.8
1144 47.1 –5.82 1.9 –8.8
1144 59.9 –5.45 2.1 –8.8
1093 40.5 –6.68 2.3 –9.5
1093 59.5 –6.12 2.7 –9.5
1093 84.9 –5.68 3.1 –9.5
1043 39.8 –7.36 3.8 –10.3
1043 58.6 –6.85 3.9 –10.3
1043 77.2 –6.48 4.1 –10.3
1043 102 –5.94 4.5 –10.3
990 64.0 –7.27 4.7 –11.2
990 88.5 –6.77 5.0 –11.2
990 113 –6.29 5.2 –11.2

KI05 Normal to <0001> 1100 28.7 –6.57 1.1 –9.4
1100 48.7 –5.89 1.4 –9.4
1100 21.7 –7.30 1.6 –9.4
1150 28.2 –6.34 1.9 –8.7
1150 40.8 –5.76 2.4 –8.7
1150 53.4 –5.22 3.5 –8.7
1150 65.6 –4.82 4.6 –8.7
1050 33.5 –7.22 5.5 –10.2
1050 52.4 –6.44 5.9 –10.2
1050 70.6 –5.76 6.4 –10.2
1050 88.6 –5.20 7.3 –10.2
1000 75.8 –6.10 8.2 –11.1
1000 100 –5.57 8.5 –11.1
1000 38.0 –7.39 9.2 –11.1
1100 50.2 –5.54 10.2 –9.4
1100 61.4 –5.03 11.2 –9.4
1100 37.1 –5.98 12.0 –9.4
1100 25.0 –6.61 13.2 –9.4
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Creep of ilmenite single crystals

Steady-state creep rates of samples deformed perpendicu-
lar, parallel, and at 45◦ to the <c> axis ranged between 
7.9 × 10−8 and 3.0 × 10−4 s −1 at applied stresses of 8.7–113 
MPa (Table  2). Compared to compression parallel and 
normal to <0001>, samples oriented at 45◦ to the c-axis 
deformed at rates approximately 3 orders of magnitude 
faster (Fig. 6). Deduced stress exponents ranged between 
2.9 and 5.8 (mean 3.8 ± 0.6), with average values of 4.3 
± 0.4, 3.3 ± 0.5, and 3.9 ± 0.4, for creep perpendicular, 
parallel, and inclined to <0001>, respectively. Note that in 
experiment KI03, deformation below 1000◦ C was character-
ized by larger stress exponents than at higher temperatures, 

suggesting that the dominant mode of dislocation motion 
transitioned from climb to glide during that experiment. 
Experiment KI04 also displays a slight increase in stress 
exponent with decreasing temperature, possibly also reflect-
ing an increasing contribution of dislocation glide. If only 
data above 990◦ are considered, the stress exponents are the 
same for all ilmenite orientations within uncertainties. The 
activation energies for creep perpendicular, parallel, and 
inclined to <0001> are 345 ± 30, 420 ± 35, and 360 ± 
40 kJ/mol (Fig. 7). The uncertainties on Q values overlap 
among the different orientations, and also overlap within 
error with the activation energy of 307 ± 26 kJ/mol reported 
for synthetic ilmenite aggregates by Dygert et al. (2016), 
also shown in Fig. 7. We determined pre-exponential factors 

Table 2  (continued)

Experiment Compression direction Temp ◦C � (MPa) Log �̇� 1/s % strain log fO
2
 (atm)

KI06 Normal to <0001> 1150 46.4 –5.80 1.5 –8
1150 45.8 –5.75 2.4 –7
1150 44.9 –5.73 3.1 –8
1150 45.0 –5.81 3.8 –8.7
1150 44.2 –5.69 5.3 –6
1150 43.5 –5.37 6.6 –5

1150 43.2 –5.23 6.9 –6

Lo
ad

 (N
)

D
isplacem

ent (μm
)

Ilmenite
KI05, 1100°C

Time (10³ s)

0 5 10 15 20 25

Lo
ad

 (N
)

D
isplacem

ent (μm
)

D
isplacem

ent (μm
)

Lo
ad

 (N
)

Time (10³ s)Time (10³ s)

Time (10² s)

Lo
ad

 (N
)

D
isplacem

ent (μm
)

Magnetite
JM06, 1100°C

Magnetite JM07, 1150°C, various fO2 Ilmenite 
KI06, 1150°C
various fO2

(b)

(a)

-8.75

-8.75

-5

-7
-8

-8.75

-6

-4
-8.75

-7

-8

-6

-5
-8

Fig. 2  Representative mechanical data from creep experiments on a magnetite and b ilmenite single crystals. Dashed lines for experiment KI05 
represent creep segments for the repeated temperature step at 1100 ◦ C. Creep segments in (b) are labeled with oxygen fugacities in log atm units
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of A = 1.58, 1.56 × 104 , and 1.18 × 104 for compression 
directions perpendicular, parallel, and inclined to <0001>, 
respectively.

Compression parallel to the basal plane (normal to the 
c-axis) in experiment KI05 was distinguished from the other 
compression directions by a significant amount of hardening 
in the beginning of the experiment. Steady-state creep was 
reached after approximately 0.9% strain. Several creep steps 
at 1100◦ C were repeated at the end of the experiment and 
strain rates were considerably faster in these later segments 
than in the initial 1100◦ C steps (Table 2, open symbols in 
Fig. 6). This sample softening is attributed to the accumu-
lation of small rotations in the crystal lattice that enabled 
activation of the easy basal slip plane. During experiment 
KI03, two load steps were performed at 900◦ C before the 
sample failed. These data were not incorporated into the 
determinations of activation energy or mean stress exponent 
for compression at an angle to the <c> axis.

Oxygen fugacity dependence of creep

Results of magnetite creep tests at 1100◦ C and 1150◦ C 
with variable fO2

 (compressed along <111>) are shown in 
Fig. 8a. In the lower region of the investigated fO2

 range, 

Fig. 3  Transmission election microscope images of crystalline defects 
in magnetite and ilmenite. a Slip bands (arrows) in magnetite single-
crystal sample JM06 compressed parallel to <100>; b dislocations 

aligned into subgrain boundaries in ilmenite sample KI03 compressed 
at approximately 45◦ to the basal plane. Scale bar in each figure rep-
resents 200 nm
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magnetite strain rates decreased strongly with increasing fO2
 

and reached a local minimum at approximately 2 log units 
above the QFM buffer (approximately 10−8 and 10−7 atm at 
1100 and 1150◦ C, respectively). Above QFM+2, strain rates 
exhibited a weaker but pronounced positive fO2

-dependence 
up to approximately QFM+4 log units, above which value 
the creep rates were insensitive to further changes in fO2

 . 
The mean oxygen fugacity exponents are -0.7 ± 0.3 and 0.4 
± 0.2 at fO2

 ranges below and above QFM + 2, respectively.
Ilmenite was deformed at 1150◦ C with varying fO2

 
in experiment KI06 (Fig. 8b). In contrast to magnetite, 
ilmenite creep rates were essentially independent of oxy-
gen fugacity. Above an fO2

 of approximately 3 log units 
above the QFM buffer, ilmenite creep exhibited an irre-
versible increase in strain rates with both increasing and 
decreasing oxygen fugacity (Figs. 2,  8b), which reflects 
softening due to oxidative alteration. As pure end member 
ilmenite contains only ferrous iron, its fO2

 stability field 
does not extend as high as magnetite or titanohematite. 
Because this experiment does not represent steady-state 
deformation, data from experiment KI06 were not used to 
determine flow law parameters for ilmenite. Early ilmenite 
creep tests in this study were performed in an atmosphere 
of pure CO

2
 , which exhibited similar creep rates for com-

pression along different crystallographic axes, contrary to 
the expected behavior for hexagonal materials. Microstruc-
tural examination of these test samples confirmed that they 
had reacted to form a two-phase intergrowth during the 
experiments.

To derive a flow law for magnetite single crystals incor-
porating the effect of oxygen fugacity, we calculated strain 
rates for fixed values of stress, n, and fO2

 , as shown in 
Fig. 11a for representative oxygen fugacities of 10−10 and 
10−6.5 atm. Using these values, we estimated fO2

-independ-
ent activation energies of 715 ± 150, 725 ± 145, and 690 
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± 150 kJ/mol for <100>, <110>, and <111> orientations, 
respectively, in the region of negative fO2

-dependence below 
approximately QFM + 2 log units. In the region of positive 
fO2

-dependence, we estimated an activation energy of 185 
± 100 for compression along <111>; however, this value 
should be regarded as only a rough approximation due to 
the difficulty of extrapolating the experimental data from the 
negative fO2

-dependence regime to the positive-dependence 
regime. The uncertainties in the activation energies at fixed 
fO2

 are based on the uncertainties in the fO2
 exponents deter-

mined in experiment JM07. Flow law parameters for ilmen-
ite and fO2

-dependent flow law parameters for magnetite are 
listed in Table 3 for each compression direction investigated 
in this study.

Discussion

Effect of loading direction and comparison to creep 
of polycrystalline material

The orientation dependence of magnetite single-crystal 
creep observed here is consistent with the flow anisotropy 

observed for natural magnetite crystals deformed at 400◦ C 
by Hennig-Michaeli and Siemes (1982). They noted that 
while magnetite was weaker in compression along <100> 
than along <110> or <110> at 400◦ C, the flow anisotropy 
was not distinct at 200◦ C. Mn–Zn ferrite is an inverse spinel-
structured oxide that forms a solid solution with magnetite, 
and is thus a good analog material for mechanical proper-
ties comparison. Similar anisotropy to that of magnetite 
was found in Mn–Zn ferrite single crystals in experiments 
by Nishikawa et al. (1981a) as cited in Okamoto (1989), 
in agreement with our observations for magnetite (Fig. 4). 
Their data for compression along <112> are shown in 
Fig. 5, which have creep rates comparable to those of mag-
netite measured in this study when extrapolated to higher 
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temperatures. However, Fig. 9 of Nishikawa et al. (1981a) 
indicates a strength difference of around 100 MPa between 
the weak and strong directions in Mn–Zn ferrite at 1100◦ C, 
which is much higher than the strength difference we deter-
mined of approximately 20 MPa (Fig. 4) for magnetite at a 
given strain rate (Fig. 4). Although Lindquist et al. (2015) 
did not determine stress exponents in their creep experi-
ments on magnetite single crystals, we normalized their 
data to 100 MPa assuming a stress exponent of 3, which is 
shown in Fig. 5. Their microstructural observations indi-
cated that compression along <112> resulted in dominant 
slip on {111} planes, and their results agree well with those 
of this study despite the large uncertainties on their reported 
strain rates.

The results of our ilmenite experiments demonstrate 
highly anisotropic single-crystal creep, as found previously 
for other hexagonal phases. The strength of polycrystalline 
hexagonal minerals is typically close to that of the hard-
est slip system in single crystals (Hutchinson 1977). The 
strength of polycrystalline olivine, which is orthorhombic, 
appears to be intermediate between the weak and hard slip 
systems in olivine based on a comparison of experimental 
creep data for polycrystalline dunite and olivine single 
crystals by Keefner et al. (2011). The dislocation creep 
law for polycrystalline ilmenite by Dygert et al. (2016) 
shown in Fig. 7 is therefore in excellent agreement with 
our ilmenite single crystal results, plotting close to the 
strain rates for compression in the hard directions paral-
lel and perpendicular to the basal plane. Their activation 
energy of 307 is somewhat lower than our observed values, 
but is reasonably close considering the different sample 
sources and experimental apparatus used. It is also worth 
noting that the strength of magnetite aggregates studied by 
Till et al. (2019) is closest to those of the harder magnetite 
single-crystal orientations found in this study. Experimen-
tally determined creep rates for polycrystalline hematite 
by Siemes et al. (2003) are comparable to our data for 
ilmenite compressed perpendicular to <c> (experiment 
KI05) but with a lower activation energy of 225 kJ/mol.

Siemes et al. (2003) identified (c)<a> and {a}<m> as 
the most important slip systems in hematite, which are likely 
the main slip systems activated in our ilmenite samples com-
pressed at an angle to the basal plane. While basal slip is 
the most easily activated slip system in hexagonal crystals, 
samples compressed parallel to the <c> axis and perpen-
dicular to <c> (parallel to the <a> axis) have no resolved 
shear stress on the basal plane and thus cannot deform by 
basal slip. Ilmenite samples compressed parallel to the <a> 
axis (experiment KI05) may deform by prismatic slip, {101
0}<1120>, and/or pyramidal slip, e.g., {1011}<1210>, 
while pyramidal slip is likely to be the main system activated 
in samples compressed along the <c> axis (experiment 
KI04). The strain hardening observed early in experiment 
KI05 likely reflects deformation accommodated by twinning, 
as twinning in hexagonal titanium has been associated with 
strain hardening behavior (Salem et al. 2003). Siemes et al. 
(2008) observed evidence of r-twinning in hematite single 
crystals compressed both along the <c> axis and along the 
<a> axis, so twinning may be an important deformation 
mechanism in the initial stages of ilmenite deformation 
when the crystals are not favorably oriented for basal slip.

Effect of oxygen fugacity on dislocation creep rates 
in magnetite

The activation energies determined here for magnetite single 
crystals are notably lower than that reported for dislocation 
creep of dry polycrystalline magnetite by Till et al. (2019) 
of 463 ± 19 kJ/mol. The discrepancy partly arises from the 
different oxygen fugacity buffers imposed by the Ni–NiO 
jacket used in the Paterson rig by Till et al. (2019) and the 
CO

2
-H

2
 mixture used in the creep rig here. When both sets 

of data are plotted at the experimental buffers, creep rates are 
similar at high temperatures but differ significantly at low 
temperature (Fig. 5). Figure 9a illustrates that the difference 
in fO2

 between the two buffers is also greater at lower tem-
peratures. Although this difference is relatively small, the 
high sensitivity of magnetite creep to fO2

 strongly influences 
the apparent activation energy. Using the fO2

 dependence 

Table 3  Flow law parameters 
for creep of magnetite and 
ilmenite single crystals of the 
form �̇� = A𝜎nf r

O
2

exp{−Q∕RT}

Material and compression direction n r Q kJ/mol log A MPa−n atm−r s −1

positive fO
2
-dependent regime

Magnetite, <111> 3.5 ± 0.4 0.4 ± 0.2 185 ± 100 3.5 × 10
−3

negative fO
2
-dependent regime

Magnetite, <100> 3.6 ± 0.5 −0.7 ± 0.2 715 ± 150 5.5 × 10
9

Magnetite, <110> 3.3 ± 0.6 −0.7 ± 0.2 725 ± 145 1.6 × 10
10

Magnetite, <111> 3.5 ± 0.4 −0.7 ± 0.2 690 ± 150 2.5 × 10
8

Ilmenite, <a> 4.3 ± 0.4 0 345 ± 30 1.58
Ilmenite, <c> 3.3 ± 0.5 0 420 ± 35 1.6 × 10

4

Ilmenite, oblique to <c> and <a> 3.9 ± 0.4 0 360 ± 40 1.2 × 10
4
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determined in experiment JM07 (Fig. 8a), we adjusted the 
normalized creep rates from experiment JM04 to oxygen 
fugacities at the Ni–NiO buffer for comparison to the data of 
Till et al. (2019), as shown as Fig. 9b. The resulting single-
crystal creep rates come into much closer agreement with 
the aggregates with apparent activation energies of 370 ± 
20, 390 ± 20, and 350 ± 25 kJ/mol for <100>, <110>, and 
<111> orientations, respectively, with uncertainties based 
on those of the fO2

 exponents determined from experiment 
JM07.

A summary of reported activation energies for oxygen 
diffusion in magnetite and other spinel-structured oxide 
phases is shown in Fig. 10. Only two studies have directly 
measured O diffusion in magnetite, and it should be noted 
that both were performed in the presence of hydrous species. 
Giletti and Hess (1988) reported an activation energy of 188 
kJ/mol and suggested a change in the diffusion mechanism 
below 500◦ C, at which point the low-temperature activa-
tion energy of 71 kJ/mol determined by Castle and Surman 
(1967) may be more relevant. Crouch and Robertson (1990) 
inferred an activation energy of 264 kJ/mol for oxygen dif-
fusion in magnetite based on creep experiments in a bending 
apparatus. The activation energies for O diffusion in Ni–Cr 
spinel and Ni-ferrite from Kingery et al. (1960) and O’Bryan 
and DiMarcello (1970) of 295 and 255 kJ/mol, respectively, 
are broadly similar to the apparent activation energies of 
magnetite found in this study. Reported Fe diffusivities in 

magnetite from Dieckmann and Schmalzried (1977), also 
shown in Fig. 10, are at least four to five orders of magnitude 
faster than O diffusion, so oxygen should be the rate-limiting 
species for creep.

A strong fO2
 dependence for creep in magnetite single 

crystals was previously reported by Gómez-Garcıa et al. 
(2002). Although they mainly reported relative changes 
in strain rate, they also found a transition from negative to 
positive fO2

 dependence with average fO2
 exponents around 

–0.4 and 0.35. Similarly, both iron and oxygen diffusion 
have been demonstrated to vary nonlinearly with fO2

 (see 
review by Van Orman and Crispin (2010)). Diffusion of 
Fe, Ti, and many other trace element cations in magnet-
ite are well described by a V-shaped trend (Dieckmann and 
Schmalzried 1977; Sievwright et al. 2020) that transitions 
from fO

−2∕3

2
 to fO

2∕3

2
 . This pattern of cation diffusivities is 

typically assumed to represent a change in diffusion mecha-
nism from iron interstitials to iron vacancies with increasing 
fO2

 based on the point defect reactions. For oxygen diffusion 
by a vacancy mechanism, diffusion rates are expected to 
vary as fO

−1∕2

2
 , which is supported by oxygen diffusivities 

in magnetite reported by Millot and Niu (1997) and Mil-
lot et al. (1997) proportional to fO

−1∕2

2
 and fO

1∕6

2
 . Oxygen 

diffusion data from Millot and Niu (1997) at different fO2
 

buffers and a single temperature are shown in Fig. 10 for 
comparison. They interpreted the positive fO2

 dependence 
at more oxidizing conditions as an effect of coupled iron 
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and oxygen vacancy clusters. Positive correlations between 
oxygen diffusion and fO2

 have also been observed in oxides 
such as Ni-ferrite (O’Bryan and DiMarcello 1970), spinel 
(Reddy and Cooper 1981), and olivine (Ryerson and McK-
eegan 1994). These studies all concluded that O diffusion 
could not operate by an oxygen vacancy mechanism, but 
suggested the possibility of a covacancy mechanism as 
described by Moore et al. (1958), whereby iron vacancies 
facilitate oxygen diffusion. O diffusion by O interstitials is 
also consistent with a positive fO2

 dependence, but is gen-
erally considered unlikely due to the large anion size. Our 
determined fO2

 exponent of -0.7 and 0.4 are consistent with 
deformation rates controlled by O diffusion by a vacancy 
mechanism at lower fO2

 values, while the regime of positive 
fO2

-dependence likely represents creep limited by diffusion 
of oxygen and iron vacancy pairs.

Relative strengths of Fe–Ti oxides

Figure 11b displays normalized ilmenite creep rates in hard 
orientations along with magnetite creep rates for the <111> 
orientation from this study extrapolated to various oxygen 
fugacity buffers based on the fO2

-dependence determined in 
experiment JM07. Dislocation creep flow laws for polycrys-
talline hematite (Siemes et al. 2003) and ilmenite (Dygert 
et al. 2016) are also shown for comparison. Magnetite and 
ilmenite often occur together in oxide-rich zones of highly 

differentiated igneous rocks (Ashwal 1982), while magnet-
ite and hematite may occur together in banded iron forma-
tions where fluid-present deformation facilitates oxidative 
transformation of magnetite to secondary hematite (Lagoeiro 
1998). At oxidizing conditions near the magnetite–hema-
tite (MH) buffer, magnetite is predicted to be moderately 
stronger than hematite. However, it is worth noting that 
Crouch (1972) determined an oxygen fugacity exponent of 
–0.14 for diffusion creep of hematite, which could further 
influence the relative strengths of hematite and magnetite. At 
more reducing conditions where ilmenite is stable, magnetite 
is expected to be slightly weaker than ilmenite at the QFM 
buffer, but stronger than ilmenite at QFM + 2 log units. In 
deformation experiments on magnetite crystals with ilmenite 
inclusions, Hennig-Michaeli and Siemes (1982) described 
the ilmenite regions as being more highly strained than the 
magnetite, indicating ilmenite to be the weaker phase at their 
experimental conditions.

The majority of experiments on magnetite aggregates 
by Till et al. (2019) were conducted under dry conditions. 
However, they did perform one experiment under hydrous 
conditions, which indicated that magnetite creep rates are 
significantly enhanced in the presence of trace amounts of 
water. Thus, in addition to being highly sensitive to oxygen 
fugacity, magnetite creep likely depends strongly on the 
presence of hydrous species, which will influence the oxy-
gen fugacity buffer conditions as well as point defect con-
centrations. Small variations in trace water contents could 
further account for the differences between the dislocation 
creep flow laws presented here and the nominally dry tri-
axial experiments of Till et al. (2019), as water fugacity will 
always be lower in the absence of confining pressure. The 
effect of hydrous conditions on deformation rates in Fe–Ti 
oxide minerals remains to be explored in detail and is a fac-
tor that will affect the nature of strain partitioning among 
oxides and between oxide and silicate phases.

While {111} planes are generally held to be the domi-
nant slip plane in magnetite (Hornstra 1960), the similar 
strengths of the three magnetite orientations found in this 
study demonstrate that other slip planes ( {110} and {100} ) 
may be activated relatively easily. In contrast, we found large 
strength differences for the various ilmenite orientations, 
reflecting the difficulty of activating slip on planes other than 
(0001). These contrasting behaviors may partially explain 
why microstructural studies of deformed Fe–Ti oxides often 
find strong crystallographic textures in ilmenite and weak or 
no crystallographic preferred orientation in co-existing mag-
netite (Agar and Lloyd 1997; Terry and Heidelbach 2006; 
Kontny et al. 2012). Similar differences in texture develop-
ment have also been noted between cubic and hexagonal 
metals (Wang and Huang 2003), where hexagonal mate-
rials have greater mechanical anisotropy and potential for 
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texture development due to having fewer easy slip systems 
than cubic crystals.

Conclusions

The creep behavior of natural magnetite and ilmenite single 
crystals was investigated as a function of temperature, orien-
tation, and oxygen fugacity. Ilmenite single crystals exhibit 
high mechanical anisotropy and are weakest in an orientation 
that facilitates easy slip on basal planes. In contrast, mag-
netite creep rates have low dependence on loading direction, 
being slightly weaker in compression along <100> than 
along <110> or <111>. Ilmenite single-crystal creep rates 
in hard directions are in excellent agreement with published 
flow laws for synthetic aggregates. Magnetite single crystals 
appear to be slightly weaker than polycrystalline magnetite 
studied in earlier work and our observed activation energies 
are also lower. This apparent discrepancy results at least 
partially from the strong fO2

-dependence in magnetite: after 
correcting for the different fO2

 buffers used in the previous 
experiments, magnetite single-crystal creep strength comes 
into closer agreement with polycrystalline magnetite data. 
Magnetite strength relative to other Fe–Ti oxides and silicate 
minerals thus depends strongly on oxygen fugacity as well.
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Fig. 11  a Arrhenius plot of magnetite single-crystal creep rates at 
constant oxygen fugacities. b Plot comparing creep rates for ilmen-
ite compressed along hard orientations with predicted creep rates for 
magnetite at the quartz–fayalite–magnetite (QFM) buffer, 2 log units 

above the QFM buffer, and the magnetite–hematite buffer. Data for 
ilmenite compressed oblique to <c> falls outside the limit of the 
scale in this figure. Flow laws for ilmenite and hematite aggregates 
from Dygert et al. (2016) and Siemes et al. (2003) are also shown
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