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S U M M A R Y
Cyclic loading at elevated temperatures occurs either naturally during tectonic or volcanic-
induced earthquakes or can be human-induced due to various geological engineering activities.
The aim of this study is to test if mechanical fatigue in rocks can be monitored by magnetic
methods. For this purpose, the effect of cyclic-mechanical loading (150 ± 30 MPa) on the
magnetic susceptibility and its anisotropy of a magnetite-bearing ore with varying temperatures
(400 and 500 ◦C) and environment (air and vacuum) was investigated. Our study shows that
magnetic susceptibility decreases significantly (up to 23 per cent) under air conditions and
in vacuum (up to 4 per cent) within the first ca. 1000 cycles. Further loading does not
significantly affect the magnetic susceptibility which then remains more or less constant. The
decrease of susceptibility parameters is stronger at 500 ◦C compared to 400 ◦C under both
experimental conditions. Magnetic susceptibility was always measured after decompression
of the loaded sample at room temperature so that magnetostriction can be excluded as a
reason for these changes. The higher the temperature at which samples were loaded the
more pronounced is the oxidation of magnetite to haematite. The transformation of magnetite
into haematite under ambient conditions is the most important mechanism influencing bulk
magnetic properties. The weak changes in magnetic susceptibility after vacuum loadings
are probably caused by intragranular microcracks formed on the surface of magnetite grains.
These surface deformation structures are accompanied by the refinement of magnetic domains,
which is observed by magnetic force microscopy. Bulk magnetic grain size modifications
are also confirmed by hysteresis parameters as well as by the increasing Hopkinson peak
ratios determined from magnetic susceptibility measurements over Curie point. The degree of
magnetic anisotropy and shape factor only change for the air-treated samples and are therefore
related to the haematite formation and not to irreversible ductile deformation in magnetite. Our
experimental study shows that cyclic loading can change significantly the magnetic properties
of a rock due to mineral transformation below < 1000 cycles and that the first stages of
mechanical fatigue, which are a precursor of the failure of rock, are closely associated with
these transformations.
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1 I N T RO D U C T I O N

Mechanical stress is known to affect magnetic properties like re-
manent and induced magnetization and its anisotropy in magnetite
(e.g. Nagata & Kinoshita 1964; Stacey 1964; Stacey & Westcott
1965; Nagata 1970; Stacey & Johnston 1972; Martin et al. 1978;

Kapička 1988; Johnston 1989). Magnetite is one of the most abun-
dant magnetic minerals in terrestrial rocks, and it is well known
that magnetic properties, especially of igneous and metamorphic
rocks, respond sensitively to mechanical stresses (Nagata 1970). In
the last decade, magnetic parameters have been increasingly used to
understand strain behaviour in experimentally deformed rocks (e.g.
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Effect of cyclic loading on magnetic susc. 1347

Carporzen & Gilder 2010; Till et al. 2012; Volk & Feinberg 2019).
Rocks fracture not only under static stresses but also due to repeated
loading and unloading, called fatigue loading (Braunagel & Griffith
2019). These dynamic changes are known to enhance rocks’ failure
at stresses much lower than the yielded stress limit (e.g. Rao &
Ramana 1992; Liang et al. 2012). This observation raises the ques-
tion of whether the magnetic properties of rocks are sensitive to
cyclic and fatigue-assisted deformation, especially under seismic-
relevant conditions at elevated temperatures near the brittle–ductile
transition (Violay et al. 2017). It is well known that large earth-
quakes induce a dynamic triggering of earthquakes in distant areas
(e.g. Johnson & Jia 2005, and references therein). Johnston et al.
(2006) also documented magnetic field changes before earthquakes
and proved that these changes can be used for monitoring seismic
activity. If so, the monitoring of magnetic properties of rocks can
provide important information concerning mechanisms of tectonic,
volcanic or human-induced seismic deformation.

In the last decade, magnetic parameters have been increasingly
used in cyclic loading experiments as a non-destructive method for
testing mechanical fatigue in steel. Metal magnetic memory tech-
niques are used to assess stress status, especially for detecting early
damage in a ferromagnetic material (Leng et al. 2009). Interest-
ingly, cyclically loaded materials can already exhibit changes in mi-
crostructures before macroscopic crack initiation begins. Kalkhof
et al. (2004) describe a linear dependence between low cycle fa-
tigue (< 12 000 cycles) and magnetic susceptibility in austenitic
(paramagnetic) steel, which is related to the phase transformation
into (ferrimagnetic) martensite.

Martin et al. (1978) performed series of cyclic loading experi-
ments up to 200 MPa for titanomagnetite-bearing diabase and ar-
gued that changes in induced magnetization are mainly related to
differential stress and not to microcrack dilatancy. Anisotropic be-
haviour of magnetostriction parallel and perpendicular to the uni-
axial stress and microstructural changes by strain-induced phase
transformations are the most important reasons to explain changes
in magnetic susceptibility during static or dynamic compression
experiments (e.g. Kalkhof et al. 2004; Gorkunov et al. 2019).

The anisotropy of magnetic susceptibility (AMS) of
titanomagnetite-bearing basalt and polycrystalline magnetite has
been studied under uniaxial static pressures of up to 60 MPa
at room temperature by Kapička (1988). He found that with in-
creasing pressure the degree of anisotropy P (P = K1/K3, where
K1 ≥ K2 ≥ K3 represent the maximum, intermediate and mini-
mum principle susceptibility axis) changes by about 10 per cent
and that mean magnetic susceptibility (Kmean) decreases parallel
and increases perpendicular to the applied stress in agreement with
the study of Nagata (1970). Therefore, the magnetic susceptibil-
ity of a compressed rock becomes anisotropic. This behaviour is
typical for ferrimagnetic minerals with positive magnetostriction
when deformed under pressure. Further, Kapička (1988) found that
the shape of the AMS ellipsoid of magnetite clearly changes under
increasing stress with a decreasing degree of anisotropy and a de-
crease in the lineation factor (K1/K2). However, after the samples
are unloaded, the AMS ellipsoid is reverted nearly completely to its
original orientation. These reversible changes are related to the rota-
tion of the spontaneous magnetization within the magnetic domains
and their wall displacement. On the other hand, plastic deformation
causes irreversible changes of the AMS due to permanent changes
of the demagnetization factor. The latter is related to a better ar-
rangement of ferrimagnetic grains or a modification of the shape of
these grains and depends on the mechanical properties of the fer-
rimagnetic minerals and their matrix (Nagata 1970; Owens 1974;

Kapička 1988; Hao et al. 1997; Till et al. 2012; Till & Moskowitz
2013; 2019). Hence, the mentioned results on changes of rock mag-
netic properties under stress vary due to experimental conditions
significantly.

It is well known that dynamic, cyclic loading can reduce rock
strength up to 50 per cent due to the accumulation of fatigued-
induced defects (e.g. see Braunagel & Griffith 2019, and references
therein). However, there exists a lack of information on the mag-
netic response to fatigue-induced changes in rocks. Therefore, the
aim of this study is to explore the effect of cyclic-mechanical load-
ing on the magnetic susceptibility and its anisotropy of a strongly
anisotropic (P ranges from 1.16 to 1.8) metamorphic magnetite-
rich banded iron ore under various conditions. For this purpose,
initial rock samples were comparatively studied with samples de-
formed in static and dynamic modes. We performed our compres-
sion experiments at elevated temperatures (400 and 500 ◦C) where
plastic deformation mechanisms can already occur in magnetite
(e.g. Hennig-Michaeli & Siemes 1982), and we compared the com-
pressed samples with those that were only annealed at these tem-
peratures for the same time. The loading conditions of 150 MPa
correspond to a depth of approximate 6 km of the upper crust
region lying within the seismogenic zone (Lin 2008) with maxi-
mum applied pressure below the mechanical strength limit of mag-
netite which is about 200 MPa (Grosu et al. 2017). In order to
better understand the underlying mechanisms of mechanical fa-
tigue, magnetic measurements at room temperatures after loading
experiments were combined with non-destructive microstructural
observations.

2 M AT E R I A L A N D M E T H O D S

The testing material was banded iron ore from the Sydvaranger
mine in Norway, consisting mainly of magnetite (Fe3O4) and quartz
(SiO2) and containing amphibole, biotite and pyrite as minor com-
ponents (further descriptions see Reznik et al. 2016). Fig. 1(a) shows
the investigated sample block. Samples marked in red are from
magnetite-rich and samples marked in green come from quartz-rich
layers. Part of these samples is used for cyclic loading experiments
under a normal atmosphere (air). They have a diameter of 1.5 cm
and a length of 2.0 cm (sample volume of about 3.3 cm3) or a length
of 1.0 cm giving a sample volume of around 1.8 cm3 (Table 1). From
the samples with a sample volume of about 3.3 cm3, only the bulk
magnetic susceptibility has been measured as the cylinders were too
long to satisfy the requirement of an ideal length (l) to diameter (d)
ratio of about 0.86–0.9 needed for AMS measurements (Tarling &
Hrouda 1993). For samples of 1.0 cm in length, bulk magnetic sus-
ceptibility and AMS were measured. Their l/d ratio is 0.67, which
is a bit short. However, if magnetic grain sizes are large enough (>
20–40 μm) and magnetic susceptibility high enough an l/d ratio of
0.66 does not change the AMS values significantly (Ellwood 1979).
White dashed circles in Fig. 1(a) show the location of samples used
for experiments in a vacuum. These samples have a diameter of
0.7 cm and a length of 0.6 cm (sample volume of about 0.2 cm3),
so their l/d ratio is 0.86. For these samples, we also measured bulk
magnetic susceptibility and AMS to study the shape parameters of
the AMS ellipsoid and if the orientation of the principal magnetic
susceptibility axes K1, K2 and K3 changes. All drilled cores were
oriented to the same arbitrary north direction. To inspect the mate-
rial after each deformation cycle, the top surface of the cylindrical
specimen was polished for reflected light microscopy examination.
Samples were studied with a Leitz Aristomet or Leitz Orthoplan
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1348 K. Dudzisz et al.

Figure 1. Banded magnetite-quartz iron ore with drillings for compression experiments (a), and microscopic view on a polished surface of an initial sample
(b) containing magnetite (mag) and quartz (qz) grains. In (a) red and green numbers correspond to magnetite- and quartz-rich areas, respectively; white dashed
circles indicate mini-samples for loadings in a vacuum.

Table 1. Magnetic susceptibility (kmean) of initial samples (Z0 in Table S1, Supporting Information). Bulk is kmean from program SUFAM, AMS-ki—intrinsic
magnetic susceptibility, ka is apparent susceptibility calculated from AMS mode using eq. (2), Pin (Tin) and Pcor (Tcor) are initial and corrected degree of
anisotropy (shape parameter), respectively. For areas in hand specimen see Fig. 1(a). Labels e.g. 13 1, 13 2 corresponds to subspecimens of particular sample
13, etc. Samples with a volume of approximate 3.3 and 1.8 cm3 are deformed at a strain rate of 1 kN s−1 (5.66 MPa s−1), vacuum samples (volume of
approximate 0.2 cm3) at 115 N s−1 (2.98 MPa s−1).

Sample
Volume
(cm3) Loading/annealing conditions

Area in hand
specimen Bulk (SI) AMS-ki (SI) ka (SI) Pin Pcor Tin Tcor

13 1 3.300 Air, 500 ◦C, 150 ± 30 MPa, 1 kN s−1 Quartz-rich 2.11 – – – – – –
13 2 3.290 Air, 500 ◦C Quartz-rich 2.33 – – – – – –
14 1 3.250 Air, 400 ◦C Quartz-rich 2.46 – – – – – –
14 2 3.350 Air, 500 ◦C Quartz-rich 2.29 – – – – – –
15 3.300 Air, 400 ◦C, 150 ± 30 MPa, 1 kN s−1 Quartz-rich 2.74 – – – – – –
18 2 3.380 Air, 500 ◦C, 150 ± 30 MPa, 1 kN s−1 Magnetite-rich 3.08 – – – – – –
20 2 3.390 Air, 400 ◦C Magnetite-rich 2.52 – – – – – –
21 1 3.270 Air, 400 ◦C, 150 ± 30 MPa,, 1 kN s−1 Magnetite-rich 2.43 – – – – – –
21 2 3.190 Air, 500 ◦C, 150 MPa, Magnetite-rich 2.27 – – – – – –
25 1 1.82 Air, 400 ◦C, 150 ± 30 MPa Magnetite-rich 1.69 7.23 2.12 2.827 1.309 − 0.501 − 0.353
25 2 1.68 Air, 400 ◦C Magnetite-rich 1.63 7.78 2.17 2.831 1.281 − 0.865 − 0.812
25 3 1.86 Air, 500 ◦C Magnetite-rich 1.79 8.40 2.21 2.561 1.241 − 0.494 − 0.353
25 4 1.84 Air, 500 ◦C, 150 ± 30 MPa Magnetite-rich 1.87 9.47 2.28 2.362 1.193 − 0.597 − 0.483
25 5 1.72 Air, 500 ◦C, 150 ± 30 MPa Magnetite-rich 1.81 9.84 2.30 2.57 1.206 − 0.783 − 0.711
27 1 0.17 Vacuum, 400 ◦C, 150 ± 30 MPa Quartz-rich 1.66 8.44 2.36 3.164 1.384 − 0.631 − 0.583
27 3 0.12 Vacuum, 500 ◦C Quartz-rich 1.34 19.77 2.60 13.687 1.761 − 0.134 0.343
28 1 0.22 Vacuum, 500 ◦C, 150 ± 30 MPa Quartz-rich 1.94 7.61 2.15 2.706 1.365 0.454 0.584
28 2 0.23 Vacuum, 500 ◦C, 150 ± 30 MPa Quartz-rich 1.67 3.83 1.68 4.554 2.182 0.611 0.723
30 1 0.20 Vacuum, 400 ◦C Quartz-rich 1.99 17.96 2.57 2.794 1.157 − 0.705 − 0.586
30 2 0.19 Vacuum, 400 ◦C Quartz-rich 1.70 9.67 2.23 3.402 1.381 − 0.541 − 0.377
30 7 0.21 Vacuum, 400 ◦C, 150 ± 30 MPa Quartz-rich 1.83 7.67 2.16 2.863 1.377 0.189 0.361
32 1 0.24 Vacuum, 500 ◦C, 150 ± 30 MPa Quartz-rich 2.09 12.13 2.41 1.721 1.109 − 0.553 − 0.474
32 3 0.25 Vacuum, 500 ◦C, 150 ± 30 MPa Quartz-rich 2.13 11.65 2.39 2.136 1.171 − 0.383 − 0.252
32 5 0.23 Vacuum, 500 ◦C, 150 ± 30 MPa Quartz-rich 2.31 21.87 2.64 – – – –

microscope in reflected light mode. From sample 25 5, we prepared
a polished section along the long axis of the cylindrical specimen
after the cyclic loading experiments. Fig. 1(b) shows a reflected
light image of the initial sample with magnetite and quartz where
magnetite does not show any oxidation or deformation features.
Additionally, the direct imaging of magnetic domains was done
under ambient conditions using a commercial magnetic force mi-
croscopy (MFM) instrument (Nanoscope IIIs multimode, Bruker
AXS) equipped with a PPP-MFMR-10 cantilever (Nanosensors,
Switzerland).

2.1 Mechanical test conditions

The experiments were performed in both ambient air and vacuum
at elevated temperatures (400 and 500 ◦C). For air tests, an elec-
tromechanical universal testing machine from Instron (type 4505,
Fmax = 50 kN), equipped with a 5-zone radiation furnace from
Prüfer (Tmax = 1100 ◦C) was used. For vacuum tests, however,
an electromechanical universal testing machine from Instron (type
8062, Fmax = 25 kN), equipped with a high temperature and high
vacuum chamber from Maytec (Tmax = 1600 ◦C, p < 10–5 mbar)
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Effect of cyclic loading on magnetic susc. 1349

was used. To simulate a tectonic loading close to reality, the com-
pression tests were conducted load controlled with a stress rate of
approximate 5.7 MPa s−1 for samples with a diameter of 1.5 cm and
approximate 3 MPa s−1 for samples with a diameter of 0.7 cm by
applying a static load σ mean of 150 MPa, superimposed by a cyclic
load of ± 30 MPa, resulting in an alternating loading of a sample
between σ min = 120 MPa and σ max = 180 MPa. In addition, some
tests were performed using a pure static load of 150 MPa.

Furthermore, to evaluate the effect of the test environment on the
magnetic properties of the material, the investigations on mechan-
ically tested samples were continuously accompanied by studies
on non-loaded but comparable heat-treated specimens. In order to
characterize the cycle number after which a significant drop of mag-
netic susceptibility occurs, we have chosen in our first experimental
series in ambient air small step width until 1000 cycles. Then we
have chosen one further step at 10 000 in order to see if magnetic
susceptibility reaches a ‘saturation’. In the second experimental se-
ries for the vacuum samples, we have chosen steps over the whole
cycling range up to 10 000 because we were interested in the pro-
gressive emergence and development of deformation structures. To
study these issues the cylinder head planes of the vacuum samples
were polished for reflected light inspection.

2.2 Magnetic measurements

Magnetic susceptibility and its anisotropy of all samples were mea-
sured using an AGICO Kappabridge KLY-4S after each mechani-
cal/heat treatment step when the sample was cooled to room temper-
ature. The bulk magnetic susceptibility (k) was measured for each
sample three times along the cylindrical axis using the software SU-
FAM, and a mean value of the three measurements was calculated.
AMS was measured with the same instrument using the software
SUFAR. The slowly spinning cylindrical samples, adjusted in three
perpendicular directions, provided 192 single susceptibility mea-
surements, from which the principal susceptibility axes (K1, K2 and
K3) were calculated. Due to a smaller volume of samples (< 3 cm3)
than standard (ca. 10 cm3), a special holder for these samples was
made of diamagnetic plastic. Because the intrinsic susceptibility of
our magnetite samples exceeded the recommended measurement
range within AGICO instruments (<0.2 SI) we used a magnetic
field of 50 A m−1 (the standard magnetic field is mainly 300 A m−1)
for measurements and thus, get lower precision. We observed that
the magnetic susceptibility of the same sample measured in the bulk
and AMS mode differed significantly due to the demagnetization
factor that is included in the AMS measurement mode (Fig. 2). The
following equation (e.g. Uyeda et al. 1963) is applied by default in
SUFAR mode:

ki = ka

1 − Nka
(1)

where ki is intrinsic or ‘true’ susceptibility, ka apparent susceptibility
and N is a demagnetization factor (N = 1/3 for a sphere; e.g. Stoner
1945; Stacey 1961).

The data presented in Fig. 2 and Table 1 clearly show that the
demagnetization factor plays an important role in our high suscep-
tibility specimens with a strong shape anisotropy (which is not the
case in ‘normal’ rocks). To get comparable results of k from bulk
and AMS measurements that also consider the shape of the samples,
we recalculated the ka from the ki values given in the AMS mode
using eq. (2) with N = 0.41 and 0.3343 for air- and vacuum-treated
samples, respectively. In this paper, k (bulk) will be used to indi-
cate bulk magnetic susceptibility measured using SUFAM mode,

whereas ka (AMS) will indicate recalculated magnetic susceptibil-
ity using SUFAR mode. The degree of anisotropy (P = K1/K3) and
shape parameter (T = 2ln(K2/K3)/ln(K1/K3) −1) were computed
from recalculated ka (AMS) of K1, K2 and K3, according to Na-
gata (1961) and Jelinek (1981), respectively (see details in Table 1,
Supporting Information).

ka = ki

1 + Nki
(2)

Temperature-dependent magnetic susceptibility measurements
were done for selected samples in the temperature range from −192
to 700 ◦C to determine possible changes in magnetic mineralogy and
transition temperatures after cyclic loading. The high-temperature
heating and cooling runs were measured in an argon atmosphere
to prevent any oxidation during measurements. An alteration index
(Al-index (A40)) was calculated representing the difference between
k observed in the cooling and heating curve at 40 ◦C according to
Hrouda et al. (2002).

Al-index (A40) = 100 × (kC 40 − kH 40) /kH 40

Hysteresis parameters of selected samples were measured by a
Vibrating Sample Magnetometer (VSM, Princeton Measurements)
in an applied field of 1 T at the Institute for Rock Magnetism,
University of Minnesota, USA.

3 R E S U LT S

3.1 Magnetic susceptibility of initial samples

Fig. 2 shows the dependence of magnetic susceptibility on the dif-
ferent sample volumes of the initial specimen using the SUFAM and
SUFAR mode. It is clear that ki is significantly higher and shows a
stronger variation than k (bulk) which hinders a direct comparison
of k from the different measuring modes (see also, Table 1, Sup-
porting Information). The recalculated ka (AMS) data are similar
to the k (bulk) (Table 1 and Figs 2a and b—green circles) although
the recalculated values are usually higher by about 8–25 per cent.
Samples with the smallest volume are more dispersed due to the
lower precision of the measurements in a field of 50 A m−1. Sim-
ilarly, the degree of anisotropy and shape parameter were affected
by the demagnetization factor causing very high P values (Table 1).
After recalculation, these values were reduced by 50–55 per cent
whereas changes of the T parameter usually did not exceed 30 per
cent.

3.2 Magnetic susceptibility parameters in dependence of
temperature and confining conditions

3.2.1 Loading experiments in air

Fig. 3 shows the dependence of magnetic susceptibility and
anisotropy parameters (degree of anisotropy—P, and shape
parameter—T) with the number of cycling loadings and its time
equivalent for samples annealed at 400 and 500 ◦C in air. The de-
crease in k compared to the initial value reaches for a single speci-
men up to 23 per cent. The highest drop is always observed during
the first 1000 cycles followed by slight changes until 10 000 load-
ings. However, samples loaded at 500 ◦C indicate a higher drop
than those compressed at 400 ◦C (Figs 3a and b), which suggests
that temperature is the most important factor controlling the mag-
netic susceptibility decrease. This is confirmed by annealing exper-
iments at 400 and 500 ◦C (Figs 3a and b), which show a similar
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1350 K. Dudzisz et al.

Figure 2. (a) and (b) Comparison of the initial magnetic susceptibility values using different measurement modes. Bulk susceptibility values (k, bulk), AMS
susceptibility values (ki) and recalculated AMS data (ka, AMS) using eq. (2) are shown by black, red and green symbols, respectively.

Figure 3. Changes in susceptibility parameters as a function of the number of cycles applied in air loadings. (a) Bulk and (b) recalculated ka magnetic
susceptibility values, changes in the shape parameter T (c), and degree of anisotropy P (d) are shown. For annealed samples at elevated temperatures (dashed
lines) annealing time corresponding to cyclic loading time is given on the upper axis.

drop in magnetic susceptibility after about 10 hr heating and a slow
further decrease after that time, similar to the cyclic loading ex-
periments. The reason for the drop of the magnetic susceptibility
is an oxidation process, which causes the transformation of mag-
netite (Fe2+Fe3+

2O4) to haematite (Fe3+
2O3). Fig. 4 shows that the

transformation from magnetite to haematite occurs mainly along
grain boundaries and microcracks in magnetite. The oxidation oc-
curs throughout the cylindrical specimen but is more pronounced at
the rims. Haematite formation along cracks and fractures seems to
be independent of the distance from the rim and is heterogeneously
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Effect of cyclic loading on magnetic susc. 1351

Figure 4. Polished surface parallel to the long axis of the cylindrical sample (parallel to uniaxial compression) of the sample treated in air (25 5) at 10 000
cycles. Magnetite (mag) is grey and haematite (hem) is white (reflected light microscopy, oil immersion). Area (a) is from the rim and (b) from the central part
of the polished sample.

Figure 5. Changes in magnetic susceptibility as a function of the number
of cycles for sample 13 (see Fig. 1a). After 100 cycles, the cyclically loaded
specimen shows a stronger decrease in magnetic susceptibility than the
specimen only annealed in air.

distributed. Fig. 5 shows the cyclic loading experiment and anneal-
ing for samples 13 1 and 13 2. With increasing cycling steps, the
decrease in magnetic susceptibility is stronger developed than in the
only annealed samples at the same time. These observations suggest
an effect of deformation on oxidation.

The shape of the AMS ellipsoid also changes with an increasing
number of cycling loadings. All samples show a change in the
shape parameter (T) from more prolate to triaxial within the first
1000 cycles (Fig. 3c). The degree of anisotropy increases with the
number of cycles only in the cyclically loaded samples and those
annealed at 500 ◦C. This process is not very pronounced in samples
loaded and annealed at 400 ◦C (Fig. 3d).

The orientation of principal susceptibility axes during cyclic load-
ing in air atmosphere (initial stage indicated in yellow) does not
change significantly and all AMS axes are relatively well grouped
during progressive cyclic loading regardless of experimental con-
ditions (Fig. 6). But a small (mostly clockwise in 400 ◦C samples
and counterclockwise in 500 ◦C samples) rotation of the horizon-
tally oriented K1 and K3 axis is observed in all samples, while the
vertically oriented K2 axis remains relatively stable.

An increase in the number of cyclic loadings causes a decrease
in magnetic susceptibility with a slight increment of P at the same
time, especially for the 500 ◦C cyclic loaded samples (Figs 6b, e,
h, k and n). In the Jelinek diagram (Jelinek 1981) with T plotted
versus P, it is seen that the shape parameter is moving towards a
more triaxial shape of the AMS ellipsoid with increasing P (Figs 6c,
f, i, l and o). This trend seems to be linear especially for samples
subjected to cyclic compression at 500 ◦C (Figs 6f and i).

3.2.2 Loading experiments in vacuum

In order to study the effect of deformation in the magnetite-quartz
ore, we also performed experiments under vacuum and measured the
magnetic susceptibility and its anisotropy. These experiments were
done with samples of a volume of 0.2 cm3. In contrast to samples
loaded in air atmosphere, those subjected to cyclic loading in vac-
uum show no significant changes in anisotropy parameters P and T
with an increasing number of loading cycles independent of the ini-
tial shape of the AMS ellipsoid (Fig. 7). The magnetic susceptibility
increases in the first few cycles and then decreases in compressed
samples, but this change does not exceed 4 per cent. An exception is
seen in the recalculated ka values of sample 27 1 that was loaded at
400 ◦C where no initial increase in k occurs (Fig. 7b). No significant
change in k is seen for samples annealed under vacuum except the
sample 30 2 that shows a slight increase in magnetic susceptibility
of about 4 per cent (Figs 7a and b; dashed line). As no oxidation
is allowed in a vacuum, the changes in the cyclically loaded sam-
ples are most likely caused by plastic deformation. Indeed, single
hysteresis loops during cycling do not exhibit inelastic strain am-
plitudes; however, it is observed that the cylindrical samples reveal
a continuous decrease in length with an increasing number of cy-
cles with extension perpendicular to compression of 0.3–0.4 per
cent. This so-called ratcheting behaviour, characterized by a mono-
tonic increase/decrease of strain at asymmetric cyclic loading, is
for example well known for ferritic-martensitic steels (Zhang et al.
2020).

Head planes of the vacuum specimens were polished before the
cyclic loading experiments and inspected by reflected light mi-
croscopy after a certain number of cycles (Fig. 8). The surface
shows slip steps on the magnetite grains. Their number especially
increases from 500 to 2000 cycles, but no further significant change
occurs between 2000 and 10 000 cycles. As expected, no haematite
was observed.
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1352 K. Dudzisz et al.

Figure 6. (a), (d), (g), (j) and (m) Orientation of principal susceptibility axes after cyclic loading and (b), (e), (h), (k) and (n) changes in the degree of anisotropy
(P) as a function of Km and (c), (f), (i), (l) and (o) shape parameter. K1, K2 and K3 indicate maximum, intermediate and minimum susceptibility axes. Equal-area
lower-hemisphere projections show results in the geographic coordinate system. Values of initial measurement and orientation of susceptibility axes before
experiment are indicated in yellow. Experiments in air.
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Effect of cyclic loading on magnetic susc. 1353

Figure 7. Changes in susceptibility parameters as a function of the number of cycles applied in vacuum loadings. (a) Bulk and (b) recalculated magnetic
susceptibility variations, changes in the shape parameter T (c), and degree of anisotropy P (d) are shown. For annealed samples at elevated temperatures (dashed
lines) annealing time corresponding to cyclic loading time is given on the upper axis.

Principal AMS axes are quite well grouped regardless of loading
conditions (Fig. 9), but again the horizontally oriented principle sus-
ceptibility axes of some samples change slightly their orientation,
while the vertically oriented sample remains vertical with no varia-
tion. Only in samples where the steep principle susceptibility axis
is oblique by more than approximate 20◦ this axis also shows some
variation. In the vacuum experiments, the shape parameter T is not
changing but there is a weak trend of slightly increasing degrees of
anisotropy P in the cyclic loaded as well as in the annealed samples.

3.3 Oxidation and magnetic domain reduction deduced
from magnetic measurements

Temperature-dependent magnetic susceptibility measurements (k–
T curves) for initial, annealed, static compressed and cyclically
compressed magnetite-quartz ore in air and vacuum (Fig. 10) re-
vealed magnetite as the dominant ferrimagnetic mineral showing a
Curie temperature (TC) between 577 and 580 ◦C and a sharp Ver-
wey transition (TV) in a range from 118 to 121 K (Table 2). The
initial ore shows the lowest TV and the highest TC in comparison to

the annealed and deformed samples. High-temperature curves are
quasi-reversible for the initial ore and vacuum-treated samples, and
become irreversible in all air-treated specimens. Therefore, high-
temperature k–T curves were used for calculation of the alteration
index (A40), providing information on the degree of alteration during
measurements (Table 2).

Very low positive or negative values of A40 were calculated for
the initial ore and the vacuum-treated sample indicating nearly
no oxidation or other heating-induced transformations. This ob-
servation is in agreement with the optical investigations (Figs 1b
and 8). Samples treated in air show much higher values of
A40, and an increase from the only annealed to the static and
cyclic loaded samples is observed. We interpret the positive val-
ues of the alteration index as a result of the retransformation
of haematite into magnetite during the temperature-dependent
magnetic susceptibility measurements in an argon atmosphere.
The more haematite is produced during treatment (annealing
only or heating and deformation; see Fig. 4), the higher is the
alteration index.

In the low-temperature k–T curves, a slightly stronger drop in the
magnetic susceptibility compared to the initial sample occurs in the
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1354 K. Dudzisz et al.

Figure 8. Reflected light micrographs of polished surface lying perpendicular to uniaxial compression of the cylindrical sample 28 1 compressed at 500 ◦C
in vacuum after (a) 500 cycles, (b) 2000 cycles and (c) 10 000 cycles. The red arrow marks a magnetite grain which surface roughness increases with the
increasing cycle numbers (see details in the text).

cyclically loaded sample (Fig. 10a; see TvP in Table 2) that might
indicate some magnetic domain reduction in magnetite (Kontny et
al. 2018). However, these changes are small as the Hopkinson peak
ratio (HPR) from the heating and cooling curve indicates only a
change from 1.12 to 1.28 in maximum (Table 2). Nevertheless, all
treated samples show a small deviation in HPR between the heating
and the cooling curves, which is not the case in the initial sample.
Therefore, very small magnetic domain changes might occur and
we have performed magnetic hysteresis measurements (Fig. 11a).
The Day plot (Fig. 11b, Day et al. 1977) might indicate slight
changes in the domain state of magnetite that are more or less in
line with an increment of loading conditions. Only sample 500,
which was only annealed, falls clearly in the PSD (pseudo-single
domain, vortex) range. This behaviour might be explained by the
formation of small haematite grains during heating and thus, shifting
toward a higher ratio of Mr/Ms (Özdemir & Dunlop 2014). Fig. 12
shows the results of a combined analysis of surface (topography) and
magnetic microstructure of an area containing boarded magnetite
grains without (m1) and with fatigue stripes (m2). The topography
features in this area revealed by AFM (Fig. 12a) are very similar
to those observed by optical microscopy (Fig. 8). However, using a
lift mode MFM relatively large domains (about 5 μm) are revealed
within the upper grain (m1) exhibiting a relatively smooth surface
(Fig. 12b). At the same time, the magnetic contrast inside the grain

m2 suggests the presence of magnetic domains of submicrometre
size (less than 0.1 μm) inside of fatigue stripes.

4 D I S C U S S I O N

4.1 The effect of various loading conditions on magnetic
mineralogy and domain size

We studied the magnetic susceptibility and its anisotropy of a banded
magnetite-quartz ore that was subjected to cyclic uniaxial loading
(150 ± 30 MPa) under elevated temperatures (400 and 500 ◦C) and
compared it to samples that were only heated to test if the mag-
netic properties (magnetic susceptibility in particular) can be used
to monitor early damage in magnetite. Our studies have shown that
magnetic susceptibility decreases significantly within the first ca.
1000 cycles (Figs 3 and 7). The decrease is significantly stronger in
air (up to 23 per cent) than in vacuum (up to 4 per cent) and stronger
at 500 ◦C compared to 400 ◦C under both experimental conditions.
As susceptibility also decreases for samples without cyclic loading,
the main controlling factors for this decrease are temperature and
time. Magnetic susceptibility was always measured after decom-
pression of the loaded sample at room temperature (cycle steps, see
Table 1, Supporting Information) or after a certain annealing time
at 400 or 500 ◦C.
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Effect of cyclic loading on magnetic susc. 1355

Figure 9. (a), (d), (g), (j), (m) and (p) Orientation of principal susceptibility axes after cyclic loading in vacuum and (b), (e), (h), (k), (n) and (q) changes in
the degree of anisotropy (P) as a function of Km and (c), (f), (i), (l), (o) and (r) shape parameter. K1, K2 and K3 indicate maximum, intermediate and minimum
susceptibility axes. Equal-area lower-hemisphere projections show results in the geographic coordinate system. Initial values and orientation of susceptibility
axes are indicated in yellow.

Our study shows that initial loading conditions play an important
role in the degree of alteration in rocks. Temperature and availabil-
ity of oxygen are the most important factors controlling the rate
of changes in the studied material (Figs 3 and 7). The higher the
temperature at which samples were loaded the more pronounced is
the oxidation of magnetite to haematite. The A40 index was proved
to be a valuable tool for qualitative estimation of induced changes
in magnetic mineralogy during laboratory experiments (e.g. Hrouda
2003; Just & Kontny 2012). In our study, we observed a trend in the
A40 index from only annealed to static and cyclic deformed samples
(Table 2). We interpret this observation to be related to stronger
haematite formation in the deformed samples as new cracks de-
velop, which increase oxidation. We have shown for the vacuum
samples that intragranular microcrack formation is related to the
number of cyclic loadings (Fig. 8), and suggest that the crack devel-
opment favours the haematite formation in the air experiments.
Chen et al. (2011) reported three stages of mechanical fatigue

starting from cracking on the boundaries (stage I) followed by in-
tragranular deformation (stage II) and finally rocks’ failure (stage
III). Erarslan & William (2012) proved that grain boundaries are
important for cracking initiation as stress concentrates at the grain
boundaries and thus, enhances stronger oxidation into haematite
in these areas as can be seen for our samples under the reflected
light microscope (Fig. 4) and thus, the increasing values of A40 of
air-treated samples are most likely the sum of effects caused by
oxidation and deformation (Fig. 4).

In our studied magnetite grains (Fig. 8), the surface defects re-
semble persistent slip markings described in Polák & Man (2014,
and references therein) for metals and metal alloys. Fatigue crack
initiation is closely related to localization of cyclic strain in thin
bands parallel to highly stressed crystallographic planes of the ma-
terial (e.g. Cox & Clenshaw 1935; Forsyth 1953; Cottrell & Hull
1957; Karuskevich et al. 2012; Polák & Man 2014). These surface
areas clearly show a distinct reduction of magnetic domain size
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1356 K. Dudzisz et al.

Figure 9. (Continued.)

Figure 10. (a) Low- and (b) high-temperature magnetic susceptibility behaviour for samples subjected to different annealing and deformation conditions. In
(b), the cooling curves are shown by dashed lines. The high-temperature measurements (b) were performed in an argon atmosphere. Curves were normalized
to room temperature.
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Effect of cyclic loading on magnetic susc. 1357

Table 2. Determination of the Verwey transition (TV), the Curie temperature
on heating (TC-h) and cooling (Tc-c) curves, TvP (peak/room temperature
ratio from the low-temperature curve), HPR-h, HPR-c (Hopkinson peak ratio
from heating and cooling curve; see Dunlop 2014), and alteration index (A40)
for initial ore, sample annealed at 500 ◦C (500), static compressed samples at
500 ◦C (500C), cyclic compressed samples at 500 ◦C (500CH) and cyclically
loaded sample at 500 ◦C in vacuum (500CLV). The alteration index was
calculated according to Hrouda et al. (2002). Hysteresis parameters: Ms—
saturation magnetization, Mr—remanent magnetization, Bc—coercivity and
Bcr—remanence coercivity.

Sample Initial ore 500 500C 500CH 500CLV

TV 118K 119K 121K 120K 121K
TC-h 580 ◦C 577 ◦C 579 ◦C 578 ◦C 581 ◦C
Tc-c 584 ◦C 576 ◦C 586 ◦C 583 ◦C 587 ◦C
TvP 1.17 1.19 1.18 1.22 1.16
HPR-h 1.12 1.21 1.26 1.28 1.19
HPR-c 1.12 1.18 1.21 1.21 1.14
A40 1.58 9.51 12.68 14.35 −2.28
Ms

(Am2 kg−1)
66.57 34.74 36.81 42.84 67.56

Mr

(Am2 kg−1)
0.85 1.13 0.46 0.91 1.27

Bc (mT) 1.17 2.02 1.91 2.50 1.65
Bcr (mT) 11.53 7.04 13.76 13.11 8.18

(∼0.1 μm; see Fig. 12c), which confirm that stress concentration
near grain boundaries and cracks occur. Magnetic domain patterns,
especially at grain boundaries and near cracks, are often reported to
be reduced due to stress and magnetoelastic anisotropy (e.g. Hubert
& Schäfer 1998; Reznik et al. 2017).

There is no clear trend in bulk hysteresis data for the whole cylin-
drical volume of the samples in terms of reduction of domain size
related to oxidation or cyclic loadings (Fig. 11). However, it can be
observed that loading conditions change Bcr/Bc ratio and move sam-
ples toward more PSD areas that might indicate a modification of
the domain size and shape. As the studied material contain mainly
multidomain (MD) grains, the decrease in susceptibility parallel to
applied stress might be evidence for domain wall motion (Kean et
al. 1976). The HPR (Table 2) indicate that magnetic domain sizes
are not smaller than around an average of 10 μm (Dunlop 2014),
which is related to the formation of haematite that causes a reduc-
tion of magnetite’s magnetic domains (Fig. 4) in the ambient air-
treated samples. Even the systematically lower values of the HPR
on cooling curves (Table 2) can be explained by the haematite as
it retransforms during the temperature-dependent magnetic suscep-
tibility measurement back to magnetite causing again an increase
in magnetic domains. As annealing reduces internal stress and de-
creases microcoercivity in MD magnetite (Liu et al. 2008) this effect
might also contribute to the lower HPR values (Kontny et al. 2018).

Nevertheless, the results of optical microscopy (Fig. 8) and MFM
(Fig. 12) indicate that cyclic loading-induced microcracks and as-
sociated refinement of magnetic domains are critical indicators of
mechanical fatigue in magnetite. According to Pokhil & Moskowitz
(1997) as well as Williams et al. (1992), the magnetic contrast of
the area inside m1 grain corresponds to well-defined Bloch walls in
PSD or MD magnetite. In this case, dark contours can be interpreted
as negative repulsion acts whilst positive ones as attraction acts. In
the m2 grain containing persistent slip markings, the domain size
is below 0.1 μm which indicates a single-domain (SD) range. We
interpret the small magnetic susceptibility changes of a few per
cent in the vacuum experiments to be related to the presence of SD

domains in the vicinity of persistent slip markings. It is worth men-
tioning that not all grains of magnetite are covered with persistent
slip markings. The local strain accumulation strongly depends on
the crystallographic orientation of magnetite single grains as well as
stress redistribution defined by the local geometry of the surrounded
quartz matrix. This interpretation needs further detailed studies, for
example, by applying combined MFM and EBSD techniques (see
e.g. in Batista et al. 2014).

4.2 The effect of various loading conditions on magnetic
susceptibility and its anisotropy

Strong oxidation of magnetite to haematite during annealing only,
annealing and loading in air causes a significant decrease in mag-
netic susceptibility and changes in P and T parameters (Fig. 3).
Although only a small magnetic susceptibility decrease and no or
only tiny changes in P and T parameters occur during vacuum exper-
iments, we suggest that there is a small effect related to the uniaxial
cyclic compression as a decrease in magnetic susceptibility is more
pronounced for cyclically compressed samples at 500 ◦C compared
to those that were only annealed at elevated temperatures (Figs 3a
and b, and 7a and b). The degree of anisotropy increases linearly
only in air-treated cyclic loaded samples at 500 ◦C but does not
change visibly in all other samples. This change is accompanied by
an increase in shape parameter T (Fig. 6). A reasonable explanation
for the increase of P and possibly T values is a contribution of newly
formed haematite that shows a strong single-crystal anisotropy that
arises from a preferred orientation of platy crystals with P val-
ues > 100 (e.g. Flanders & Schuele 1964; Tarling & Hrouda 1993).
Therefore, even a small degree of haematite alignment can cause
significant changes in the degree of anisotropy.

It is also well known that the magnetic susceptibility of rocks
decreases parallel to the applied stress axis and increases perpen-
dicular to it (e.g. Nagata 1970). According to Kapička (1988),
this behaviour causes a decrease in P (K1/K3) and lineation fac-
tor (K1/K2) in magnetite. A stable orientation arrives when the K3

axis is parallel to the direction of stress. However, after unloading
the sample, the AMS ellipsoid reverts almost completely to its ini-
tial orientation (see fig. 5 in Kapička 1988). This reversibility is
related to the piezomagnetic effect, which arises from the differen-
tial stress dependence of the magnetocrystalline anisotropy (Stacey
1964). In our experiments, the principal axes before and after the
experiment were always closely clustered (Figs 6 and 9), but the
vertical or steep directions (parallel to uniaxial load) always have
better reversibility than the more horizontal axes (perpendicular to
uniaxial load). Although this observation holds for all experimental
conditions, we assume that the horizontal principal axis directions
are stronger affected by the microcrack dilatancy which is related
to haematite formation (Fig. 4) and persistent slip markings (Fig. 8)
causing worse reversibility. Therefore, magnetostriction seems to
play a minor role in the magnetic anisotropy behaviour of our cyclic
loaded magnetite-quartz ore samples.

The development of cyclic compression-related deformation fea-
tures occurs within a relatively small number of cycles (< 1000)
after which the magnetic susceptibility reaches some saturation
stage and no further decrease in magnetic susceptibility up to a
maximum of 10 000 cycles is observed. The increase of crack-like
defect density at the initial stages of compression (from 500 to 2000
cyclic loadings) is much more pronounced than for further loadings
until 10 000 cycles in vacuum (Fig. 8), which suggests that the small
magnetic susceptibility decrease in these samples is related to the
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1358 K. Dudzisz et al.

Figure 11. (a) Hysteresis curves and (b) Day plot (Day et al. 1977) for the initial and different treated magnetite ore samples subjected to various loading
conditions. For sample description and experiment details, see Table 2.

Figure 12. Direct observation of magnetic domain structures inside of the area shown by the red box in (a) for sample 28 1 (vacuum, 500 ◦C, 150 ± 30 MPa).
(a) Reflected light image shows crack-like defects (called ‘persistent slip markings’ by Polák & Man 2014), (b) atomic force microscopy image showing the
topography of two magnetite grains without (m1) and with persistent slip markings caused by fatigue deformation (m2). (c) MFM image taken from the same
area shows a prominent refinement (∼0.1 μm) of magnetic domains in grain m2 near the persistent slip markings. The red dashed line indicates the boundary
between magnetite grains.

mechanical fatigue of magnetite. One explanation of the weakening
effect under cyclic loading conditions is an increasing number of
broken interparticle bonds producing a diffuse microfracture and
decohesion of the rock after a predefined number of cycles (Cer-
fontaine & Collin 2018). This interpretation may also be applied
to magnetite. The small decrease of magnetic susceptibility may
indicate defects located at the surfaces of intragranular cracks and
grain boundaries of the fatigued magnetite grains. Magnetic mo-
ments of surface atoms in magnetite decrease due to point defects
at grain surfaces (Noh et al. 2015). The small increase in magnetic
susceptibility, which was observed in some of the cyclically loaded
samples in vacuum in the first cycling steps (Figs 7 a and b) might
indicate some interaction of dislocation and point defects which
can enhance the deformation resistance and cause cyclic hardening
(Zhang et al. 2020).

Our results indicate that oxidation of magnetite to haematite,
which is enhanced by the number of microcracks, are the domi-
nant factors responsible for the decrease of magnetic susceptibility,
and the change in AMS ellipsoid shape. Although ductile deforma-
tion is also known to increase the degree of anisotropy as there is
a positive correlation between P and strain (Jackson et al. 1993;
Till & Moskowitz 2013; Ferré et al. 2014), we do see only slight

plastic deformation in magnetite in our experiments. However, the
transformation of magnetite into haematite and the microcracks in
magnetite may change the shape of the grains.

5 C O N C LU S I O N S

The present study demonstrates the influence of temperature- and
time-dependent cyclic loading conditions on magnetic susceptibil-
ity and its anisotropy of a magnetite-bearing ore. The first thousand
cycles are the most sensitive for changes in magnetic susceptibility
and its anisotropy. Further loadings do not significantly affect the
magnetic susceptibility which then remains more or less constant.
When oxygen is available during cyclic loading, mechanical fa-
tigue in magnetite is accompanied by its partial transformation into
haematite with a quite significant drop in magnetic susceptibility
up to 23 per cent.

Vacuum experiments indicated only little changes in magnetic
susceptibility up to 4 per cent as a result of irreversible deforma-
tion due to the formation of slip steps, whereas P and T do not
show any trend or significant difference. This suggests that changes
in the degree of anisotropy can be rather correlated with the for-
mation of haematite from magnetite than to plastic deformation.
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Effect of cyclic loading on magnetic susc. 1359

The increase of P and T values in air-treated samples can be ei-
ther related to the change in the shape of the magnetite grains due
to microcracks decorated by haematite or the effect of the strong
single-crystal anisotropy of haematite. The intensity of oxidation is
strongly dependent on temperature and time.

We have shown that even below 1000 cycles, cyclic loading can
change significantly the induced magnetization of a rock due to
mineral transformation and that the first stage of mechanical fa-
tigue, which is a precursor of the failure of a rock, is closely as-
sociated with these transformations. However, it is questionable if
time-dependent magnetic susceptibility measurements can be used
in practice as an effective proxy parameter for the detection of me-
chanical fatigue because oxidation of magnetite to haematite can
have manifold reasons in nature. Therefore, its application for the
detection of seismomagnetic effects during geological engineering
activities, especially in drilling operations or earthquake monitoring
needs further studies.
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