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S U M M A R Y
The characterization of magnetic minerals in rocks often uses methods that measure induced
magnetization. When rocks, sediments or soils contain two magnetic phases, in which one
has a high saturation magnetization (MS), for example magnetite, and the other a low MS, for
example hematite, the induced magnetization will be dominated by the stronger phase. An ear-
lier study by Frank and Nowaczyk has shown that even when magnetite makes up <10 wt per
cent of the ferromagnetic content, it will mask hematite. This makes identification of phases
with low MS difficult to identify. We conduct a systematic study of synthetic mixtures of single
domain magnetite and hematite with a broad spectrum of particle size, using hysteresis prop-
erties, acquisition of isothermal remanent magnetization (IRM) and first-order reversal curve
distributions (FORC). Hysteresis parameters and FORC distributions do not vary significantly
from the pure magnetite sample for hematite concentrations ≤90 wt per cent. IRM is not
saturated for hematite concentration of 30 wt per cent or higher. Principle component analysis
(PCA) of the processed FORCs, detects the presence of hematite for concentrations 70 wt per
cent at the very least. Our results illustrate the difficulty in identifying hematite when it is
found together with magnetite. IRM acquisition is the most sensitive method for identifying
hematite when it occurs together with magnetite.

Key words: Magnetic properties; Magnetic mineralogy and petrology; Rock and mineral
magnetism; Statistical methods.

1 I N T RO D U C T I O N

Magnetite and hematite are the most common ferromagnetic miner-
als that are found in crustal rocks. The ability to identify these two
minerals in a rock or sediment, based on their magnetic properties,
is important in both palaeomagnetic and environmental studies. The
properties that are used to distinguish the two phases include their
hysteresis properties, for example saturation magnetization (MS),
remanent magnetization (MRS), coercive force (BC) or remanent
coercive force (BCR), Curie/Néel temperature and low temperature
transitions, for example Verwey transition for magnetite or Morin
transition for hematite. Although determination of Curie or Néel
temperature leads to a unique identification, it is not always possible
to heat a material, particularly for sediments and soils. More com-
monly, measurement of induced magnetization is used to identify
ferromagnetic minerals in rocks and sediments; however, similar
hysteresis parameters can reflect different combination of ferro-
magnetic minerals (e.g. Parry 1982; Roberts et al. 1995; Dunlop
2002; Muxworthy et al. 2003; Carvallo & Muxworthy 2006). For

this reason, several methods have been developed to aid in sepa-
rating contributions from different ferromagnetic phases. Due to
the difference in coercivity between the two minerals, acquisition
of isothermal remanent magnetization (IRM, Robertson & France
1994; Kruiver et al. 2001), S-ratio (Bloemendal et al. 1988; King
& Channell 1991), or hard-IRM (HIRM, Thompson & Oldfield
1986) are often used in identification of the two minerals. Liu et al.
(2002) proposed a method for separating weak magnetic signal (e.g.
hematite/goethite) from a strong ferrimagnetic background (e.g.
magnetite/maghemite) by applying alternatives field (AF) demag-
netization of an acquired IRM. Lagroix & Guyodo (2017) describe
a semi-quantitative method for the decomposition of mixtures of
different ferromagnetic phases by employing a measurement proto-
col for low temperature susceptometers. They were able to identify
the presence of both low and high coercivity minerals in loess and
palaeosols samples.

Frank & Nowaczyk (2008) carried out a systematic rock magnetic
study on artificial mixtures of magnetite and hematite to investigate
which magnetic parameters best delineate the two phases. They
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Table 1. Magnetite and hematite mixing series and associated magnetic parameters.

Samples

Hematite
(wt per
cent)

BC

(mT)
BCR

(mT)
MRS

(Am2 kg–1)
MS

(Am2 kg–1) S-ratio HIRM

LMU-30 0 16.6 21.6 28.99 71.32 1.00 0.058
Mt Hm 10 10 16.7 21.5 26.35 64.76 1.00 0.025
Mt Hm 22 22 16.3 21.5 22.26 56.34 1.00 0.032
Mt Hm 31 31 16.5 21.5 20.09 50.51 1.00 0.026
Mt Hm 40 40 16.4 21.3 17.73 43.91 1.00 0.033
Mt Hm 50 50 16.6 21.3 14.77 36.40 0.99 0.040
Mt Hm 61 61 16.5 21.4 11.66 29.03 0.99 0.039
Mt Hm 70 70 16.2 21.4 8.737 22.18 0.98 0.048
Mt Hm 80 80 16.0 20.9 5.969 14.83 0.98 0.059
Mt Hm 85 85 15.4 20.4 4.439 11.34 0.96 0.058
Mt Hm 90 90 14.0 19.1 2.896 7.722 0.96 0.065
Mt Hm 95 95 12.1 17.0 1.331 3.737 0.93 0.055
Hematite 100 106.6 345.5 0.141 0.493 0.21 0.079

showed that hematite concentrations less than 90–95 per cent are
largely not detectable by coercivity-based parameters, for example
BC, BCR and median destructive field of ARM (MDFARM) when
magnetite is present. Parameters, involving remanent magnetization
rather than induced magnetization, for example S-ratio or HIRM,
delineate hematite at concentrations of 90 wt per cent or higher.

A number of other studies have investigated synthetic and natural
mixtures of ferromagnetic minerals with either differences in grain
size or composition in order to evaluate the methods applied for
extracting this information (Heslop et al. 2002; Egli 2004; Dunlop
& Carter-Stiglitz 2006; Heslop & Dillon 2007; Lascu et al. 2010;
Heslop & Roberts 2012a, 2012b; Heslop 2015), but most studies
provided no information on the absolute concentrations of the dif-
ferent phases. Pike et al. (1999, 2001) and Roberts et al. (2000)
have demonstrated a powerful method, known as the first-order re-
versal curve (FORC) analysis, to discriminate different magnetic
components in geological samples. A FORC diagram is established
by measuring a series of partial hysteresis curves, termed FORCs
(Mayergoyz 1986), and distinguishes the coercivity spectrum and
spectrum of interaction fields in a material. Muxworthy et al. (2005)
assessed the ability of FORC technique to reveal mixtures of mag-
netic minerals with different coercivities. Their results indicated
that the FORC method is very applicable in discriminating between
hard and soft magnetic minerals as long as the concentration of
the phase with higher MS is not too large. Carvallo & Muxworthy
(2006) demonstrated that FORC analysis on mixtures of magnetite
and hematite with single domain particle size could only detect
hematite when its concentration was >88 wt per cent. Harrison
& Feinberg (2008) have proposed an improved algorithm for pro-
cessing the FORCs into a FORC diagram, which shows coercivity
plotted against interaction field. The FORC method has been further
developed, e.g. extraction the central ridge of FORC distribution,
which further aids in distinguishing different magnetic components
(Egli et al. 2010; Egli 2013; Ludwig et al. 2013; Heslop et al. 2014;
Lascu et al. 2015).

In this study, we return to the problem of identifying mixtures
of magnetite, a low coercivity phase, with hematite, a high coer-
civity phase, and evaluate which magnetic parameters and mea-
surement techniques best decompose the two phases. A series of
synthetic mixtures made up of magnetite with varying concentra-
tions of hematite were prepared. We focus specifically on using
the direct-current demagnetization (DCD) curves and FORC anal-
ysis to evaluate the ability of these methods to better distinguish
hematite when it occurs together with magnetite. In addition, the

FORC results are further evaluated using principal component anal-
ysis (PCA), which is described in Lascu et al. (2015). Their method
performs PCA on the part of the FORC space that carries a sig-
nificant magnetic signature in a material. The method evaluates
the variability as a linear combination of significant component,
which arises only from variability within the data set, and provides
a means for quantitative unmixing of magnetic minerals. This study
addresses the question if PCA analysis can resolve the presence of
high coercivity hematite in the presence of magnetite.

2 S A M P L E S A N D M E T H O D S

2.1 Samples

The end-members for the mixtures consisted of magnetosomes of
biogenic magnetite (LMU-30), isolated from the magnetotactic bac-
terium Magnetospirillum gryphiswaldense as described previously
(Lohße et al. 2016) with a mean particles size of 37 nm, and a
commercial synthetic hematite powder with >99.9 per cent purity
and sub-μm size (Hem21, Merck). Note that the LMU-30 is made
up of magnetosomes and not chains, although some self-assembly
may occur. The magnetic properties were first defined for the end-
member samples, and subsequently hematite was added to the mag-
netite sample. LMU-30 was pipetted from a colloid into a small
quartz glass cylinder with 5 mm diameter (3 mm inner diameter)
and 11 mm length that was sealed on one end with epoxy. This was
then placed on a magnet and excess water was pipetted from the
mixture. This process was repeated several times and the sample
was left to dry in a refrigerator for 24 hr. The mass of magnetite was
1800 μg. Initially 200 μg of hematite was added to the holder with
magnetite sample and a small piece of sterile cotton was pressed
downwards to fix the particles before measurement. Subsequently,
10 further incremental additions of hematite were made, following
the same procedure. This yielded 11 sets of data with hematite con-
centration between 10.0 and 95.0 wt per cent hematite. The sample
name reflects the wt per cent of hematite in the sample, for example
Mt Hm 10 is 10 wt per cent hematite (Table 1).

2.2 Methods

Curie/Néel temperature was defined on the end-members using
thermomagnetic measurements on an Agico Multi-Function Kap-
pabridge (MFK1-FA), which has a sensitivity of 2 × 10−8 (SI) and

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/217/1/280/5289871 by ETH

 Zürich user on 05 February 2019



282 P. Liu et al.

Figure 1. Magnetic characterization of end-members magnetite sample (LMU-30) and hematite sample (HEM21). Panels (a) and (b) thermomagnetic curves;
(c) and (d) IRM acquisition; (e) and (f) hysteresis loops; (g) and (h) FORC diagrams. Note that (g) has been truncated to 200 mT and (h) have been truncated
to 500 mT to better show the FORC distribution.

an accuracy of ±0.1 per cent within one range. The magnetite sam-
ples were heated in Ar atmosphere, whereas hematite was heated
in air, with a heating rate of 11 ◦C min–1. Curie, respectively Néel
temperature, was defined from an average of the second derivative
of the heating and cooling curves. Hysteresis loops, acquisition of

IRM, and FORC analysis were made using a Princeton Measure-
ments Corporation (PMC) vibrating sample magnetometer (VSM),
which had a sensitivity 4 × 10−9 Am2 (standard deviation) for our
measurement protocol. Hysteresis was measured using 100 ms av-
eraging time, and a multisegment measurement scheme with 0.5
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mT steps in fields ≤ ±98 mT, 2 mT between ±100 and ±200 mT
and 5 mT in fields between ±205 and ±1000 mT. DCD curves or
backfield demagnetization was used for IRM acquisition. Samples
were first magnetised in 1000 mT in a positive direction and then
incrementally remagnetised and in the opposite direction, using 6
mT field increment and 100 ms averaging time. S-ratio is defined
as IRM 150 mT divided by the absolute change from the IRM be-
tween 0 mT and a backfield of 1000 mT. HIRM is defined as 0.5
multiplied IRM acquired in a backfield of 1000 mT minus the IRM
acquired in a backfield of 300 mT (King & Channell 1991). FORC
measurements were made using a saturating field of 1000 mT, a
measurement increment of 5.41 mT, BCmax of 700 mT, BU of ±100
mT and 180 individual FORCs. All measurements were made at
the Laboratory of Natural Magnetism, ETH Zurich, Switzerland.
FORC data were processed using FORCinel (v3.03, Harrison &
Feinberg 2008; Lascu et al. 2015) and principal component anal-
ysis (PCA) of the FORC data were made with FORCinel (v3.05,
Harrison et al. 2018). A smoothing factor of SF = 6 was used to
process all FORC diagrams except for end-member LMU-30, in
which SF = 5 was used.

3 R E S U LT S

Table 1 summarizes the magnetic parameters for the end-members
and mixed samples.

3.1 End-members

The purity of the magnetite and hematite was checked by their
Curie and Néel temperature, respectively. LMU-30 shows a gradual
increase in susceptibility during heating with a large increase due
to a Hopkinson effect between 400 and 537 ◦C (Fig. 1a). The Curie
temperature was defined at 554 ◦C, which is slightly below what
one would expect for stoichiometric magnetite, 580 ◦C (Dunlop &
Özdemir 1997). There is an indication for some maghemization in
the heating curve as indicated in the thermomagnetic curve by the
decrease in susceptibility between 320 and 355 ◦C. The hematite
powder also shows a large increase in susceptibility starting around
300 ◦C with an abrupt drop starting at 632 ◦C (Fig. 1b). The Néel
temperature is 671 ◦C, which is close to the reference value of 675
◦C given in Dunlop & Özdemir (1997).

The DCD curve shows that magnetite is saturated by 60 mT and
has a remanent coercive force, BCR of 21.6 mT. Hematite shows an
initial concave curve with a steeper slope between 12 and 50 mT
and slower acquisition at higher fields. The IRM is not saturated
by 1000 mT and BCR is 345.5 mT (Figs 1c and d). The low co-
ercivity contribution may be due to the presence of larger particle
sizes (Heslop 2015) or measurement within the basal plane of some
hematite crystals because no magnetite and/or maghemite was de-
tected in the thermomagnetic measurements. Hysteresis loops for
end-members are shown in Figs 1(e) and (f). The coercive force,
BC, for LMU-30 is 16.6 and 106.6 mT for hematite. LMU-30 is
rapidly magnetized in small fields and is saturated by 150 mT with
a saturation magnetization of 70 Am2 kg–1 (Fig. 1e), which may
suggest some degree of surface oxidation to maghemite. Hematite
is still not saturated at the maximum applied field of 1 T (Fig. 1f).
It shows a more rapid increase in the initial fields up to 50 mT and
then a more gradual acquisition.

The FORC distribution for LMU-30, as shown in Fig. 1(g), re-
flects single domain behaviour with peak coercivity of 22 mT and
a relatively limited distribution in interaction field, typical for what
is seen for a sample on non-interacting SD magnetite (e.g. Kumari

Figure 2. Direct current demagnetization curves.

et al. 2014). The FORC distribution for hematite shows a broad
coercivity distribution with two peak coercivities (Fig. 1h). The
lower peak is around 10 mT and may represent coarse grains or
particles whose crystallographic basal plane is in the field direc-
tion (Martin-Hernandez & Hirt 2013). The higher coercivity peak
is around 200 mT. In summary, the characteristics of thermomag-
netic curve, the DCD curve and FORC distribution indicates that
LMU-30 is pure SD and hematite is pure hematite, but with a broad
coercivity distribution.

3.2 Mixtures

3.2.1 DCD

DCD curves are saturated by approximately 60 mT for the mixtures
of magnetite and hematite up to 30 wt per cent (Fig. 2). The non-
saturated part of the IRM is ≤1 per cent for samples between 30 and
61 wt per cent hematite. By 70 wt per cent hematite, it is clear that the
IRM is not saturated, and the non-saturated contribution increases
with increasing hematite content. S-ratio, however, remains above
0.95 for all mixtures until 95 wt per cent hematite, similar to what
was found by Frank & Nowaczyk (2008).

3.2.2 Hysteresis loops

The results of major hysteresis loops are shown in Figs 3 and S1.
Loops are closed by 100 mT for concentrations up to 85 wt per
cent hematite. MS, MRS and IRM1T show a steady decrease with
increasing hematite concentration, however, the magnetization ra-
tio (MRS/MS) does not significantly vary until 80 per cent hematite
(Fig. S2). BC and BCR remain relatively constant with only a de-
crease above 80 wt per cent hematite. From the bulk data, it is
difficult to discriminate and identify changes in hematite concen-
tration in the mixtures from the shape of the hysteresis loops. The
changes, however, are reflected better in plotting MRS/MS against
BCR/BC, in a Day-Dunlop plot (Fig. 4). LMU-30 has a high magneti-
zation ratio but the magnetization ratio decreases and the coercivity
ratio increases with the initial addition of hematite. This trend con-
tinues until 95 wt per cent hematite, but a noticeable difference is
only found for concentrations >90 wt per cent. Note that the pure
hematite plots with a low magnetization ratio and high coercivity
ratio.
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Figure 3. Comparison of hysteresis loops for selected magnetite/hematite mixtures.

Figure 4. Day-Dunlop plot for all magnetite/hematite mixtures. Inset show
more detail and percentages indicate the per cent hematite concentration.

3.2.3 FORC

The detailed results from FORC analysis are shown for selected
samples in Fig. 5. The FORC distributions are similar in the mixtures
before reaching 80 wt per cent hematite. Comparing Figs 5(a)–(f),
a concentration of hematite around 90 wt per cent is needed before
visibly influencing the FORC distribution. The FORC distribution
is confined along BU = 0, but with small differences in spread
along BC. The density spectrum at BC = 0 shows a slight increase
in comparison to LMU 30 with the addition of hematite (Figs 1g,
5a–h, S3).

Although the FORC distribution shows some different character-
istics depending on the hematite concentration, it is still difficult to
depict a general trend in the change. To further study the character-
istic hysteresis properties of the mixtures, we analysed the FORC
data using PCA with FORCinel (v3.05) (Harrison et al. 2018). Note
that the data resolution for PCA grid is 5.41 mT. The variability in
the mixtures is mainly accounted for by PC1 (Fig. 6), i.e. magnetite,

which explains 70.0 per cent contribution of the data variability, and
PC2, that is the hematite component accounts for the remaining 30
per cent. The low contribution of the hematite end-member to the
variability illustrates one problem with detecting hematite in FORC
analysis, which is discussed below. The FORC distribution should
be described by two end-members (Fig. 6). The end-members (EMs)
can be related to single domain magnetite (EM1), and a high and
low coercivity hematite (EM2). The PC1 score remains the same
for the pure magnetite and mixtures up to 85 wt per cent hematite.
Only by 90 wt per cent hematite is there a distinct difference in the
PC1 score. The PCA analysis described in Harrison et al. (2018)
generates FORCs for the end-members as shown in Fig. 6. The PCA
program is able to produce a FORC diagram for EM1, the magnetite
end-member, that captures all features of the FORC for LMU-30.
Although the FORC for EM2 captures the high coercivity ridge, it
is unrealistic and cannot reproduce the low coercivity portion of the
diagram. This point is discussed below.

4 D I S C U S S I O N

The magnetite/hematite mixture series in this study show a similar
change in bulk hysteresis properties with respect to hematite con-
centration as seen in Frank & Nowaczyk (2008). BC only starts to
change noticeably at 90 wt per cent hematite, and BCR only changes
significantly by 95 wt per cent hematite; therefore, coercivity ratio
is also not affected until >90 wt per cent hematite. It should be
noted that Frank & Nowaczyk (2008) saw a rise in BC and BCR

above 90 wt per cent hematite, whereas we see a decrease. This
difference is related to the low coercivity contribution that is found
in the hematite powder, which was used in this study. As stated
above the low coercivity component can arise from magnetization
along the basal plane or particle size. The coercivity ratio, BCR/BC,
in both our study and Frank & Nowaczyk (2008), increases above
90 wt per cent hematite. Both MS and MRS show a linear decrease
in intensity with increasing hematite concentration, but the mag-
netization ratio is relatively constant until hematite concentration
>90 wt per cent.

Although the S-ratio remains above 0.9 for all mixtures of mag-
netite and hematite, the DCD curve shows that magnetization is
not saturated when the hematite concentration of 30 wt per cent or
higher. Although from a statistical point of view MR, MRS and HIRM
are significantly different from one sample mixture to another (Ta-
ble S1), the question is how to evaluate a measurement value from a

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/217/1/280/5289871 by ETH

 Zürich user on 05 February 2019



Unmixing of weakly and strongly magnetic minerals 285

Figure 5. FORC diagrams of selected mixtures. Inset shows the density distribution in Am2/T2 as a function of BC. Note that the FORC diagrams have been
truncated to 200 mT to better show the FORC distribution. Intensity scale is the same in all plots.

Figure 6. Binary PCA analysis. The resolution for PCA grid is 5.41 mT.

sample in which there is no information on the amount of magnetite
versus hematite. Therefore for our sample series the first mixture
that is clearly not saturated has 31 wt per cent hematite. From the
palaeomagnetic literature many studies would the IRM acquisition
curve as having a negligible hematite content. Frank & Nowaczyk
(2008) noted that IRM was not saturated for concentrations of 80.1
wt per cent or higher, although their sample for 59.7 wt per cent
hematite is nor completely saturated. A recent study by Ahmadzadeh
et al. (2018), who were interested in detecting hematite in commer-
cial powders, also evaluated magnetite mixtures with 90 wt per cent
hematite or higher. They measured hysteresis loops, FORCs, and

IRM acquisition, and report that IRM acquisition curves were the
most sensitive method for detecting hematite.

The FORC distribution could be more sensitive in detecting mix-
tures from changes in coercivity distribution, but the coercivity
distributions appear very similar for all mixtures, especially for
hematite concentration of 85 wt per cent or less, which is similar to
what was found by Carvallo & Muxworthy (2006). Focusing on the
coercivity profile in low fields show a distinct difference from pure
magnetite with the initial addition of 10 wt per cent hematite with
the appearance of a shoulder in the coercivity spectra under 22 mT,
although the peak in the coercivity distribution remains the same as
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pure magnetite for hematite concentrations ≤80 wt per cent (Fig.
S3). Thus, the higher coercivity component is overwhelmed by the
magnetite contribution, and cannot be detected by FORC analysis
until 80 wt per cent concentration or higher (Fig. S4).

A two end-member PCA, noted a trend in the PCA scores with
a significant change at concentrations of ca. 90 wt per cent or
higher, which is a similar concentration as was found in the earlier
studies. This holds, even though the magnetic properties of hematite
in Frank & Nowaczyk (2008) and Carvallo & Muxworthy (2006)
were not exactly the same as in this study. The method, however,
fails at properly separating the high coercivity end-member as seen
from the generated FORC for EM2. One source of error can arise
from the fact that the FORC method assumes the magnetization is
saturated, which is not the case for high coercivity hematite.

A general comment on the ability of any magnetic method to
delineate between different ferromagnetic minerals will be depen-
dent on how strongly different the magnetic properties are among
mineral phases. The intensity of the saturation magnetization will
be a key factor, because if one phase has MS much stronger than
any other phase it will dominate any induced magnetic measure-
ment. Difference in coercivity and the narrowness of the coercivity
distribution of the individual minerals will also play an important
role. Two earlier study Robertson & France (1994) and Hejda et al.
(1994) evaluated magnetic properties of magnetite–hematite mix-
tures, in which the hematite component was larger than the mag-
netite concentration. Hejda et al. (1994) examined hysteresis curves
of hematite and magnetic mixtures with hematite concentration was
between 1.67 and 500 times larger than the magnetite concentration,
and found that magnetite contributed to the hysteresis behaviour in
low field. In their case, however, the hysteresis properties did not
appear additive, which led them to speculate on the role of interac-
tion between the ferrimagnetic and antiferromagnetic phases played
an important role without providing any detailed explanation. Egli
(2004) demonstrated how magnetite with different coercivities can
be unmixed from their behaviour during alternating demagnetiza-
tion. Therefore, key to any separation is the whether the magnetic
properties of the different contributions are distinct and magnetic
interactions are not affecting the bulk properties of the materials.

In summary, the magnetic techniques and parameters that are
used standardly to identify hematite, that is MRS/MS, BCR/BC, S-
ratio or HIRM, are only useful when the hematite concentration
is >90 wt per cent to 95 wt per cent. Acquisition curves of IRM
or DCD curves, on the other hand, will not be saturated when the
hematite concentration is around 30 wt per cent, but it often re-
quires higher concentrations until the lack of saturation is obvious
and larger than any uncertainty in the measurement. The additional
use of PCA of FORC results may be useful in identifying the contri-
bution from a secondary phase, but the method also has limitations.
A combination of more than one method, however, can lead to a
better discrimination of hematite when it occurs together with mag-
netite and/or maghemite. In the future addition of different magnetic
measurements in a PCA, for example IRM acquisition, Curie/Néel
temperature, could lead to a more robust separation of phases.

The results from this work once again highlight the difficulties
in identifying hematite when it occurs together with magnetite or
maghemite. The ability to better distinguish between these phases
can be important in palaeomagnetic and environmental magnetic
studies. For palaeomagnetism identification of the presence of mag-
netic iron oxides can be important for understanding when a rock
has obtained its primary or secondary magneitzaiton. Hematite oc-
curs often as a secondary phase in sediments, and it presence in-
dicates that a secondary magnetization exists. The timing of the

secondary magnetization, however, may be at the time of the rock
lithification (e.g. Channell et al. 1982) or later in a rock’s geological
history. The presence of hematite can also provide information on
chemical alteration in rocks. In environmental studies identification
of hematite helps in discerning changes in redox state. A further
application is the area of material sciences in characterizing the pu-
rity of synthesized iron oxide particles. Many applications require
a material with high saturation magnetization and superparamag-
netic properties. Surface oxidation of these very fine particles can
greatly affect their magnetic properties and therefor their usefulness
in application.

5 C O N C LU S I O N

In this study, we demonstrate that PCA based on FORC is not suc-
cessful in discriminating of the presence of hematite in the presence
of magnetite, and FORC measurements require a significant con-
centration in order to see a high coercivity component. Although a
hematite concentration of at least >30 wt per cent is needed to have
a first indication that a high coercivity phase is present, a higher
concentration is often required to have an undisputable indication.
For this reason, full IRM or backfield IRM acquisition is better than
using bulk hysteresis properties or standard S-ratio or HIRM. The
results from this study highlight the difficulty in discerning hematite
when it is found together with magnetite, and they serve as a caveat
that hematite may make up a significant portion of iron oxides in
geological material, even though they do not contribute significantly
to the bulk magnetic properties. This is especially a point that must
be remembered when identifying mineral phases in relationship to
environmental or palaeomagnetic studies.
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Figure S2. Variation of BC, BCR, IRM, MS, MRS and MRS/MR as a
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700 mT. FORC diagrams were processed with the MatLAB code of
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