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Interpreting high-temperature
magnetic susceptibility data of
natural systems

Adrian R. Muxworthy1,2*, Jack N. Turney1*, Liang Qi1,
Evelyn B. Baker1, Joseph R. Perkins1 and Maryam A. Abdulkarim1

1Natural Magnetism Group, Department of Earth Science and Engineering, Imperial College London,
London, United Kingdom, 2Department of Earth Sciences, University College London, London, United
Kingdom

High-temperature susceptibility (HT-χ) data are routinely measured in Earth,
planetary, and environmental sciences to rapidly identify the magnetic
mineralogy of natural systems. The interpretation of such data can be
complicated. Whilst some minerals are relatively unaltered by heating and
are easy to identify through their Curie or Néel temperature, other common
magnetic phases, e.g., iron sulphides, are very unstable to heating. This makes
HT-χ interpretation challenging, especially in multi-mineralogical samples. Here,
we report a review of the HT-χ data measured primarily at Imperial College
London of common magnetic minerals found in natural samples. We show
examples of “near pure” natural samples, in addition to examples of interpretation
of multi-phase HT-χ data. We hope that this paper will act be the first reference
paper for HT-χ data interpretation.
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1 Introduction

In Earth, planetary, and environmental sciences, magnetic techniques are often
employed to rapidly measure the properties of rocks, sediments, meteorites, and soils. These
magnetic properties can be proxies for formation environments or indicators of magnetic
recording fidelity. The magnetic properties of samples are dependent on the magnetic
mineralogy and grain size and shape of the minerals within. Unfortunately, there is no single
measurement technique that provides a unique magnetic interpretation; a range of methods
are applied, instead. To determine the magnetic mineralogy, samples are often heated to
identify the Curie temperatures, Néel temperatures, and/or phase changes (Collinson, 1983).
Other methods are available; however, these are often limited by accessibility, e.g., low-
temperature thermomagnetometry (< 300 K), and magnetic mineral concentration, e.g.,
electron microscopy and Mössbauer spectroscopy (Evans and Heller, 2003).

Minerals have different responses to heating, with many common magnetic minerals
displaying chemical alteration during heating ( Minyuk et al., 2011; Till and Nowaczyk,
2018); this means that high-temperature thermomagnetometry does more than simply
determining Curie (TC) or Néel (TN) temperatures. It is these chemical alteration products
which can be used to identify the initial magnetic minerals in a sample, e.g., siderite
is paramagnetic above room temperature, but forms magnetite on heating, aiding its
identification ( Housen et al., 1996; Abdulkarim et al., 2022a).
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There are essentially two routine approaches in Earth sciences
for analysing high-temperature behaviour: 1) measuring the high-
field magnetisation as a function of temperature (Ms −T) or 2)
high-temperature magnetic susceptibility (HT-χ) analysis. Both
methods have benefits, e.g., the former approach is “superior”, in
that it directly determines TC, whereas HT-χ behaviour near TC
is complicated by multiple processes, i.e., unblocking effects such
as superparamagnetism (Fabian et al., 2013). HT-χ is also more
sensitive to grain-size effects, e.g., larger superparamagnetic grains
and multi-domain grains, which contribute to their behaviour
more than single-domain grains (Fabian et al., 2013; Petrovský
and Kapic̆;ka, 2006). However, due to a number of other factors,
e.g., ease of use, commercial availability, instrument cost, and
sample-size/sensitivity, HT-χ data are routinely measured in many
laboratories worldwide; we suspect the majority.

In recent years, the Natural Magnetism Group at Imperial
College London has used HT-χ analysis extensively in its study
of a wide range of rock types, including basalts, ophiolite, and
sedimentary rocks ( Emmerton et al., 2013; Berndt and Muxworthy,
2017; Badejo et al., 2021b; Abdulkarim et al., 2022b). We have
come up with procedures for identifying different minerals from
HT-χ data. These interpretation procedures have been confirmed
and fine-tuned through other analysis methods, e.g., Mössbauer
spectroscopy, low-temperaturemagnetometry, electronmicroscopy,
X-ray diffraction, and magnetic hysteresis analysis. When writing
papers for peer-review, it has become clear that there is no single
citable article which reviews the wide range of HT-χ behaviour
of natural systems reported in the literature. Rather, the HT-χ
behaviour of eachmineral has to be individually cited.We think that
a review of the interpretation of HT-χ data for common magnetic
minerals would be helpful to the community.

In this paper, we provide a review of the interpretation of HT-χ
data for natural samples.This is based primarily on not only thework
undertaken at Imperial College London but also takes examples
from the literature. We consider “near pure” natural samples, in
addition to providing examples of how to interpret more complex
signals.We consider iron oxides, iron oxyhydroxides, iron sulphides,
iron carbonate, iron phosphate, and ferritchromites, plus titanium-
substituted iron oxides. We have been unable to find natural
examples of some minerals in a “near pure” state, e.g., maghemite;
for such cases, we provide a typical example with interpretation.

2 HT-χ data “near pure” natural
minerals

Weprovide examples forHT-χ data for commonnatural samples
heated in argon atmosphere. We prefer heating in Ar to heating
in air, as the latter tends to exaggerate the oxidation processes,
making identification of the initial magnetic minerals harder, and is
more sensitive to the heating rate (Jordanova and Jordanova, 2016);
however, there are instances where HT-χ measured in air can be
helpful, e.g., during rock magnetic analysis as part of paleointensity
studies carried out in air. The minerals described are not meant
to be exhaustive; there are many minerals not considered, e.g.,
ferrihydrite. We consider all the magnetic minerals that we have
routinely observed. In nearly all cases, supporting evidence for the
mineral classification of each sample, e.g., Mössbauer spectroscopy,

is in the references provided. In the few cases where it is not,
e.g., the hematite sample (Figure 1), the samples had clear mineral
characteristics and showed good HT-χ behaviour, i.e., agreed with
previously published results. The primary focus of this review
paper is to describe the HT-χ behaviour pictorially, i.e., if a sample
displays reversible HT-χ behaviour with a clear TC, we will provide
less text description, e.g., magnetite (Figure 1A). Measurements
were made using AGICO CS2 or CS3 systems fitted to different
types of Kappabridges at various laboratories, including Imperial
College London. To obtain absolute magnetic susceptibility values,
we recommend measuring samples with known shapes, volumes,
and masses using a Kappabridge in the “bulk” sample mode.

Curie and Néel temperatures observed in the manuscript may
not exactly match those quoted in the literature ( Dunlop and
Özdemir, 1997). There are two major reasons: 1) all the samples
reported here are natural, meaning that some impurities may
exist and 2) it is well-documented that HT-χ approaches for
determining TC or TN are compromised due to low-field effects, e.g.,
superparamagnetism and domain-wall unblocking, which are not
present in Ms-T data (Fabian et al., 2013). This behaviour near TC
or TN “distorts” the accurate determination of TC and TN during
HT-χ analysis, which as a result of this, are often overestimated
(Petrovský and Kapic̆;ka, 2006; Fabian et al., 2013). The Curie and
Néel temperature estimates made in this paper are approximate and
are performed by eye and are accurate to within ±5 °C at best. To
obtain accurate TC and TN estimates it is necessary to measure the
Ms-T data (Petrovský and Kapic̆;ka, 2006; Fabian et al., 2013).

2.1 Iron oxides

HT-χ data for magnetite (Fe3O4), maghemite (γ-Fe2O3),
and hematite (α-Fe2O3) are shown in Figure 1. The magnetite
sample is sample E (150 μm) obtained from a greenschist in
Shetland, United Kingdom, described by Muxworthy (1998) and
Muxworthy and McClelland (2000) (Figure 1A). Notably, the
sample used to measure the HT-χ was not treated using the
carbonate–bicarbonate–dithionitemethod (Hunt et al., 1995), unlike
the E (150 μm) sample referenced in Muxworthy and McClelland
(2000).

Maghemite is very common; however, pure maghemite rarely
occurs in nature. Asmaghemite is often a low-temperature oxidation
product of magnetite (Bleil and Petersen, 1983), it is usually found
in the presence of magnetite (Gehring et al., 2009). Maghemite is
also commonly found in the presence of additional non-magnetic
minerals that form magnetite during HT-χ analysis (Oches and
Banerjee, 1996). We provide an example of maghemite HT-χ
behaviour, in the presence of magnetite, in Figure 1B; the sample
is obtained from the sandstone interval of the Pentland Formation
from the InnerMoray Firth, North Sea (Perkins, 2022; Perkins et al.,
2023). Maghemite inverts to hematite on heating, leading to a drop
in susceptibility as the spontaneous magnetisation of maghemite
is ∼ 150× greater than that of hematite Dunlop and Özdemir
(1997). This process usually occurs at 300 °C–400 °C, although,
in rare samples, it can occur at higher temperatures > 600 °C
(Özdemir, 1990). In Figure 1B, at temperatures >500 °C, there is
a secondary peak. This secondary peak is likely a combination
of two processes: 1) the formation and presence of magnetite,
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FIGURE 1
HT-χ data for (A) the magnetite (Fe3O4 sample described in Muxworthy, 1998; Muxworthy and McClelland, 2000); (B) maghemite (γ-Fe2O3) from Well
12/27–1 (depth 3,738.9 ft) in the Inner Moray Firth, North Sea (Perkins, 2022; Perkins et al., 2023); and (C) hematite (α-Fe2O3, unpublished). In (B), some
magnetite formation observed during the experiment is shown. Heating for all three samples was carried out in Ar. For (A) the Kappabridge settings
were as follows: heating rate = 10 °C/min, field = 300 A/m, and frequency 920 Hz; and for (B) and (C), the Kappabridge settings were as follows:
heating rate = 13.7 °C/min, field = 200 A/m, and frequency 976 Hz.

which was likely formed during the HT-χ experiment and 2)
Hopkinson-peak effects (Hopkinson, 1889). Hopkinson peaks are
usually associated with the unblocking of single-domain grains
making them superparamagnetic or increased domain wall motion
in larger multi-domain grains due to enhanced thermal energy;
both mechanisms cause an increase in χ, though this is particularly
enhanced in fine single-domain grains (Fabian et al., 2013). On
heating above this secondary peak, χ continues to decrease to the
Néel temperature of hematite. This hematite is likely formed during
the HT-χ experiment from the inversion of the original maghemite.
On cooling, both the hematite phase plus magnetite and possibly
maghemite are not inverted during the experiment. Similar HT-χ
behaviour is widely reported for maghemite ( Oches and Banerjee,
1996; Gao et al., 2019); however, given that maghemite rarely occurs
as a single phase and its inversion temperature is variable (Özdemir,
1990), maghemite can display a wide range of HT-χ behaviours.

The hematite sample used to measure the HT-χ curve shown
in Figure 1C is a piece of botryoidal hematite obtained from the
Western Sahara, Morocco. The data are previously unpublished. The
sample has a Hopkinson peak below 700 °C, but the susceptibility
does not reduce to 0 by 700 °C; 700 °C is the maximum temperature
possible in the AGICO CS3 system used to measure this sample.
The standard TN for hematite as quoted in the literature on rock
magnetism is 680 °C–690 °C determined using the Ms-T data (Bleil
and Petersen, 1982; Özdemir and Dunlop, 2005). The higher TN
behaviour observed here is likely due to HT-χ data yielding over-
estimates of TN Fabian et al. (2013), in addition to it being a natural
sample with a high TN ; TN determined for this sample from the
second derivative of the Ms-T data measured using a Princeton
vibrating sample magnetometer was estimated at ∼699 °C ±5 °C.
This high TN is likely due to a high Fe:O ratio in the sample. Both
Minyuk et al. (2011) and Cunha et al. (2017) reported similar HT-χ
curves for “near pure” natural hematite. However, when hematite
is mixed with other minerals, it can also display HT-χ signatures
like those seen in Figure 1B, i.e., above ∼600 °C, hematite is the
only contributing phase with a gradual decrease in χ up to its Néel
temperature at ∼680 °C.

2.2 Titanium-rich iron oxides

Titanium-rich iron oxide is the general name describing a range
of solid solutions with various proportions of iron, titanium, and
oxygen (Haggerty, 1991; Dunlop andÖzdemir, 1997).We only focus
here on the titanomagnetite “TM60” (Fe2.4Ti0.6O4) and its oxidation
product titanomaghemite TMH60 and the hematite variant TH60.
Clearly, there are a range of intermediate states of Ti and oxidative
states; however, we concentrate on TM60 due to it being very
common in nature, being particularly dominant in oceanic basalts.
Oceanic TM60 slowly oxidises to TMH60 over millions of years
(Bleil and Petersen, 1983; Krása and Matzka, 2007).

In Figure 2A we show a typical TM60 example for a sample
obtained from the 1991 eruption of Hekla, Iceland (Muxworthy,
2010; Muxworthy et al., 2011). The sample has a clear peak at
T < 200 °C, with a TC just below 200 °C, which is indicative of
TM60 (O’Reilly, 1976). There is also a smaller TC close to 580 °C,
which is indicative of magnetite. TM60 rarely occurs as a single
phase in rocks. This is because in the formation of TM60, the
larger iron-rich crystals precipitate first, attracting higher levels of
Ti; the secondary smaller iron-rich crystals, i.e., <100 nm, which are
often inclusions, attract less Ti and are closer to “pure” magnetite
(Almeida et al., 2014). The result is the larger iron oxide crystals
which have higher Ti content than the smaller ones. The HT-χ
behaviour of intermediate titanomagnetites, i.e., TM0–TM60, has
been reported to be complex with a thermal history dependency
(Jackson and Bowles, 2018).

The HT-χ data for a TMH60 sample obtained from Deep Sea
Drilling Project Leg 73 Hole 519A are shown in Figure 2. This
sample has an oxidation parameter of ∼0.8 (Petersen, 1984), so it
is not a pure TMH60 sample, but close to and “typical” for natural
titanomaghemites. On heating, TMH60 exsolves to magnetite and
ilmenite above ∼300 °C Özdemir (1987). The HT-χ curve has a
low temperature (<200 °C) associated with TMH60 and a second
peak associated with the newly formed magnetite close to the
TC of magnetite. This behaviour is different to the behaviour of
maghemite, which forms hematite on heating (Figure 1B).

Frontiers in Earth Science 03 frontiersin.org

https://doi.org/10.3389/feart.2023.1171200
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Muxworthy et al. 10.3389/feart.2023.1171200

FIGURE 2
HT-χ data for titanium-rich iron oxides: (A) a titanomagnetite sample (Fe2.4Ti0.6O4, TM60, sample H291B) from the 1991 eruption of Hekla, Iceland,
described in Muxworthy (2010); Muxworthy et al. (2011); (B) a titanomaghemite sample (∼TMH60, oxidation parameter ∼0.8) from DSDP Leg 73 Hole
519A (Petersen, 1984); and (C) titanohematite (∼TH60, sample 14SCA1-3ext2) from Hell Creek, Montana, United States (Sprain et al., 2016). HT-χ data
for (C) is the final cycle of multi-cycled heating with peak temperatures every 100 °C, ending at 400 °C. Each cycle was reversible. A sister sample
heated in air to 700 °C showed a similar behaviour; however, the cooling behaviour for this sister sample was irreversible, with a drop in susceptibility
below 400 °C (Sprain et al., 2016). The HT-χ data in (A) and (B) are not previously published, but the samples are described in the cited references.
Heating for all three samples was carried out in Ar. For (A) and (C) the Kappabridge settings were as follows: heating rate = 10 °C/min, field = 300 A/m,
and frequency 920 Hz; and for (B), the Kappabridge settings were as follows: heating rate = 13.7 °C/min, field = 200 A/m, and frequency 976 Hz.

Hematite is a canted antiferromagnetic; however, with
the substitution of Ti, it becomes ferrimagnetic in the range
α-Fe2−yTiyO3 for 0.5 < y < 0.7, i.e., ∼TH60 (Dunlop and Özdemir,
1997; Sprain et al., 2016). Titanohematite is reported in silicic
lavas, pyroclastic deposits, and sedimentary rocks (Heller, 1980;
Sprain et al., 2016), and is often associated with self-reversal
processes (Nagata, 1952). For the titanohematite example, we show
HT-χ data measured by Sprain et al. (2016) for magnetic extracts
of Cretaceous–Paleogene sediments obtained from the Hell Creek
region in Montana, United States (Figure 2C). They determined
compositions ranging from y =0.53–0.63 using X-ray diffraction
(XRD) and electron microprobe analysis. The samples display
gradual decreases in χ, with a TC ∼200 °C–250 °C.

2.3 Iron oxyhydroxides

In Figure 3A, we show HT-χ behaviour of a natural goethite (α-
FeOOH) sample from Well 11/30a-8 from the Inner Moray Firth
in the North Sea (Perkins et al., 2023). Goethite has distinctive
HT-χ behaviour, dehydrating from goethite to hematite onwarming;
however, some goethite transform via an intermediate magnetite
phase in the range ∼ 300 °C–400 °C (Özdemir and Dunlop, 2000).
Because magnetite is magnetically much stronger than goethite and
hematite, there is a distinctive magnetite “bump” in the HT-χ curve.
This magnetite phase is typically unstable and oxidizes to hematite
on further heating. The resultant cooling curve has a higher χ than
the original warming curve below 250 °C. This is because the newly
formed hematite has a higher χ than goethite. Similar data have been
reported in the literature ( Minyuk et al., 2011).

Lepidocrocite (γ-FeOOH) dehydrates to maghemite on heating
to ∼200 °C–300 °C (Gendler et al., 2005). This maghemite phase is
very unstable and inverts to hematite on further heating to ∼400
°C–500 °C Figure 3B. The lepidocrocite sample shown in Figure 3B

is obtained from Well 12/27–2 (depth 5190.6 ft) from the Inner
Moray Firth in the North Sea (Perkins et al., 2023).

Other iron oxyhydroxides exist, e.g., ferrihydrite; however, these
are generally very unstable and rapidly convert to fully ordered
iron oxides and oxyhydroxides (Bilardello et al., 2020), and are not
considered here.

2.4 Iron sulphides

Iron sulphides are common in anoxic environments, in
particular sediments. We consider pyrite, greigite, and pyrrhotite.
There are several other iron sulphides, but these aremost common in
terrestrial systems. Pyrite is paramagnetic, however, it is very stable
and abundant in sulphur-rich systems and is important to identify
and quantify in the iron cycle (Roberts, 2015). The pyrite (FeS2)
sample shown in Figure 4A is from Well 12/25–3 (depth 5600 ft)
from the Moray Firth, North Sea (Perkins et al., 2023). Pyrite shows
minimal change on heating to 700 °C (Figure 4A), although in some
cases, it may convert to magnetite above 380 °C (Li and Zhang,
2005). On cooling, χ remains low before sharply increasing at ∼320
°C (Figure 4A), due to change of pyrite to pyrrhotite (Li and Zhang,
2005; Wang et al., 2008).

Greigite forms as an intermediate phase along the pyrite reaction
pathway (Berner, 1967; Hunger and Benning, 2007; Turney et al.,
2023). Its ferrimagnetic properties make its identification critical
for palaeomagnetic studies of shallow sediments (Snowball and
Thompson, 1988; Chen et al., 2021). The sample in Figure 4B is
a fine-grained marine mudstone from the Erhjen-chi section in
southwestern Taiwan (Horng et al., 1992a; b). Greigite displays a
Hopkinson peak between 240 °C and 250 °C during heating,
followed by a sharp decrease in χ at ∼400 °C (Figure 4B). Magnetite
may form due to thermal alteration, i.e., from the decrease and
increase in χ at 580 °C, as observed on the heating and cooling
curves (Figure 4B). Cooling HT-χ curves often display evidence for
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FIGURE 3
HT-χ data for “near pure” samples of: (A) goethite (α-FeOOH) and (B) lepidocrocite (γ-FeOOH). Both samples are from Inner Moray Firth, North Sea,
United Kingdom (Perkins, 2022; Perkins et al., 2023). The goethite sample is from well 11/30a-8 (depth 6925.5 ft) and the lepidocrocite sample from
well 12/27–2 (depth 5190.6 ft). Heating for both samples was carried out in Ar, with Kappabridge settings: heating rate = 13.7 °C/min, field = 200 A/m,
and frequency 976 Hz.

FIGURE 4
HT-χ data for iron sulphides, including (A) pyrite from Well 12/25–3 (depth 5,600 ft) in the North sea (Perkins et al., 2023); (B) greigite from marine
mudstones of the Erhjen-chi section, SW Taiwan (sample EJC22) (Horng et al., 1992b; a; Roberts et al., 2011); (C) monoclinic pyrrhotite (sample
564 m); and (D) hexagonal pyrrhotite (sample 8,080 m) from medium-grade metamorphic rocks of Central Europe (Kontny et al., 2000). All samples
have been heated in Ar. For (A), the Kappabridge settings were as follows: heating rate = 13.7 °C/min, field = 200 A/m, and frequency 976 Hz; and for
(C) and (D), the Kappabridge settings were as follows: heating rate = 8 °C–10 °C/min, field = 300 A/m, and frequency 920 Hz. The HT-χ settings for (B)
are unknown.
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FIGURE 5
Example of HT-χ for “near pure” samples of (A) siderite (FeCO3), (B) a ferritchromite sample, and (C) vivianite. The siderite example in (A) is sample
S63654 from well 21/29a-08 from the Western Central Graben in the Central North Sea (Badejo et al., 2021a). The ferritchromite sample in (B) is from
the Troodos Ophiolite, Cyprus (unpublished); the presence of ferritchromite was determined with energy-dispersive spectroscopy. Samples (A) and (B)
were heated in Ar, with Kappabridge settings: heating rate = 13.7 °C/min, field = 200 A/m, and frequency 976 Hz. The vivianite sample in (C) is from the
Priest River near Samuels, Idaho, United States, and is reproduced from Doctor and Feinberg (2022) who conducted heating in air. Kappabridge settings
for (C): heating rate = 11.8 °C/min, field = 300 A/m, and frequency 920 Hz, measured in air.

monoclinic pyrrhotite at ∼320 °C (Figure 4C). This HT-χ behaviour
for greigite is “ideal”; greigite commonly displays a wide range of
HT-χ behaviours and is often found in the presence of abundant
pyrite which dominates the HT-χ response (Roberts and Weaver,
2005; Badejo et al., 2021a). This high variability in HT-χ behaviour
makes identifying the presence of greigite difficult (Roberts et al.,
2011). Another example of typical greigite behaviour is discussed as
follows.

The HT-χ behaviour of pyrrhotite depends on its stoichiometry
(Kontny et al., 2000). We give examples for its two most common
forms: 1)monoclinic pyrrhotite (Fe7S8,Figure 4C) and 2) hexagonal
pyrrhotite (Fe9S10, Figure 4D). Both forms are from medium-grade
amphibolite-facies metamorphic rocks of the Variscan basement
complex in Central Europe (Kontny et al., 2000). Monoclinic
pyrrhotite is ferrimagnetic at ambient temperatures, but becomes
unstable at high temperatures, with a TC of ∼325 °C (Schwarz
and Vaughan, 1972; Kontny et al., 2000) (Figure 4C). In contrast,
hexagonal pyrrhotite is antiferromagnetic at room temperature;
however, on heating, it becomes ferrimagnetic (at ∼200 °C), with a
TC between 265 °C and 295 °C (Rochette et al., 1990) (Figure 4D).
This transition is often referred to as the λ transition (Schwarz and
Vaughan, 1972).

2.5 Other iron phases

The HT-χ behaviour of siderite (FeCO3) is well-documented
(Housen et al., 1996). Here, we provide an example from the
Western Central Graben in the Central North Sea, United Kingdom
(Figure 5A) (Badejo et al., 2021a). On heating, siderite converts to
magnetite (above 400 °C–500 °C). On cooling, through TC for
magnetite, there is normally evidence for a significant increase in
magnetite content.

Ferritchromite (Fe1−nCrnO4) is a Cr–Fe spinel phase with
0.1<n <0.6, commonly found in serpentinised ultramafic and mafic
rocks (Kądziałko-Hofmokl et al., 2008; Hodel et al., 2020). Here, we

report the HT-χ data for an unpublished sample from the Troodos
Ophiolite, Cyprus (Figure 5B). In natural samples, ferritchromite
rarely occurs in a pure form and is normally found in the presence
of iron oxides. There is an increase in the gradient of the HT-χ curve
when heating between 100 °C and 150 °C, indicating the presence
of ferritchromite as it destabilises to maghemite (Hodel et al.,
2020). Above this temperature range, the presence of a mixture of
maghemite and magnetite is observed (Figure 1). The presence of
ferritchromite in this sample was determined via energy-dispersive
spectroscopy. Ferritchromite with 0.1<n <0.2 does not display this
behaviour and displays reversible HT-χ behaviour with a TC of ∼520
°C (Kądziałko-Hofmokl et al., 2008).

Vivianite (Fe3(PO4)2⋅8H2O) is a hydrated iron phosphate
mainly found in anoxic lacustrine sediments (e.g., Rothe et al.,
2015). Its importance is becoming increasingly recognised (e.g.,
Abdulkarim et al., 2022b). Vivianite is antiferromagnetic and is
typically identified by low-temperature magnetic measurements,
displaying a TN of 12 K (Frederichs et al., 2003). The HT-χ data in
the literature are very limited ( Minyuk P. S. et al., 2013; Doctor and
Feinberg, 2022). The example used here is for a large single crystal
(5 cm long) collected along the Priest River near Samuels, Idaho,
United States and itsHT-χmeasured in air, carried out byDoctor and
Feinberg (2022) (Figure 5C). The sample is close to “pure” vivianite
as determined bymicroprobe analysis. On heating, the susceptibility
decreases with temperature as expected for a paramagnet. On
cooling, a magnetite-like phase is seen to form, but on further
cooling, there is a sharp drop in χ below 200 °C. Minyuk P. S. et al.
(2013) reported similar curves for natural vivianite, but only after
conducting two or three heating cycles in air. Minyuk P. S. et al.
(2013) showed the drop at ∼200 °C on cooling to be reversible.

Of all the minerals reported in this paper, the alteration of
vivianite during heating is perhaps the least understood. Whilst it is
well-documented that vivianite dehydrates over a range of discrete
temperatures up to 437 °C, the origin of further changes above 600
°C is open to debate: Are they dehydration or oxidation processes?
(Dormann et al., 1982; Rodgers and Henderson, 1986; Frost et al.,
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FIGURE 6
HT-χ data for samples with mixed mineralogies: (A) a shale sample (S-1428) from the Catcher field in the North Sea (Abdulkarim et al., 2022b); (B)
sample 211–1 from Well 211/29-C4 (depth 3422 m) in the Brent oil field, North Sea (Emmerton, 2013); (C) sample from well 12/21–4 (depth 6,755.0 ft)
in the Inner Moray Firth, North Sea (Perkins, 2022; Perkins et al., 2023); and (D) a salt marsh sample (NF4A) from the Warham salt marsh, Norfolk, United
Kingdom (unpublished). Heating for all samples was carried out in Ar, with Kappabridge settings: heating rate = 13.7 °C/min, field = 200 A/m, and
frequency 976 Hz.

2003; Ogorodova et al., 2017) Nevertheless, there is no evidence that
these further structural changes lead to the formation of magnetite.
What appears more likely, as suggested by Minyuk P. S. et al. (2013),
is that vivianite produces reducing conditions, which leads to the
formation of magnetite possibly from hematite. Further work is
required to identify the origin of the decrease observed on cooling
below 200 °C.

3 Examples of interpreting
multi-phase HT-χ data

Multi-phase samples are common in nature. In this section, we
provide some examples of how we interpret the HT-χ data for multi-
phase samples. Interpretation of theHT-χdata is often aided by other
magnetic data or information, e.g., is the area rich in sulphur or not;
many iron sulphides and oxyhydroxides alter on heating, forming
more magnetic phases; knowing whether these are due to sulphur
can be highly beneficial.

Figure 6A shows a shale sample (S-1428) from the Burgman
field in the North Sea (Abdulkarim et al., 2022b). This sample
contains significant levels of lepidocrocite indicated by the

formation of a higher magnetisation phase, i.e., maghemite, at ∼230
°C. A second magnetic phase forms on further heating above ∼450
°C. This second phase is likely magnetite. Above 600 °C, hematite
is observed. The cooling curve suggests a mixture of hematite
and magnetite. Abdulkarim et al. (2022b) interpreted this second
phase as being either goethite or greigite based on the HT-χ data
alone; the indication of hematite could come from dehydration
of goethite or from the inversion of maghemite in the γ-FeOOH
→ γ-Fe2O3 → α-Fe2O3 transition. On combining the HT-χ data
with low-temperature and hysteresis data, Abdulkarim et al. (2022b)
concluded that this second phase was greigite.

Sample 211–1 from Well 211/29-C4 (depth 3,422 m) in the
Brent oil field, North Sea (Figure 6B), is a “dry” (unstained by
oil) sandstone (Emmerton, 2013). The sample contains a mixture
of pyrite (and possibly greigite) and goethite (or another phase
that forms unstable intermediate magnetite). The pyrite forms
pyrrhotite on heating (Figure 4A), and possibly some magnetite,
and goethite forms hematite with some intermediate unstable
magnetite (Figure 3A). Low-temperature analysis of this sample
also found evidence for magnetite (Emmerton, 2013); however,
there is little evidence for original magnetite in the HT-χ data.
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In Figure 6C, we consider a sample from the Inner Moray Firth,
North Sea (Perkins, 2022; Perkins et al., 2023). The sample contains
lepidicrocite, goethite, and siderite. Lepidicrocite is identified by
the small increase in χ at T < 300 °C (Figure 3B); however, the
formation of magnetite from goethite and siderite at T > 300 °C
starts to dominate the signal (Figures 3A; 5A). At T > 600 °C, there
is clear evidence for the presence of hematite. On cooling, there is
an increase in the magnetite signal, which is indicative of a non-
iron hydroxide phase. Perkins (2022) and Perkins et al. (2023), with
limited evidence for iron sulphides in this well, interpreted this
magnetite-producing phase as siderite.

In Figure 6D, we consider a sample from the Warham salt
marsh in Norfolk, United Kingdom. Samples from this area have
been previously shown to contain greigite, siderite, and pyrite using
XRD (Pye, 1981; Lin et al., 2019). The “bump” between ∼200°C and
∼350°C is likely due to greigite; decreases in χ at ∼350 °C have been
reported in synthetic and natural greigite samples (Minyuk P. et al.,
2013). Multi-cycle curves found this “bump” to be irreversible
>300°C, suggesting alteration. Siderite is identified by the increase
at T > 450 °C, as siderite alters to magnetite at high temperatures
(Figure 5A).

4 Conclusion

In this short paper, we have provided examples of HT-χ
behaviour for many of the magnetic minerals commonly found in
nature, i.e., iron oxides and iron sulphides; however, the list is not
exhaustive. It is clear from the examples given that interpreting
HT-χ data can be challenging and non-unique. For example,
many minerals form magnetite on heating (Figures 2–5) and some
minerals, e.g., vivianite and greigite, do not have consistent and
distinctive HT-χ behaviour. To interpret such HT-χ data often
requires additional information either gleaned through magnetic
measurements or other means, e.g., is sulphur present? The
Natural Magnetism Group often supplements HT-χ data with low-
temperature magnetometry data, Mössbauer spectra, and electron
microscopy images on select samples. Finally, in Figure 6, we
provide some examples of how the Natural Magnetism Group
interprets the HT-χ data.
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