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Thermomagnetic measurements of soil iron minerals:
the role of organic carbon
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S U M M A R Y
Thermomagnetic measurements, particularly measurements of the Curie or Néel temperature,
are often used to identify magnetic minerals in rocks or sediments. In many samples it is im-
possible to determine the Curie or Néel temperature as mineral changes occur during heating.
Especially in soils or sediments, iron (hydr)oxides may be transformed to ferrimagnetic iron
oxides. In this study we analysed the thermomagnetic behaviour of some natural and syn-
thetic iron minerals: goethite, haematite, ferrihydrite, lepidocrocite and siderite. The change
of magnetization M with temperature was determined with a magnetic translation balance.
The sample was heated in air to a maximum temperature of 700◦C and subsequently cooled
back to room temperature. By adding organic carbon to synthetic samples and by destroying
it in natural samples, the influence of organic substance on the reactions was determined.
Goethite, ferrihydrite and haematite transform to a strongly magnetic phase only if organic
carbon is present. Lepidocrocite and siderite transform without organic carbon, the reaction of
siderite is even weakened if organic matter is added. The transformation starts below 400◦C
for ferrihydrite and lepidocrocite and around 450◦C for goethite. We can conclude that, though
these reactions impede the identification of the ferrimagnetic oxides in many soil and sediment
samples, they can be used to distinguish between the most common soil iron hydroxides in
these environments.
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1 I N T RO D U C T I O N

Minerals change their magnetic properties with temperature. Promi-
nent changes occur at the Curie temperature where ferrimagnetic
minerals start to behave like paramagnetic minerals, and at the Néel
temperature where antiferromagnetic minerals lose their antiferro-
magnetic characteristics and react like paramagnetic minerals. The
Curie and Néel temperatures are characteristic for each mineral and
can, therefore, be used for their identification. To determine the
Curie or Néel temperature (T C ), the behaviour of either suscepti-
bility or magnetization upon heating is monitored. T C can then be
found by the methods described by Moskowitz (1981).

In environmental magnetism, the high-temperature behaviour of
magnetization has, for example, been used to identify the magnetic
component in loess-soil sequences (Eyre & Shaw 1994; Evans &
Heller 1994) or to characterize soil samples (Özdemir & Banerjee
1982) and magnetic extracts of soils (Maher & Taylor 1988). Some
authors use the temperature dependence of susceptibility to deter-
mine the magnetic mineralogy of their samples (Zhu et al. 2000;
Deng et al. 2004). Lowrie (1990) proposed the high-temperature

demagnetization of remanences imposed in three orthogonal direc-
tions at different field strengths for the identification of minerals in
rocks. Thus, for example, the contributions of goethite, haematite
and magnetite can be distinguished (e.g. Sangode & Bloemendal
2004). This procedure can be refined by grain size fractionation and
using individual samples for each coercivity component (Spassov
et al. 2003).

For some rock and sediment samples, the measurement of T C

is difficult because chemical or crystallographic transformations
of iron oxides take place. This problem occurs above all in soil
and sediment samples. Since the laboratory experiments of Van
der Marel (1951) and Le Borgne (1960) it is known that soil iron
(hydr)oxides transform to ferrimagnetic iron oxides at higher tem-
peratures, for example, during a fire. Schwertmann & Taylor (1989)
describe various transformation processes at temperatures between
200◦ and 400 ◦C, which partly depend on the presence of organic
matter.

On the one hand, these effects prevent the determination of the
Curie or Néel temperature in some samples, while on the other
hand they can be useful to clarify other questions. Maher (1998)
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Table 1. The iron minerals and compounds used for the thermomagnetic measurements. The siderite was kindly provided by the
mineralogical institute at Munich university (LMU).

Mineral Name of the sample Provenance

goethite Rustrel jaune natural, ochre from Rustrel, France
Rustrel havanne natural, ochre from Rustrel, France
Bayferrox 910 synthetic (Bayer inc, Leverkusen, Germany)

haematite Rustrel rouge natural, ochre from Rustrel, France
Bayferrox 120 synthetic (Bayer inc, Leverkusen, Germany)

2-line-ferrihydrite Col de Galibier natural, stream bed at Col de Galibier, France
6-line-ferrihydrite SF2 synthetic, produced by Stanjek & Schwertmann (1992)
lepidocrocite synthetic, self-produced
siderite natural

used thermomagnetic measurements to exclude the possibility of
fire as an enhancement mechanism in soil. Maher & Thompson
(1999) deduced the relative proportion of magnetite and maghemite
in loess and soil samples by comparing the amount of magnetization
lost during heating.

Another possible use is the interpretation of the transformations
in terms of the iron oxides present in the soil. In some studies on soil
magnetism, first steps in this direction have been taken (e.g. Kapička
et al. 2003). Here, we present the thermomagnetic behaviour of some
natural and synthetic iron minerals, which can be directly compared
to curves measured for soil samples.

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

2.1 Samples

Table 1 lists the iron minerals which were used for the measurements.
The results of X-ray diffraction analyses of the initial and some of
the heated samples are compiled in Table 2. Synthetic goethite and
haematite were purchased from Bayer Inc., Leverkusen. A prod-
uct description is given at www.bayferrox.de. Natural goethite and
haematite samples are ochres from Rustrel in France. The synthetic
6-line ferrihydrite was produced by Stanjek & Weidler (1992): a
0.06 molar solution of Fe(NO 3)3·9H2O was hydrolysed by heating
to 85◦C. The resulting sol was dialysed for 22 days and freeze dried.
The natural 2-line ferrihydrite was extracted from a stream bed at
the Col de Galibier in France. The sample has various impurities
(Table 2).

The synthetic lepidocrocite was produced as described by
Schwertmann and Cornell (1991): A solution with 60 mM Fe is pre-
pared from FeCl2·4H2O and distilled water. Air is supplied while the
solution is stirred. Meanwhile the pH is brought to 6.7–6.9 by adding
NaOH. This constant pH value is important to prevent other iron
minerals from being formed. The end product, an orange-coloured
suspension, is centrifuged, washed and dried.

To simulate soil conditions, a part of the samples was mixed 1:1
with calcium carbonate, then 5–10 per cent D-glucose was added.
The glucose supplies the organic carbon which is necessary for
some of the observed reactions to occur. These mixed samples are
named ‘iron oxide + C’. In order to better understand the influence
of organic matter, we tried to remove it from some of the natural
samples by leaching with 30 per cent H2O2.

2.2 Thermomagnetic measurements

The thermal behaviour of the magnetization M was determined with
a magnetic translation balance. This instrument measures the force

Table 2. Results of X-ray diffraction analyses of the original and some of the
heated samples. ‘+C’ means that the sample was mixed with calcium car-
bonate and glucose before heating (see Section 2.1). MCL: mean coherence
length.

Cell
Content MCL lengths

Sample Phases (g/g) (nm) (Å)

Bayferrox 910 goethite 1 165 9.9608
3.0228
4.6105

Bayferrox 910◦C, 700◦C haematite 1 175 5.0359
13.753

Rustrel jaune not determined
Rustrel jaune, 700◦C haematite 1 50 5.0078

13.677
quartz

Rustrel havanne not determined
Rustrel havanne, 700◦C haematite 1 5.0078

13.681
quartz

Col de Galibier ferrihydrite 1
quartz
mica
feldspars

Col de Galibier, 700◦C maghemite 1 23 8.3490
quartz

SF2 ferrihydrite 1
SF2 + C, 700◦C maghemite 0.271 105 8.3550

haematite 0.729 16 5.0376
13.749

lepidocrocite lepidocrocite 1 41 3.0687
12.527
3.8738

lepidocrocite, 700◦C haematite 1 600 5.0385
13.761

lepidocrocite+C, 700◦C haematite 1 270 5.0352
13.753

Bayferrox 120 haematite 0.978 430 5.0346
13.749

maghemite 0.022 125 8.3604
Rustrel rouge haematite 1 42 5.0050

13.677
quartz
kaolinite

siderite siderite 1 415 4.6921
15.372

siderite, 700◦C magnetite 0.776 73 8.4032
wüstite 0.224 38 4.3117
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on a sample in a non-uniform magnetic field. The force on the
sample is proportional to the magnetization and to the gradient of
the field. The sample is heated to a maximum temperature of 700◦C
and subsequently cooled back to room temperature. One heating and
cooling cycle lasts 30 min. The instrument is described by Soffel
(1991). During our experiments the strength of the magnetic field
was 5210 Oersted. Therefore, goethite and haematite did not reach
saturation. This does not impede the determination of T C or the
monitoring of mineral changes.

The Curie or Néel temperature of the end product was determined
by drawing tangents to the curve (Moskowitz 1981). In most cases,
only the cooling curve was analysed in this way because the heating
curve is usually dominated by mineral changes and, therefore, not
suited for the determination of T C . It should be noted that, if thermal
transformations have occurred, the temperatures determined from
the cooling curve do not represent the Curie or Néel temperature of
the original minerals but those of the secondary phases.

2.3 X-ray diffraction

X-ray diffraction analyses were run on a Guinier image plate system
(Huber G670) with samples mixed and ground with Si (pre-ground
wafer material) as an internal standard (amount not weighed). Af-
ter identifying the phases, cell edge lengths, profile parameters and
peak intensities were refined with MacClayFit (Stanjek & Häusler
2000). As a profile function the Thompson–Cox–Hastings approach
with X as the isotropic size and X e as the anisotropic size parame-
ter was used (Thompson et al. 1987). Mean coherence lengths were
estimated from X corrected for the instrumental broadening param-
eter X i from the internal standard Si. Semi-quantitative estimates
of phase contents were made by recalculating total phase intensities
into contents by using calibration simulations with CrystalDiffract.

3 R E S U LT S A N D D I S C U S S I O N

3.1 Iron minerals

Goethite

Goethite is an iron hydroxide occurring in almost every soil type.
Fig. 1 shows the thermomagnetic curves of synthetic goethite. The
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Figure 1. Thermomagnetic measurements of synthetic goethite (Bayferrox 910): (a) pure sample (b) mixed with calcium carbonate and glucose. The pure
sample transforms directly to haematite. The mixed sample first forms a highly magnetic mineral, probably maghemite, which is then transformed to haematite.

Néel temperature of pure goethite at about 120◦C (Mathé et al.
1999) is hardly visible. The drop of magnetization between 250◦

and 400◦C is due to the dehydroxylation of the goethite (Özdemir
& Dunlop 1996). It transforms into haematite as shown by the Néel
temperature of the cooling curve and by the X-ray diffraction results
of the heated sample (Table 2). The dehydroxylation of goethite to
haematite between 200◦ and 400◦C was also observed by Ruan et al.
(2001), using X-ray diffraction of heated samples, and by Przepiera
& Przepiera (2003) using thermogravimetric measurements.

If glucose is added, goethite starts to transform into a highly mag-
netic mineral at 420◦C. The Curie temperature of the newly formed
mineral in the heating curve is 580◦C (Fig. 1b). In the cooling curve,
the Curie temperature of the strong magnetic phase was determined
as 630◦C. Following Schwertmann & Heinemann (1959), we pro-
pose the formation of maghemite which, at even higher tempera-
tures, for the most part turns into haematite. The same end product
is thus reached with and without the organic carbon, but a different
formation path is taken. The transformation of goethite to haematite
was also observed in a burnt soil by Stanjek (1987).

The role of organic carbon was yet observed by Hunt et al. (1995)
when measuring the temperature dependence of susceptibility for
a palaeosol. Even if the experiment is carried out in air, the bulk
of the sample is under the influence of reducing conditions caused
by the presence of organic carbon. These conclusions can also be
drawn for the samples used in this study: there is a small red stripe
(haematite) at the oxidized side whereas the rest of the sample turns
black (magnetite/maghemite) during the experiment.

Dekkers (1990) found intimately intergrown haematite/magnetite
aggregates after thermal demagnetization of natural goethites. He
explained the presence of magnetite by the reducing capacity of
trace amounts of organic matter or the presence of ferrous iron
set free by decomposition of clay minerals. The amount of organic
matter (and possibly clay minerals), which is present in a sample,
might thus control the ratio of haematite to ferrimagnetic minerals
(magnetite/maghemite) which is formed.

The reaction of the natural goethite is quite different from the
reaction of the synthetic goethite (Fig. 2). The pure samples show a
slight reaction above 400◦C, probably due to some natural organic
carbon content. If additional organic carbon is added, maghemite is
formed. Ketterings et al. (2000) observed the conversion of goethite
to maghemite during slash-and-burn fires on soils in Sumatra and
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Figure 2. Thermomagnetic measurements of natural goethite. The effect of adding organic carbon is smaller than for the synthetic sample (Fig. 1). The newly
formed maghemite does not transform into haematite.
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Figure 3. Thermomagnetic measurements of natural ferrihydrite. (a) The pure sample transforms to maghemite (Table 2). (b) Treatment with hydrogen peroxide
impairs the reaction as the organic substance is destroyed (note the different scales of the ordinates).

also investigated the role of organic carbon in this process. Adding
organic carbon causes a smaller effect in our natural goethite sam-
ples than in the synthetic ones. A possible reason might be the
smaller grain size of the synthetic goethite. In contrast to the reac-
tion of the synthetic goethite, the newly formed ferrimagnetic min-
eral did not transform further into haematite when the reaction is
started with natural goethites. These minerals often substitute some
iron by aluminium, which has a stabilizing effect on the maghemite
(Stacey & Banerjee 1974). The low cell constants of the haematites
formed by heating of the natural goethite samples (Table 2) indi-
cate aluminium substitution between 12 and 15 per cent (Stanjek &
Schwertmann 1992). It is also possible that impurities adsorbed on
the surface of the goethite (e.g. silicate or phosphate anions) impede
the transformation to haematite.

There is a noticeable difference between the heating and the
cooling curve at 600◦C. This shows that, due to the fast heat-
ing, the transformation is not yet complete during the heating
cycle.

Ferrihydrite

The natural 2-line ferrihydrite turns into maghemite upon heating
(Fig. 3a, Table 2). The sample contains enough organic material to
initiate the reaction. The transformation starts at 240◦C and obvi-
ously passes through two steps. The reaction could be considerably
weakened by treating the sample with hydrogen peroxide, which
destroys the organic substance (Fig. 3b).

Synthetic ferrihydrite (Fig. 4) dehydroxylates and dehydrates to
haematite (Néel temperature above 650◦C). Lewis (1992) also ob-
served this transformation during oven-drying. If glucose is added,
maghemite is formed above 300◦C. The higher crystallinity of this
sample leads to a later starting point of the transformation than for
the natural ferrihydrite. The larger part of this maghemite is trans-
formed to haematite at higher temperatures (approximately 73 per
cent, see Table 2). Therefore, the cooling curve is lower than the
peak of the heating curve but considerably higher than the initial
magnetization M 0.
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Figure 4. Thermomagnetic measurements of synthetic ferrihydrite (SF2). (a) The pure sample dehydrates to haematite. (b) Mixed with calcium carbonate and
glucose, the ferrihydrite transforms to maghemite, which for the most part transforms to haematite.
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Figure 5. Thermomagnetic curves for synthetic lepidocrocite. It transforms to haematite via maghemite without the presence of organic carbon. Mixed with
glucose, the transformation starts earlier and is stronger.

Lepidocrocite

Fig. 5 shows the thermomagnetic curves for synthetic lepidocrocite.
This mineral starts to transform to maghemite at 250◦C (Hahn &
Hertrich 1923; Gehring et al. 1990). Gehring & Hofmeister (1994)
studied the structural changes of lepidocrocite during the conversion
to haematite. They concluded that the conversion to maghemite
starts at about 200◦C and is completed around 300◦C. At higher
temperatures, maghemite is converted into haematite (Przepiera &
Przepiera 2001; Mitov et al. 2002). The presence of organic carbon
is not necessary for this reaction. In the magnified display detail
of Fig. 5(a), the Néel temperature of haematite is clearly visible.
A thorough description of the lepidocrocite–maghemite–haematite
reaction chain is given by Gendler et al. (2005).

When organic carbon is added to the lepidocrocite sample, the
reaction starts at slightly lower temperatures and is slightly stronger,
but the end product is the same. The stronger reaction might point
to the formation of some magnetite in the mixed sample due to the
reducing conditions caused by organic matter.

Haematite

The reactions of synthetic and natural haematite during heating
are shown in Fig. 6. The synthetic sample contains 2.2 per cent
maghemite which leads to a dominance of the maghemite Curie
temperature. In the natural sample, maghemite is also visible mag-
netically though it was not detected by X-ray diffraction. The cooling
curve of the pure samples does not coincide with the heating curve.
Probably defects in the haematite lattice are annealed out by the heat-
ing (de Boer & Dekkers 1998). We did not observe the Hopkinson-
like peaks shown by the synthetic samples of de Boer & Dekkers
(2001). The presence of organic substance leads to reducing con-
ditions, which promote the formation of maghemite or magnetite.
The stronger reaction of the synthetic sample above 450◦C cannot
be caused by grain size effects because X-ray analysis showed that
the grain size of the synthetic haematite is between 0.5 and 1 μm,
whereas the grain size of the natural haematite is between 30 and
35 nm. Possibly, the natural haematite may be surficially protected
with adsorbed phosphate and/or silicate. Both anions are known to
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Figure 6. Thermomagnetic curves for synthetic and natural haematite. Addition of organic carbon leads to the transformation into a ferrimagnetic mineral.

retard solid state transformations considerably (e.g. Tronc & Jolivet
1986; Campbell et al. 2002).

Siderite

Siderite is not common in soils. It only occurs in small quanti-
ties, particularly in humid, iron-rich environments. Nevertheless it
was included in this study because its transformation to magnetite,
maghemite and haematite upon heating in air was reported by Pan
et al. (2000). In our experiment, the pure siderite sample is decom-
posed to magnetite and wüstite (Table 2). Fig. 7 shows the thermo-
magnetic measurement of siderite and the effect of organic carbon
on the reaction: the transformation is considerably weakened. There-
fore, it seems unlikely that siderite causes the strong transformations
observed in soils.

siderite
siderite + C
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Figure 7. Thermomagnetic curves for natural siderite. The addition of or-
ganic carbon weakens the transformation.

3.2 Soil samples

In thermomagnetic curves of soil samples typically two peaks are
observed between 200◦ and 600◦C. Fig. 8 shows two examples from
Southern Germany: a luvisol and a cambisol. In both cases, the
sample from the A-horizon shows two transformations, one starting
between 250◦ and 300◦C and one starting at about 450◦C. In the
B-horizon, only the first transformation takes place. However, this
scheme is not generally valid. Fig. 9 shows the measurement from an
A-horizon of another luvisol, where only the second transformation
is observed.

If we compare these transformations with our measurements of
iron oxides, we can say that the formation of a ferrimagnetic phase
at 450◦C can be attributed to goethite or haematite, whereas the first
peak is caused by transformation of ferrihydrite or lepidocrocite,
respectively. Goethite is the thermodynamically most stable iron
oxide in most soils of the temperate climate. The warmer the cli-
mate, the more haematite accompanies the goethite. In tropical soils,
haematite is dominating. As our soil samples were all taken in the
temperate climate zone, the presence of goethite is to be expected.
Goethite and haematite can be distinguished by thermomagnetic
measurements only if no other iron oxides are present since the ear-
lier start of the reaction in haematite will be overlain by the much
stronger reactions of the less well crystallized iron hydroxides.

Ferrihydrite and lepidocrocite are also common in soils. Ferrihy-
drite is formed if Fe2+-ions are rapidly oxidized and if the formation
of better crystallized iron oxides is impeded by high concentra-
tions of organic anions or soluble silica (Childs 1992). Ferrihydrites
in soils are usually young minerals which convert to more stable
phases with time. Lepdicrocite is found in reductomorphic soils,
that is, soils which temporarily suffer from a lack of oxygen (Brown
1953).

Ferrihydrite and lepidocrocite can be distinguished by thermo-
magnetic measurements if the organic substance is destroyed. If the
transformation is still taking place to about the same extent, lepi-
docrocite is present in the soil. Fig. 10 shows the thermomagnetic
curve measured for a gleysol before and after treatment with hydro-
gen peroxide. The reaction is considerably weakened when organic
material has been destroyed. Therefore, we conclude that this soil
does not contain lepidocrocite although the samples were taken from
a horizon with temporarily reducing conditions. Before this method
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Figure 8. Thermomagnetic curves for the A and B horizons of (a) a luvisol (Degerndorf) and (b) a cambisol from Southern Germany. In the A-horizons, two
peaks are observed while in the B-horizon the transformation of iron oxides takes place in a single step.
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Figure 9. Thermomagnetic curve of the Ap horizon of a luvisol (Nieder-
lippach, Southern Germany). Only the second transformation (cf. Fig. 8),
which is attributed to goethite, is clearly visible.

of distinguishing between lepidocrocite and ferrihydrite can be ap-
plied in further studies it will be necessary to make sure that the
treatment does destroy only the organic matter but does not alter
the iron oxide minerals. The crystallinity of natural ferrihydrites,
for example, seemed to increase slightly after treatment with H2O2

(Schwertmann & Murad 1988). Anyway, further investigations of
leaching methods and their effects are necessary.

The last example shows that the onset of the transformation de-
pends not only on crystallinity, ion substitution and heating rate,
but also on the amount of organic carbon in the sample. An influ-
ence of grain size on the transformation temperature was found for
the goethite–haematite transformation by Walter et al. (2001). Each
of these influences would have to be varied independently if we
wanted to give exact temperatures for the onset of the transforma-
tion. However, generally we can say that the transformation starts

0 200 400 600 800
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0
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4

M
/M

0

untreated soil sample
treated with H2O2

Figure 10. Thermomagnetic curves of the MGro-horizon of a gleysol. This
horizon has temporarily reducing conditions. Lepidocrocite could, therefore,
be present. However, the considerably smaller peaks after treatment with
H2O2 show that ferrihydrite is the weakly crystallized iron oxide, which is
then transformed to a ferrimagnetic mineral.

clearly below 400◦C for ferrihydrite and lepidocrocite and around
450◦C for goethite.

4 C O N C L U S I O N S

The results of our experiments show that the presence of or-
ganic matter causes critical changes in the reaction of iron min-
erals during heating. Reducing conditions are produced and iron
(hydr)oxides transform to ferrimagnetic maghemite or magnetite.
The less the minerals are crystallized the earlier these transforma-
tions start. Goethite, which starts to react at about 450◦C, can easily
be distinguished from ferrihydrite and lepidocrocite which begin to
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transform between 200◦ and 350◦C, the exact temperature depend-
ing on the crystallinity of the sample, the amount of organic carbon
in the sample and the heating rate. These reactions can be used to
identify the dominating iron hydroxide in soils where organic matter
is usually present.

Ferrihydrite and lepidocrocite can be distinguished by the fact
that lepidocrocite does not need the presence of organic matter to
transform to maghemite. The procedure to destroy the organic mat-
ter, however, has still to be tested more thoroughly as it is not clear
if the use of hydrogen peroxide affects the iron minerals.

It is improbable that siderite causes the strong reactions we ob-
served in soils upon heating as the transformation of siderite was
weakened by the addition of organic matter.

Comparing synthetic and natural samples of goethite and
haematite showed that the synthetic samples tend to a stronger re-
action than the natural ones. This is probably due to aluminium
substitution or surface impurities in these minerals.
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