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S U M M A R Y
New rock magnetic data including low- and high-temperature thermomagnetic runs and hys-
teresis loops, as well as X-ray diffraction measurements, are presented from the Chinese
loess/palaeosols at JiuZhoutai, on the northwestern margin of the Chinese loess plateau, to
provide sound constraints on the partial oxidation model of magnetites and variations in mag-
netic mineralogy, grain size and oxidation states of loess samples during thermal treatments
from room temperature up to 700 ◦C. The results show that the partially oxidized magnetites in
samples are first reduced, probably as a result of the burning of organic matter below 300 ◦C,
and then reoxidized above that. However, even after heating to 700 ◦C the highly diminished (in
size) magnetite core still remains stoichiometric as revealed by the 120 K Verwey transition.
We conclude that the diffusion of Fe2+ from the magnetite core to the surrounding maghemite
rim is confined to the oxidation front (magnetite-core/maghemite-rim boundary), and has less
effect on the stoichiometry of the magnetite core. The new results also reveal that the absolute
number of superparamagnetic grains (magnetite/maghemite) remains relatively stable during
heating. Furthermore, the left-downward shift in the data points of Day plots (mainly between
25 and 150 ◦C) is caused by a decrease in the oxidation gradient. In contrast, the right-upward
(mainly between 500 and 650 ◦C) shift of the Day plots corresponds to a much higher degree of
oxidation, resulting in the increase of a new oxidation gradient between the magnetite core (or
the residual maghemite mantle) and the newly developed haematite outer rim, which is trans-
formed from maghemite by heating. These new results place strong constraints on the fidelity
of palaeomagnetic results from the Chinese loess constructed by thermal demagnetization,
and provide a more accurate interpretation of the Day plot and low-temperature magnetic be-
haviours for these partially oxidized magnetites. Furthermore, this study provides robust lines
of evidence for the core–rim coupling model between different magnetic phases (magnetite,
maghemite and haematite).

Key words: Chinese loess, low-temperature oxidation, Jiuzhoutai, magnetic mineralogy, min-
eral magnetism, temperature oxidation.

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

The thick interbedded Chinese loess/palaeosol sequences record
palaeomagnetic and palaeoclimatic information for the past 2.5 Myr
(Heller & Liu 1982, 1986; Kukla et al. 1988; An 2000; Pan et al.
2002). Both palaeomagnetic polarity reversals and palaeoclimatic
signals carried by the Chinese loess correlate reasonably with the
corresponding marine oxygen isotope records (Heller & Liu 1984,
1986; Kukla et al. 1988).

The hallmark loess research of Heller & Liu (1982) re-
emphasized accurate magnetostratigraphy in order to date the al-
ready observed palaeoclimate proxies (from sedimentology, geo-
chemistry and palaeontology). Considerable effort was spent on

discovering the origin of natural remanent magnetization (NRM)
and the best remanence-cleaning techniques to isolate the charac-
teristic remanent magnetization (ChRM) (Heller & Liu 1982, 1984).
Then came the dramatic discovery (Kukla et al. 1988) that magnetic
susceptibility can provide a much higher sensitivity and much more
quickly measured palaeoclimatic proxy than other geological ob-
servations. This redirected most attention to the measurement of
magnetic susceptibility and frequency dependence of susceptibility
at multiple sites on the Chinese loess plateau (An et al. 1993; Chen
et al. 1999). Research by Zhou et al. (1990) and Maher & Thomp-
son (1995) suggested that the susceptibility enhancement of the
palaeosol units is caused by finer-grained pedogenic superparam-
agnetic (SP, <40 nm) particles, and is directly related to the amount
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of palaeorainfall (An et al. 1991; Banerjee et al. 1993; Heller et al.
1993; Maher et al. 1994). More recent developments in Chinese
loess studies are summarized by Liu & Ding (1998), Porter (2001),
Evans & Heller (2001) and Tang et al. (2003).

For both palaeoclimatic and palaeomagnetic studies on the
Chinese loess/palaeosol sequences, a key issue is to accurately
determine the magnetic carriers (mineralogy, grain size and non-
stoichiometry) of palaeoclimatic proxies and NRM. Chinese loess
mainly contains ferrimagnetic magnetite/maghemite, and antiferro-
magnetic haematite/goethite (Heller & Liu 1984, 1986; Maher &
Thompson 1992; Liu et al. 1993). However, most of these previous
studies have focused more on differences in magnetic mineralogy
and grain sizes between the loess and palaeosol units. Less attention
has been paid to systematic changes in non-stoichiometry, especially
the degree of oxidation of magnetites in natural samples.

The low-temperature oxidation (LTO) of magnetite to maghemite
is ubiquitous in natural rocks and sediments, and subtly but signif-
icantly changes the properties of magnetites in samples, in turn
influencing both the palaeoclimatic and palaeomagnetic records
(van Velzen & Dekkers 1999a,b). The physical and chemical
environments in Chinese loess favour LTO processes (Liu et al.
2002, 2003a). Thus, the subtle changes in the degree of oxidation of
magnetites in the Chinese loess/palaeosol sequences may directly
relate to palaeoclimatic conditions. Therefore, knowledge of the ef-
fects of LTO on the Chinese loess samples is necessary to correctly
retrieve palaeoclimatic and palaeomagnetic information from the
loess deposits.

However, it is difficult to accurately determine the degree of LTO
of magnetite in natural samples because the products of LTO of ini-
tially stoichiometric magnetite may consist of an inner magnetite
core covered by a maghemitized rim generally occurring mainly at
the crystal surface or in fissures (van Velzen & Zijderveld 1992,
1995; Cui et al. 1994). The partially oxidized magnetites have very
different magnetic properties from the homogeneously oxidized
magnetite examined in synthetic experiments (e.g. Honig 1995),
and may mislead the rock magnetic interpretation (Liu et al. 2003a).
For example, Liu et al. (2003a) observed that the palaeosol samples
contain a sharper Verwey transition, whereas loess samples exhibit
a much broader Verwey transition, seemingly indicating that the
loess samples contain more ‘altered magnetite’ than the palaeosol.
However, this appears to conflict with the X-ray diffraction (XRD)
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Figure 1. Depth plot of the susceptibility of the JZT section. Dashed lines mark the pedostratigraphic boundaries S1L2/S1S3 and S1S3/L2 respectively. Three
representative loess samples (LA, LB and LC) and two palaeosol samples (PA and PB) are selected for rock magnetic studies; and further low-temperature
experiments are conducted on LB.

analysis by Liu et al. (2003a) that palaeosols are more oxidized
than the loess units. Liu et al. (2003a) proposed that the maghemite
rim and the stoichiometric core could behave independently in the
low-temperature measurements.

This study aims to further test the maghemite-rim/magnetite-core
model of partially oxidized magnetite by monitoring the evolution
of the magnetic properties of partially oxidized magnetites in the
Chinese loess during heating in air. Accurate knowledge of changes
in magnetic properties of these partially oxidized magnetites during
thermal treatments will improve our understanding of changes in
magnetic mineralogy, then place more constraints on interpretation
of the thermal demagnetization spectrum of the NRM recorded in
the Chinese loess/palaeosol sequences.

2 S A M P L I N G

The Jiuzhoutai (JZT) profile is located in the northwestern margin
of the Chinese loess plateau on the sixth terrace of the Yellow River
in Lanzhou City (36◦ N/103◦50′ E) (Chen et al. 1999). The mean an-
nual temperature is about 6–7 ◦C, and the mean annual precipitation
is about 300–400 mm. Previous studies show that the palaeosol unit
S1 (marine isotope stage (MIS) 5) is between 28.6 and 36 m. Three
widely separated subpalaeosol units can be assigned unambiguously
as S1S1 (MIS 5a) S1S2 (MIS 5c) and S1S3 (MIS 5e) respectively.
Among them, the best developed, S1S3, corresponding to MIS 5e,
is characterized by a reddish-brown colour.

To get fresh sample, well-exposed outcrops were cut after remov-
ing about 50 cm of surface material to eliminate weathering effects.
Bag samples were obtained every 2 cm and were first studied by
Chen et al. (1999). Then, exactly the same set of bag samples was
shipped to the University of Minnesota for detailed palaeomagnetic
and rock magnetic studies (Liu et al. 2003a,b, 2004).

3 E X P E R I M E N T S

The low-field magnetic susceptibility (Fig. 1) was measured using
a Kappabridge susceptometer (KLY-2 with CS-2 furnace). The pre-
liminary stratigraphic boundaries of the section were determined
mainly by the susceptibility, thermoluminescence (TL) age controls
and visual observation during the field work (Chen et al. 1999).
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Three characteristic loess samples (LA/33.54 m, LB/34.45 m and
LC/36.63 m) and two palaeosol samples (PA/35.19 m and PB/35.89
m) were selected for detailed rock magnetic investigations (Fig. 1).
The three loess samples represent the aeolian background with min-
imum magnetic susceptibility values. In contrast, the two palaeosols
with elevated susceptibility values represent the samples with strong
pedogenic alterations at this profile.

To determine the possible mineral transformations by heating in
air, first, these five samples were heated to 150 and 300 ◦C and
then cooled back to room temperature. The hysteresis loops of the
thermal products were measured at room temperature using a Prince-
ton Applied Research vibrating sample magnetometer (VSM2900).
Saturation magnetization (M s), saturation remanence (M rs) and co-
ercivity (Bc) were calculated after subtracting the paramagnetic con-
tribution. The coercivity of remanence (Bcr) was determined by the
backward DC remagnetization of M rs. A Day plot (Day et al. 1977)
was constructed to show the systematic changes in the hysteresis
properties after heating.

For thermal demagnetization of anhysteretic remanent mag-
netization (ARM), saturation isothermal remanent magnetization
(SIRM) and NRM, fresh samples were progressively thermally de-
magnetized from room temperature up to 700 ◦C with steps of 25 ◦C
in air. The samples were held at the elevated temperatures for 30
min, and remanences were measured at room temperature. ARM
was imparted in a 200 mT alternating field with a superimposed
50 µT direct bias field using a Dtech D2000 instrument. M rs and
SIRM are used simultaneously in this paper and M rs is specifically
referred to the measurements from hysteresis loops.

Frequency-dependent susceptibility was measured using a
LakeShore Cryotronics AC susceptometer. The parameter χ fd per
cent, is previously expressed as 100∗(χ 470 Hz − χ 4700 Hz)/χ 470 Hz

computed from dual-frequency measurements on Bartington instru-
ments. However, large uncertainties might arise due to only two
endpoint measurements. Therefore, in our study, χ fd per cent was
determined more accurately using data acquired at 20 frequencies
between 40 and 4000 Hz at room temperature. Linear regression
produced excellent fits to the χ (log f ) data, and best-fit values for
400 and 4000 Hz were used for the subsequent calculations. The
absolute difference in susceptibility between 400 and 4000 Hz is
defined as χ fd(χ 400 Hz − χ 4000 Hz).

Thermal demagnetization of the low-temperature saturation
isothermal remanent magnetization (LT-SIRM) acquired at 20 K for
selected samples was performed with a Quantum Designs magnetic
properties measurement system (MPMS). Remanence was mea-
sured at temperature increments of 2 K, with an error of ±0.5 K.
To detect the variations in the non-stoichiometry of the magnetic
particles in samples, background-corrected first-order derivatives
of LT-SIRM were obtained to enhance the behaviour of the Verwey
transition (∼120 K) produced by magnetite (Liu et al. 2003b).

To conduct low-temperature cycling (or demagnetization, LTD)
of room-temperature remanences, the initial remanence was cooled
down from 300 K to 20 K and warmed back to 300 K with a temper-
ature step of 5 K and a corresponding cooling/warming rate of 5 K
min−1. The temperature errors are higher than those for LT-SIRM,
but generally less than ±1 K. Before running the samples, the am-
bient field in the measurement chamber of the magnetometer was
carefully adjusted to 0.0 ± 100 nT. The effects of such a low ambient
field on the measured remanence during LTD are negligible.

To further determine the mineral transformations during heating,
detailed hysteresis loops were measured for the thermal products
with a temperature step of 10 ◦C between 120 and 200 ◦C, and
25 ◦C above the 200 ◦C run.

Magnetic extracts for the characteristic loess sample (LB/

34.45 m) and its 300 ◦C (L300) and 700 ◦C (L700) thermal prod-
ucts as well as an unheated palaeosol sample (PB/35.89 m) were
obtained in a continuous-loop flow magnetic separator driven by
a pump, using a high-gradient magnet. Mineral phases in the mag-
netic extracts were identified by XRD using a Siemens D5005 X-ray
diffractometer with a sealed tube and monochromatic Cu-Kα radi-
ation. The scan speed was 0.005◦ 2θ s−1. Peaks of quartz (as an
internal standard) were used to calibrate the raw diffractograms.

4 R E S U LT S

4.1 Magnetic measurements

Table 1 shows the room-temperature hysteresis parameters and sus-
ceptibility of five selected characteristic samples before and after
150 ◦C and 300 ◦C thermal treatments. Initially, the loess samples
have susceptibility values between 14.8 × 10−5 SI and 16.8 × 10−5

SI, almost half the values of the palaeosols. In addition, the loess
samples also have systematically higher coercivities (Bcr and Bc) but
lower M rs and M s than palaeosols. After heating, all the hysteretic
parameters and ratios decrease. Relatively speaking, the 300 ◦C
treatment has minor effects on the magnetic properties compared
with the 150 ◦C treatment.

The Day-plot behaviour of these five samples is illustrated in
Fig. 2. The initial grain size of loess samples indicated by the Day
plot is somewhat coarser than that of palaeosols. Apparently, both
the loess and palaeosol data depart from the synthetic sample trend
for titanomagnetite (Fig. 2) measured by Day et al. (1977). After
heating, they simultaneously shift back to the synthetic trend along
two almost parallel paths (dashed arrows in Fig. 2).

Variations in hysteretic parameters can be used to monitor the
mineral transformations during heating. Fig. 3 shows that most pa-
rameters dramatically drop between 120 and 150 ◦C. Between 150
and 300 ◦C, Bc and Bcr further decrease but at a slower rate (Figs 3a
and b). In contrast, M rs increases from the minimum value at 150 ◦C
(∼3.2 × 10−3 A m2 kg−1) to ∼3.7 × 10−3 A m2 kg−1 at 170 ◦C, then
remains relatively stable up to 300 ◦C (Fig. 3c). M s shows a more
significant increase at 170 ◦C with a value even slightly higher than
the initial value. Similar to M rs, there are no apparent changes in M s

between 200 and 300 ◦C (Fig. 3d). Between 300 and 550 ◦C, both
M rs and M s steadily decrease. The changes in Bc and Bcr during this
temperature interval are within several mT, and reach the second lo-
cal minimum around 550 ◦C. Notable features of Bc and Bcr are the
sharp increases above 550 ◦C, forming a ‘U’ shape between room
temperature and 650 ◦C. On the whole Bcr and Bc have many of the
same features for all the thermal runs.

The correlation between selected hysteretic parameters and ratios
presents clearer trends after heating (Fig. 4). Generally, the varia-
tions in these hysteretic properties are classified into three stages,
25–150 ◦C, 160–550 ◦C and 550–650 ◦C. Between 25 and 150 ◦C
the Day plots (Fig. 4a) gradually shift left-downward. Between 160
and 550 ◦C Bcr remains almost unchanged, but M rs, M s and Bc de-
crease. During the last temperature interval (550–650 ◦C), the points
of the Day plots shift right-upward, but do not return to the initial
point. Meanwhile, M rs remains stable (Fig. 4b) and M s slightly de-
creases (Fig. 4c). Further, Bc (Fig. 4d) gradually increases linearly
after 550 ◦C with a slope almost identical to that between 25 and
150 ◦C.

In this study, sample LB was selected to investigate the oxidation
model for behaviour during heating. LT-SIRM curves for different
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Table 1. Magnetic properties of representative loess and palaeosol samples and their 150 and 300 ◦C thermal products.

Parameter T (◦C) LA LB LC PA PB

33.54 m 34.45 m 36.63 m 35.19 m 35.89 m

M rs (A m2 kg−1) 25 0.0039 0.0043 0.0041 0.0061 0.0056
150 0.0036 0.0033 0.0036 0.0051 0.0047
300 0.0032 0.0036 0.0036 0.0051 0.0051

M s (A m2 kg−1) 25 0.0260 0.0275 0.0324 0.0352 0.0322
150 0.0285 0.0233 0.030 0.0349 0.0306
300 0.0257 0.0282 0.0298 0.0378 0.0348

Bcr (mT) 25 57.5 58.3 52.1 40.1 38.2
150 34.3 43.6 34.0 24.6 32.7
300 28.0 38.9 29.1 22.9 22.9

Bc (mT) 25 16.2 17.0 15.1 12.8 12.3
150 11.8 13.6 11.4 9.80 11.1
300 10.3 12.2 9.64 8.57 8.56

M rs/M s 25 0.150 0.157 0.145 0.173 0.173
150 0.125 0.137 0.121 0.148 0.156
300 0.125 0.127 0.12 0.136 0.147

B cr/B c 25 3.549 3.429 3.450 3.133 3.106
150 2.907 3.201 2.982 2.510 2.946
300 2.718 3.189 3.019 2.671 2.675

Slope (A m2 kg−1 T−1) 25 0.0425 0.0509 0.0439 0.0486 0.0501
150 0.0443 0.0429 0.0447 0.0461 0.0468
300 0.0329 0.0511 0.0392 0.0418 0.0544

k (10−5 SI) 25 14.8 14.7 16.8 25 27.6

1.5 2 2.5 3 3.5 4 4.5
Bcr/Bc

0

0.05

0.1

0.15

0.2

0.25

M
rs

/M
s

0

0.05

0.1

0.15

0.2

0.25

M
rs

/M
s

2 3 4
Bcr/Bc

 Mrs/Ms = 0.04195*Bcr/Bc + 0.00152 
                 (R2= 0.733)

Mrs/Ms = 0.0511*Bcr/Bc + 0.0102
                 (R2= 0.776)

Paleosol

Loess

SP+
MD

PSD

Figure 2. Day plots of the raw samples and 150 ◦C and 300 ◦C thermal
products. Crosses are background information by Day et al. (1977). Initially,
both loess and palaeosols depart from the background. After the thermal
treatment, the ratios gradually shift left-downward towards the background.
The equations are fitted thermal alteration trends for loess and palaeosols.

thermal products of LB are illustrated in Fig. 5(a). To separate the
sharp change due to the Verwey transition (∼120 K) from the grad-
ually decreasing backgrounds we used the method suggested by
Liu et al. (2004). First, we calculate the derivative of low LT-SIRM
(Fig 5b). Second, polynomial curves fitted to the data between 50
and 70 K and 150 and 300 K are subtracted from the total derivatives
(Fig. 5c). The temperature-dependent maximum derivatives around
the Verwey transition at ∼120 K (−d J/dT 120 K) in Fig. 5(c) are
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Figure 3. Variations in room-temperature hysteresis parameters for sample
LB after different thermal runs: (a) Bc, (b) Bcr, (c) M rs and (d) M s. Dramatic
decreases in all hysteresis properties occur around 150 ◦C.

shown in Fig. 5(d). Unlike the coercivities, −d J/dT 120 K does not
apparently change after the 150 ◦C run. However, between 150 and
300 ◦C,−d J/dT 120 K significantly increases by∼80 per cent. Above
300 ◦C, the normalized derivative gradually decreases to about 0.5
at 620 ◦C, then remains stable up to 700 ◦C.

Fig. 6 shows the normalized background-corrected −d J/dT 120 K.
Even though the absolute maximum values of −d J/dT 120 K for dif-
ferent thermal products are different, the normalized −d J/dT 120 K

for 300, 400, 500 and 600 ◦C runs nearly duplicate each other. All
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of them have a 120 K peak, corresponding to the Verwey transition
temperature (T V) of stoichiometric magnetite.

Frequency-dependent susceptibility is sensitive to the SP grain
concentration in the samples, especially those particles with grain
size around 20 nm. Fig. 7 presents the curves for the unheated
(25 ◦C), 600 ◦C and 700 ◦C thermal products. With increase in fre-
quency, susceptibility gradually decreases. To calculate χ fd per cent,
(k 400 − k 4000)/k 400 × 100, where k 400 and k 4000 are susceptibilities
at 400 and 4000 Hz respectively, linear trends were first fitted to the
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Figure 7. Variations in frequency-dependent susceptibility between 40
and 4000 Hz for the unheated, 600 and 700 ◦C thermal products.
Clearly, with increase temperatures the magnetic susceptibility of the
bulk samples gradually decreases but the slopes are visually unchanged,
indicating that the absolute concentration of SP grains remains almost
constant.

Table 2. Frequency-dependent susceptibility of the unheated, 600 ◦C and
700 ◦C thermal products.

T (◦C) (k 400 − k 4000)/k 4000 × 100 k 400 − k 4000 (10−5 SI)

25 5.78 5.71
600 8.15 5.94
700 10.84 6.44
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data between 400 and 4000 Hz. Then k 400 and k 4000 are the best-
fitted values. To eliminate the effects of the decrease of susceptibility
after the thermal treatment we calculated the absolute value of k 400 −
k 4000. The results are summarized in Table 2. The χ fd per cent values
for the unheated, 600 ◦C and 700 ◦C thermal products are 5.78,
8.15 and 10.84 per cent respectively. This strongly indicates that the
relative contributions of these SP grains to the bulk susceptibility
potentially increase after thermal treatment. However, the slopes of
these curves remain visually almost constant, and k 400 − k 4000 is
only slightly higher than its initial value (5.71 × 10−5 SI) after the
600 ◦C (5.94 × 10−5 SI) and 700 ◦C (6.44 × 10−5 SI) heating steps.
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Figure 8. XRD spectrum for magnetic extracts of the loess sample (L) and its 300 (L300) and 700 ◦C (L700) thermal products and the palaeosol sample (P).
The labels M, MH, MV, H and Q stand for magnetite, maghemite, muscovite, haematite and quartz respectively.

4.2 X-ray diffraction

The magnetic mineral assemblages of the concentrated magnetic
extracts for the loess sample (34.45 m) and its thermal products
(L300 and L700), and the palaeosol sample (35.89 m) are character-
ized by XRD analysis (Fig. 8). The mineralogical identification was
performed based on the data between 5 and 55◦ (2θ ). The domi-
nant peaks around 35.45◦ (hkl, 311) and 43.10◦ (hkl, 400) indicate
the existence of magnetite. Just to the right of the magnetite peaks,
two characteristic peaks at 35.63◦ (hkl, 311) and 43.28◦ (hkl, 400)
are caused by maghemite. In addition, the 33.15◦ peak corresponds
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to haematite. Overall, magnetite, maghemite and haematite exist
in all samples but at different relative concentrations. For the loess
sample, the dominant ferrimagnetic phase is magnetite with a minor
contribution from maghemite. After heating to 300 ◦C the highly de-
pressed maghemite peaks and simultaneously enhanced magnetite
peaks strongly indicate that some of the maghemite particles have
been reduced to magnetite. With further heating up to 700 ◦C, the
haematite peak at 33.15◦ is amplified and becomes comparable to
the magnetite/maghemite peaks. Meanwhile, there are two subtle but
distinguishable peaks at 35.45◦ (hkl, 311) and 35.63◦ (hkl, 311) with
nearly equal amplitudes, indicating the coexistence of magnetite and
maghemite. For the palaeosol sample, there is a maximum peak due
to low-temperature oxidized magnetite between 35.45◦ and 35.63◦,
confirming that the magnetite particles in palaeosols are oxidized
more than that in the loess sample (Liu et al. 2003a).

5 D I S C U S S I O N

5.1 Oxidation of magnetite during heating

The loess sample LB was selected to conduct detailed rock magnetic
measurements for determining the effects of LTO on properties of
the partially oxidized magnetites because of its representative char-
acteristics (see Fig. 1 and Table 1), and also because of minor effects
of pedogenesis on the initial magnetic mineralogy. Previous studies
have revealed that both loess and palaeosol samples have compara-
ble thermal behaviours except that palaeosols have an initially finer-
grained distribution of magnetic minerals with a higher degree of
oxidation than the loess samples (Liu et al. 2002, 2003a).

Kosterov (2002) found that hysteresis loops both below and above
the Verwey transition for the partially oxidized synthetic magnetite
sample by Wright Inc. (manufacturer 3006, 2–3 µm) are dominated
by a ‘magnetite’ phase even though the sample is covered by a
maghemite rim. He therefore concluded that the low-temperature
oxidation occurs only superficially, leaving the inner magnetite core
relatively intact. Liu et al. (2003a) also found stoichiometric mag-
netite behaviour of low-temperature measurements for palaeosol
samples, in which magnetites are supposed to have been partially ox-
idized. They suggested that the stoichiometric magnetite behaviour
is caused by the inner core, and this stoichiometric magnetite core
behaves independently of the maghemite rim, especially for the low-
temperature measurements.

Fig. 5(c) reveals that the amplitude of Verwey transition dra-
matically changes (−dT/dT 120 K increases and decreases below and
above 300 ◦C) during heating, but the maximum of −d J/dT is fixed
around 120–122 K, strongly indicating the stoichiometric magnetite
behaviour. XRD results (Fig. 8) further show that magnetite does
exist in the magnetic extract even after heating to 700 ◦C. This
further supports that the inner magnetite core is always stoichio-
metric even though the oxidation front gradually processes down
to the particle centre, resulting in a diminished (in size) inner core.
This study confirms the earlier conclusion by Liu et al. (2003a)
that there are pitfalls when estimating the degree of oxidation solely
by the value of T V for partially oxidized coarser-grained (PSD/MD)
magnetite because the magnetite core of these particles remain stoi-
chiometric even the particle has suffered a high degree of oxidation.
However, combining both T V and the amplitude of −d J/dT 120 K

can help to clarify this ambiguity (Liu et al. 2003a). The existence
of maghemite after heating to 700 ◦C confirms that maghemite in
the Chinese loess/palaeosols can only be partially transformed into
haematite (Liu et al. 2003a).

5.2 Changes in magnetic properties after heating

The most striking feature of the thermal behaviour around 150 ◦C
caused by LTO has been previously reported by van Velzen &
Zijderveld (1992, 1995), van Velzen & Dekkers (1999b) and Liu
et al. (2002). We believe that LTO dramatically affects the mag-
netic properties of magnetite in the following ways. First, LTO in-
creases the coercivity of magnetite but decreases its susceptibility
(van Velzen & Zijderveld 1992, 1995; Cui et al. 1994; van Velzen
& Dekkers 1999b) due to the enhancement of stress caused by the
difference in lattice constant between the magnetite core and the
maghemite rim. Second, it depresses the amplitude of the Verwey
transition, but also shifts T V to a lower temperature (Özdemir et al.
1993; Honig 1995). van Velzen & Zijderveld (1995) put forward
the idea that thermal treatment (e.g. heating to 150 ◦C) can sharply
accelerate the diffusion rate of Fe2+ ions from the magnetite core
to the maghemite rim, thus reducing the oxidation gradient and in-
creasing the overall degree of oxidation of the magnetite core. van
Velzen & Dekkers (1999b) further proposed that such a pre-heating
process (150 ◦C) is necessary to remove the effects of LTO. How-
ever, our current study shows that the inner magnetic cores always
remain stoichiometric, although they are diminished in size. Thus
we believe the diffusion of Fe2+ is limited to the oxidation front
between the magnetite core and the maghemite shell when temper-
atures are between 120 and 150 ◦C. This is also demonstrated by a
slight change in −d J/dT 120 K after the 150 ◦C run, indicating that
the magnetite core has not apparently been altered.

Due to release of the stress at this stage, the hysteretic param-
eters are restored to their ‘normal’ levels after heating to 150 ◦C.
van Velzen & Dekkers (1999b) argued that only the hysteretic be-
haviour after such a 150 ◦C thermal treatment reflects the authentic
grain size-dependent properties. The current study supports this
idea that the right-upward shift in the Day-plot behaviour of the
loess/palaeosol sequences is caused by LTO rather than the SP con-
tribution as suggested by Dunlop (2002b). The positive correlation
between Bcr and M rs, especially between the 120 and 150 ◦C runs,
strongly suggests that the loss of M rs is also controlled by the release
of stress instead of mineral transformations.

Between the 150 and 300 ◦C runs, −d J/dT 120 K is sharply
enhanced by ∼85 per cent, but the normalized derivatives of
background-corrected LT-SIRM for different thermal products ex-
hibit replicated patterns (dominated uniquely by the 120 K T V,
Fig. 6). The absolute increase of −d J/dT 120 K is caused by increase
in the concentration of stoichiometric magnetites by reducing pro-
cesses. This is also supported by the enhanced magnetite peaks and
suppressed maghemite peaks on the XRD curves (Fig. 8).

Between 300 and 500 ◦C, −d J/dT 120 K slightly decreases
(Fig. 5c), inferring further oxidation of magnetites. The points in
the Day plots (Fig. 4a) move toward the MD plus SP grain size re-
gion. This is probably due to the increase of effects of the original
SP grains when the absolute remanences decrease by alteration from
magnetite to maghemite plus haematite. This model is different from
Dunlop’s model (Dunlop 2002a,b), in which increasing SP contri-
butions move points further to the right. Above 500 ◦C, dramatic
drops in −d J/dT 120 K (Fig. 5c) strongly suggest that magnetites
have been highly oxidized again, but still leaving stoichiometric
magnetite cores. The sharp loss of −d J/dT 120 K (Fig. 5d) around
550 ◦C marks the inversion temperature of most of the maghemite
to haematite. However, even after 700 ◦C heating, maghemite and
magnetite phases coexist.

Above 500 ◦C, the points in the Day plots begin to shift to the
right-upward region, corresponding to an increase of coercivities
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(Figs 3a and 3b). It seems that the high-temperature oxidation above
500 ◦C has some effects similar to LTO, but the latter occurs only
within the surface of the magnetite and the former progresses into the
deeper part of the particles, leaving a much smaller stoichiometric
magnetite core than in the latter case. Alternatively, the right-upward
shifts in the Day plots at this temperature interval correspond to the
formation of haematite transformed from maghemite. Therefore,
we deduce that the new coupling between the haematite rim and the
maghemite mantle can significantly increase the inner stresses of
the magnetites with a higher degree of oxidation.

In summary, the alteration of magnetic minerals in the loess sam-
ple during heating is complex. Around 150 ◦C the dramatic changes
in magnetic properties are caused by release of stress due to diffu-
sion of Fe2+ from the magnetite core to the maghemite rim. Between
150 and 300 ◦C, the steadily enhancement of −d J/dT 120 K suggests
that the oxidized magnetite has been gradually reduced to stoichio-
metric particles, probably due to the burning of the carbon and/or
hydrogen in the sample above the 150 ◦C run. Such organic matter
is burned up after the 300 ◦C run, then the sample suffers oxidation
again.

6 C O N C L U S I O N

We have presented here an integrated multiparameter rock magnetic
study supported by XRD data on the systematic changes in magnetic
mineralogy, grain size and oxidation state of magnetic minerals in
the Chinese loess/palaeosols during heating. The main conclusions
are:

(1) We confirm that the initial magnetites in the Chinese
loess/palaeosols have been partially oxidized at low temperature,
with a stoichiometric magnetite core surrounded by a maghemite
rim. During the thermal treatments, these partially oxidized mag-
netic particles are first reduced by the burning of the organic matter
below 300 ◦C, and then further oxidized above that, resulting in a
diminished (in size) but still stoichiometric magnetite core.

(2) The absolute number of SP particles indicated by χ fd increase
only by ∼13 per cent for the 700 ◦C thermal product, which cannot
account for the large increases (∼88 per cent) of the corresponding
χ fd per cent. Therefore, we conclude that the large increase of χ fd

per cent is mainly due to the decrease of the bulk susceptibility rather
than to the increase of the concentration of SP grains during heating.
The relative effects of these finer-grained particles systematically in-
crease when the absolute remanences of samples decreases, shifting
the points in Day plots towards the MD plus SP grain size region,
especially between 300 and 550 ◦C. The left-downward shifts of
the Day plots are caused by decreasing the oxidation gradient by
diffusion of Fe2+ from the magnetite core to the maghemite rim,
but the diffusion is confined to near the oxidation front and has less
effect on the stoichiometry of the magnetite core. In contrast, the
right-upward shifts of the Day plots coincide with a higher degree
of oxidation, indicating that the increase in oxidation gradient is
probably due to the new coupling between the haematite rim and
the magnetite core or the maghemite mantle.
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