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Shape of magnetic hysteresis loops of the Chinese loess-paleosol sequence is variable with low-field suscep-
tibility and is weakly constricted in samples with intermediate susceptibility (~1.0 × 10–6 m3/kg). The analyses of
the hysteresis loops show that both low- (ferrimagnetic) and high-coercivity (antiferromagnetic) components are
present and the ferrimagnetic component dominate the magnetic characteristics. The ratio of ferrimagnetic over
antiferromagnetic minerals (S ratio) and the superparamagnetic fraction increase with increasing susceptibility.
Neither simple two-component mixtures of ferrimagnetic and antiferromagnetic minerals nor of single-domain and
superparamagnetic grains fully explain the constricted hysteresis loops. We interpret the variation of the loop shape
with susceptibility in the following way. When the ratio of the ferrimagnetic to antiferromagnetic contribution is
relatively low (low susceptibility), the broad loop is controlled by lithogenic ferrimagnetic and antiferromagnetic
minerals. For samples with intermediate susceptibility values, constricted shape originates from an addition of a
broad loop from the lithogenic fraction and a narrow loop from a pedogenic fraction with high superparamagnetic
content. Then with further susceptibility increase, the constricted shape almost disappears and the loop is dominated
by the pedogenic fraction. The variation of hysteresis loop shape with susceptibility can be a useful indicator of the
degree of pedogenesis for loess-paleosol samples.

1.  Introduction
The striking similarity between the magnetic susceptibility

variation of the Chinese loess-paleosol sequence and the
variation of the oxygen isotope of deep sea sediments
(Heller and Liu, 1984, 1986; Kukla et al., 1988) has
stimulated an enormous number of rock magnetic studies on
the mechanism linking the susceptibility variation and
paleoclimate (Heller and Evans, 1995). Various types of
magnetic properties, including susceptibility, remanence
and hysteresis properties, have been measured on samples
collected from various sites of the Chinese Loess Plateau.
Hysteresis data on the Chinese loess-paleosol sequence
have been reported by several authors (Liu et al., 1992; Rolph
et al., 1993; Eyre and Shaw, 1994; Heller and Evans, 1995;
Hunt et al., 1995; Sun et al., 1995). However, in many cases
only limited kinds of hysteresis parameters (e.g., saturation
magnetization) were used for interpretation and the hysteresis
data have not been fully analyzed.

Arguably hysteresis measurements are the most funda-
mental means of characterizing magnetic materials, but the
interpretation of hysteresis data is not straightforward. Many
factors, including magnetic mineralogy, grain size, and so
on, can affect hysteresis properties. Since a sensitive and
less time-consuming magnetometer for measuring hysteresis
properties became available (Flanders, 1988), it has been
increasingly recognized that distorted hysteresis loops, such

as potbellied (spreading at the middle of loops) or wasp-
waisted (constricted at the middle of loops), commonly
occur in rocks and sediments (e.g., Jackson, 1990; Borradaile
et al., 1993; Pick and Tauxe, 1994; Roberts et al., 1995). These
distorted hysteresis loops originate from mixed assemblage
of multiple magnetic components with different mineralogy
or grain size. Now it is necessary to examine hysteresis
loops carefully and infer underlying magnetic components
for the interpretation of hysteresis properties.

We show hysteresis loops from the Chinese loess-paleosol
samples collected from the Luochuan area of the eastern part
of the Chinese Loess Plateau (Sasajima and Wang, 1984).
Shape of the hysteresis loops varies with low-field suscep-
tibility (χlf). We examine the variation of magnetic param-
eters reflecting the magnetic mineralogy or grain size with
χlf , and show that both varying mineralogy and grain size
with magnetic enhancement cause the variable shape of
hysteresis loops.

2.  Samples and Methods
We collected oriented block samples from the almost

vertical cliff wall at two localities, Qinjiazhai and Potou,
along Heimugou River. Total thickness of the loess-paleosol
sequence at these localities is 138 m, from the present
surface to the uncomformable boundary with the Pliocene
Red Clay (Sasajima and Wang, 1984). The whole section,
consisting of the Malan, Lishi, and Wucheng loess members,
was dated back to about 2 Ma by magnetostratigraphy (Torii
et al., 1984). For room-temperature hysteresis and low-field
susceptibility measurements, we used 98 samples from the
upper 90 m of the section (Malan and Lishi members), from
the top of L1 (2 m below the surface) to L15 (90 m below the
surface), covering the last 1.5 m.y.
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Hysteresis measurements were performed with an alter-
nating gradient force magnetometer (MicroMag) at the
Institute for Rock Magnetism of the University of Minne-
sota. For each sample a complete hysteresis loop was obtained
with a maximum field of 1.0 T. Saturation magnetization
(Ms), saturation remanence (Mrs) and coercivity (Bc) were
calculated after subtracting the paramagnetic contribution.
Paramagnetic susceptibility (χp) was calculated by fitting
the portion between 0.7 and 1.0 T. Remanent coercivity (Bcr)
were measured by applying a maximum field of 1.0 T
followed by a succession of increasing back field values.
Isothermal remanent magnetization (IRM) was also mea-
sured with the same facility by applying fields in a stepwise
manners up to 1.0 T. The S ratio is defined as the ratio of IRM
at the steps of 0.3 and 1.0 T (Bloemendal et al., 1988). Low-
field susceptibility (χlf) was measured with a Bartington
susceptibility meter in the low-frequency mode (0.47 kHz)
at Kyoto University.

To identify magnetic minerals, thermal demagnetization
of composite IRMs (Lowrie, 1990) was performed after
samples were packed in small quartz tubes (length: 10 mm,
diameter: 3 mm). A magnetic field of 5 T was applied along
the tube’s axis and then a field of 0.3 T was applied
perpendicular to the axis. The resulting remanent magneti-
zation was measured with a Schonstedt spinner magne-
tometer, by using a special plastic holder which can fix the
orientation of the tubes to improve the accuracy of orientation
of magnetizations.

3.  Results
On average, loess samples (average χlf = 6.67 ± 3.84 ×

10–7 m3/kg, average Ms = 4.94 ± 1.92 × 10–2 Am2/kg,
number = 47) are more weakly magnetized than paleosol
samples (average χlf = 1.39 ± 0.60 × 10–6 m3/kg, average Ms

= 8.08 ± 2.83 × 10–2 Am2/kg, number = 51). The average Bc

are 12.7 ± 3.1 mT for loess samples and 9.8 ± 2.3 mT for
paleosol samples, and Bc steadily decreases with increasing
χlf.

The width and the degree of constriction of hysteresis
loops systematically varies with increasing χlf. Samples with
lowest χlf in our sample suite show slightly constricted loops
with the largest width (Fig. 1(a)); the loops do not close even
at 0.5 T being suggestive of a significant content of anti-
ferromagnetic minerals. Constriction appears pronounced
for samples with intermediate values of χlf (Fig. 1(b)). These
hysteresis loops are narrower especially at the middle of the
loops and result in constricted shapes. Paleosol samples
with high χlf show narrow hysteresis loops and the constric-
tion is largely suppressed (Fig. 1(c)). We could not find any
obvious potbellied hysteresis loop in our samples. Mrs/Ms

was plotted against Bcr/Bc on a so-called Day plot (Day et al.,
1977) (Fig. 2). Most points fall in the pseudo-single domain
region, and are well clustered but slightly spread along the
Bcr/Bc axis. Loess and paleosol samples did not show sig-
nificant difference in Mrs/Ms, but loess samples exhibited
rather higher Bcr/Bc than paleosol samples. The higher Bcr/
Bc values for loess samples were associated with the con-
stricted hysteresis loops, as previously reported for natural
and synthetic samples (e.g., Roberts et al., 1995)

The difference of magnetization (ΔM) between ascending

Fig. 1.  Examples of hysteresis loops for (a) low low-field susceptibility
(χlf) samples, (b) intermediate χlf samples, and (c) high χlf samples. The
hysteresis loops were obtained with a maximum field of 1.0 T but
displayed between –0.5 and 0.5 T. Paramagnetic contributions were
subtracted (i.e., the loops are shown after slope-correction). Bcr/Bc,
χf /Ms and S ratio are explained in text.
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Fig. 2.  The ratio of saturation remanence and saturation magnetization
(Mrs/Ms) and remanent coercivity and coercivity (Bcr/Bc) are plotted
for loess (open circles) and paleosol (solid circles) samples. Bcr/Bc are
higher for loess samples compared to paleosol samples.

Fig. 3.  (a) The ΔM curves, and (b) the derivative of ΔM (dΔM/dB) curve
(Tauxe et al., 1996) for a sample shown in Fig. 1(b).

Fig. 4.  Variations of (a) the ratio of remanent coercivity to coercivity (Bcr/
Bc), (b) S ratio, and (c) the ratio of ferromagnetic susceptibility to
saturation magnetization (χf/Ms) with low-field susceptibility (χlf).
Characters “a”, “b”, and “c” denote the points of samples shown in
Figs. 1(a), 1(b), and 1(c), respectively.

and descending portions of hysteresis loops can be used to
distinguish the magnetic component causing distorted hys-
teresis loops (Tauxe et al., 1996). One example of a ΔM
curve for a sample with a pronounced constricted loop (Fig.
1(b)) is shown in Fig. 3(a). The ΔM curve rapidly decreases
in a seemingly monotonic fashion, but does not reach zero
until about 0.6 T. The derivative of the ΔM curves (dΔM/dB)
can reveal the distribution of coercivities more clearly. A
single peak at about 15 mT is noticeable for the sample (Fig.
3(b)). The monotonic decrease of the ΔM curve and the
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Fig. 5.  Thermal demagnetization of composite IRMs induced <0.3 T (soft) and 0.3–5 T (hard) for a (a) paleosol/(b) loess couplet, and (c) sandy loess.
(d) Enlarged for hard components between 400 and 700°C.

single peak in the dΔM/dB curve suggest that a low coerci-
vity (ferrimagnetic) component is dominant. A high coerci-
vity (antiferromagnetic) component is also present, as
suggested by the non-zero ΔM in high field (>0.3 T), but the
concentration is not high enough to give rise to another peak
in the dΔM/dB curve.

The variation of Bcr/Bc, ferrimagnetic/antiferromagnetic
ratios (S ratio) and SP fractions with χlf are examined (Fig.
4). Bcr/Bc, which was reported to be positively correlated
with the degree of constriction (e.g., Muttoni, 1995), roughly
decreases with increasing χlf, but the correlation between
Bcr/Bc and χlf is not very strong (Fig. 4(a)). For the Chinese
loess-paleosol samples, the constriction is not strong and the
values of Bcr/Bc are relatively low (less than 4). In this case,
Bcr/Bc may be not a sensitive parameter for measuring the
degree of constriction. The S ratio (Bloemendal et al., 1988),
which is the measure of a ratio of remanence-carrying
ferrimagnetic to antiferromagnetic minerals, also increases
and approaches unity with increasing χlf (Fig. 4(b)). These
data suggest that increased ferrimagnetic minerals become
more important over antiferromagnetic minerals in high χlf
samples, although ferrimagnetic minerals are abundant even
in the lowest χlf samples (S ratios > 0.8). SP fractions are
reasonably well measured with the ratio of ferromagnetic
susceptibility (χf = χlf – χp) and Ms (Hunt et al., 1995). χf/Ms

is plotted against χlf in Fig. 4(c). The minimum value of χf/
Ms in our sample suite is very close to the value obtained by

Hunt et al. (1995). Increasing χf/Ms with χlf indicates that SP
fraction is higher in high χlf samples.

Composite IRMs, which were imparted mutually per-
pendicularly at 5 T and then at 0.3 T, were subjected to
progressive thermal demagnetization for three selected
samples: a loess (L2)/paleosol (S1) couplet and a least
weathered sandy loess (L15). We found major kinks around
300°C and 580°C on soft components (<0.3 T) for all the
three samples (Figs. 5(a), 5(b), and 5(c)), suggesting the
presence of maghemite and magnetite, respectively. Com-
paring the paleosol (Fig. 5(a)) and its parental loess (Fig.
5(b)), the magnetization decreases associated with the kinks
are larger for the paleosol sample. Slight kinks near 100°C,
suggesting the presence of goethite, were seen on the hard
component (0.3–5 T) of the paleosol (Fig. 5(a)) and on the
soft components of two loess samples (Figs. 5(b) and 5(c)).
For the hard components, clear kinks above 670°C can be
found for all the three samples (Fig. 5(d)). This is unam-
biguous evidence of hematite for both loess and paleosol,
because in the case of thermal demagnetization of composite
IRMs hematite cannot be mistaken as an oxidation or in-
version product during laboratory heating unlike thermal
demagnetization of single component IRM (Heller and Liu,
1984; Heller et al., 1991) or thermomagnetic analyses.

4.  Discussion and Conclusions
The Curie temperatures of Ti-free magnetite (578°C)
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have been reported on samples from various sites in the
Chinese Loess Plateau (Heller et al., 1991; Maher and
Thompson, 1992; Rolph et al., 1993; Evans and Heller, 1994).
Thermal demagnetization of composite IRMs indicated that
magnetite primarily contributes to the IRM acquired at 0.3
T for both loess and paleosol and is enhanced in the paleosol
(Fig. 5). Maghemite was detected by inflections near 300°C
on demagnetization curves of the soft IRM components
(<0.3 T) (Fig. 5), as previously found with thermomagnetic
analyses (Heller et al., 1991; Maher and Thompson, 1992;
Rolph et al., 1993; Evans and Heller, 1994). These data
confirm the presence of maghemite in bulk samples for both
loess and paleosol, which was previously identified by
Mössbauer spectroscopy analyses on magnetic extracts
(Vandenberghe et al., 1992; Hunt et al., 1995) or inferred
from the CBD technique combined with magnetic mea-
surements (Verosub et al., 1993; Fine et al., 1995; Sun et al.,
1995). We also found that hematite is originally present in
both loess and paleosol, and the concentration is similar in
the loess and paleosol (Fig. 5(d)) contrary to those of
magnetite and maghemite. This finding supports the previous
reports for hematite in the Chinese loess-paleosol sequence
by using reflected microscope and X-ray diffraction (Heller
and Liu, 1984) and Mössbauer spectroscopy analyses on
bulk samples (Vandenberghe et al., 1992; Eyre and Dickson,
1995; Hunt et al., 1995). The presence of goethite, which
was suggested by Mössbauer spectroscopy analyses
(Vandenberghe et al., 1992; Eyre and Dickson, 1995), is
inferred from very light inflections near 100°C of thermal
demagnetization of composite IRMs (Fig. 5), but the com-
prehensive magnetic characteristics of goethite in the Chi-
nese loess-paleosol sequence is still unknown. We suggest
that the ferrimagnetic component in the Chinese loess-
paleosol consist of magnetite and maghemite and the anti-
ferromagnetic component mainly comes from hematite and
possibly goethite.

The grain size of the enhanced ferrimagnetic minerals is
believed to lie near SP/SD boundary based on various
magnetic properties (Zhou et al., 1990; Heller et al., 1991;
Maher and Thompson, 1991). Unambiguous evidence for
SP grains was provided by thermal demagnetization of low-
temperature saturation remanence (Banerjee et al., 1993; Eyre
and Shaw, 1994; Hunt et al., 1995; Sun et al., 1995). The
fraction of SP grains increases in paleosols and is regarded
as a reliable measure of pedogenesis (Hunt et al., 1995). The
remanence properties of the enhanced ferrimagnetic minerals
are quite uniform through various sites of the Chinese Loess
Plateau, suggesting to some authors a bacterial magnetite
origin (Evans and Heller, 1994).

Both mixtures of ferrimagnetic and antiferromagnetic
minerals (Wasilewski, 1973), and of SD and SP grains
(Tauxe et al., 1996), can give rise to constricted hysteresis
loops. All of these magnetic components are present in the
Chinese loess-paleosol samples, and the ratio of ferrimag-
netic and antiferromagnetic minerals (S ratio) and the SP
fraction (χf/Ms), both increase with increasing low-field
susceptibility (χlf) (Fig. 4). According to the criteria of
Tauxe et al. (1996), the monotonic decrease of the ΔM
curves and the single peak of the dΔM/dB curve (Fig. 3) may
suggest that the constricted loops are caused by a mixture of

SP and SD grains. However, the constricted shape is rather
suppressed in high χlf samples with a higher fraction of SP
grains (Figs. 1 and 4). On the other hand, a high content of
antiferromagnetic minerals mixed with ferrimagnetic min-
erals can cause constricted shapes (Roberts et al., 1995). The
lowest χlf samples, which possess the highest antiferromag-
netic fractions (lowest S ratio) (Fig. 4), exhibit slightly
constricted loops (Fig. 1(a)). However, the hysteresis loops
do not simply become less constricted with the relative
decrease of the antiferromagnetic contribution (increasing
χlf), but show more pronounced constricted shapes for
intermediate χlf samples (Fig. 1(b)). Such constricted shapes
cannot be attributed to simple two-component mixtures
either of ferrimagnetic and antiferromagnetic minerals or of
SD and SP grains. All of these magnetic components con-
tribute to the constricted shapes of the Chinese loess-paleosol
samples to some extent depending on varying χlf.

We interpret the variation of the loop shape with low-field
susceptibility (χlf) as follows. When the ratio of the ferri-
magnetic to antiferromagnetic contribution is relatively low
(low χlf), the broad and slightly constricted loop (Fig. 1(a))
is controlled by the lithogenic ferrimagnetic and antiferro-
magnetic minerals. The enhanced pedogenic magnetic
component, comprising ferrimagnetic SD and SP grains
(Zhou et al., 1990; Heller et al., 1991; Maher and Thomp-
son, 1991), would probably possess a narrow hysteresis
loop. By adding the narrow hysteresis loop of the enhanced
component to the broad hysteresis loop of the original
lithogenic component (similar to Fig. 1(a)), the constricted
shape become more pronounced in intermediate χlf samples
(Becker, 1982) (Fig. 1(b)). Then with further increasing χlf,
the constricted shape almost disappears as the loop becomes
dominated by the increased SP fraction. Narrow and almost
normal shaped hysteresis loops of high χlf samples (Fig. 1(c))
are due to the high SP fraction. The variation of hysteresis
loop shapes with χlf can be a useful indicator of the degree
of pedogenesis for loess-paleosol samples.
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