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[1] We have conducted a multiparameter investigation of 15 loess-paleosol couplets
(SO/L1 to S14/L15) from the Jiaodao section in the central loess plateau of China
using environmental magnetic approaches coupled with soil science techniques. The
magnetic parameters display systematic variations that seem to be closely related to
paleoclimate variations and intensity of pedogenesis. High-temperature susceptibility
curves of paleosols show a generally decreasing trend in reversibility from the base of
the Lishi Formation to the Holocene black loam, possibly indicating a decrease in
weathering intensity. This may reflect a long-term increase in aridity and/or a general
long-term cooling trend of the interior of the Asian continent from 1.2 Ma to the
present. Several samples display wasp-waisted hysteresis loops. These are most
pronounced in moderately enhanced paleosols, less pronounced in the practically
unaltered loess, and subdued in the well-developed paleosols, but wasp waistedness
reappears in the most developed paleosols. This wasp-waistedness sequence suggests
that the composition, concentration, and grain size of magnetic minerals all contribute
to the hysteresis behavior of samples from the studied loess-paleosol sequence, but

each factor has a different effect at different stages of pedogenesis.
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1. Introduction

[2] Eolian deposits cover an area of 440,000 km?® on
the loess plateau of north central China [Liu, 1985]. The
classic loess-paleosol sequence of the central plateau was
magnetostratigraphically determined two decades ago to
span the last ~2.6 Myr [Heller and Liu, 1982]. However,
more recent work has shown that the eolian deposits
elsewhere go back to 22 Ma [Guo et al., 2002]. Numer-
ous studies over the past twenty years have documented
that this sequence faithfully records the paleoclimatic
history and variability of the East Asian monsoon since
the Miocene [Liu and Ding, 1998; An et al., 2001; Guo
et al., 2002]. In addition, the low-field magnetic suscep-
tibility signal of these loess-paleosol sequences correlates
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well to the marine oxygen isotope record [Heller and Liu,
1986; Kukla et al., 1988], which confirms the strong linkage
between magnetic properties of the Chinese loess-paleosol
sequences and the global climate record.

[3] In the classic Chinese loess-paleosol sequences, pale-
osols are always magnetically enhanced due to paleocli-
mate-driven pedogenesis [Zhou et al., 1990; Verosub et al.,
1993; Heller and Evans, 1995; Evans and Heller, 2001].
However, paleoclimatic and paleoenvironmental interpreta-
tions of the magnetic signal of these sequences are not
straightforward. Although some authors have fruitfully
addressed the paleoclimate record of the sequence using
multiple mineral-magnetic parameters [Banerjee et al.,
1993; Hunt et al., 1995; Fukuma and Torii, 1998; Florindo
et al., 1999], systematic mineral magnetic data on the loess-
paleosol sequence remain requisite. Here we contribute to a
better understanding of the links between magnetic param-
eters and pedogenesis using a detailed multiparameter
mineral-magnetic approach coupled with pedological
methods. To this end, we describe the results of our
integrated mineral magnetic and pedological investigation
of 15 loess-paleosol couplets from the Jiaodao section
(35.9°N, 109.4°E) in the central loess plateau. The results
of our study suggest a long-term decrease in weathering
intensity over the last 1.2 Myr and confirm that an integrated
study of magnetic mineralogy of these couplets yields
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important information on Fe mineral transformations and
their relation to pedogenesis and paleoclimate.

2. Geological Setting and Sampling

[4] The Jiaodao section (35.9°N, 109.4°E) lies in Shaanxi
province, north China. It is approximately 50 km north of
the classic Luochuan section (35.8°N, 109.4°E) [Liu, 1985;
Heller and Liu, 1982] and consists, from top to bottom, of
Holocene loess (LO) and black loam (S0), the Malan
Formation (L1), the Lishi Formation (S1/L2 to S14/L15)
and the Wucheng Formation (S15/L16 to S32/L33). The
region has a semiarid continental climate with a mean
annual precipitation of 600 mm and a mean annual temper-
ature of 8.9°C. The annual precipitation is not evenly
distributed throughout the year and about 60% of it usually
falls in July, August and September. The seasonal temper-
ature range is also quite high: with a mean July temperature
of 23.3°C, and a mean January temperature of —6.5°C [Xu
and Wang, 2003]. The present soil temperature regime is
mesic, and the present soil moisture regime ustic [Vidic et
al., 2000].

[5] Our samples come from the upper 90 m of the Jiaodao
section. They encompass 15 paleosol units (SO—S14) and
15 loess units (L1-L15). These 15 loess-paleosol couplets
form a sedimentary sequence spanning the last 1.2 Myr
[Ding et al., 2002; Pan et al., 2002]. Each couplet consists
of a paleosol and its underlying parent loess horizon. We
sampled the whole section at 20-cm intervals. For this
study, we chose one sample from each paleosol and one
from each loess layer. For each loess/paleosol couplet, we
chose the paleosol sample with the highest value of mag-
netic susceptibility (representing maximum pedogenesis)
and the loess sample with the lowest value (representing
minimum pedogenesis).

3. Experimental Methods

[6] Magnetic susceptibility versus temperature curves
(x-T) were obtained by continuous exposure of samples
through temperature cycles from room temperature to 700°C
and back to room temperature using a KLY 3 Kappa bridge
with a CS-3 high-temperature furnace (Agico Ltd., Brno).
To minimize the possibility of oxidation, the samples were
heated and cooled in an argon atmosphere. For each sample,
the sample holder and thermocouple’s contributions to
susceptibility were subtracted.

[7] Hysteresis parameters of the loess and paleosols were
measured using a MicroMag 2900 Alternating Gradient
Magnetometer (AGM) (Princeton Measurements Corp.,
USA). A few milligrams of natural material were attached
to the sample probe. The magnetic field was then cycled
between +1.5 T for each sample. Saturation magnetization
(M), saturation remanence (M), and coercivity (B.) were
determined after the correction for the paramagnetic con-
tribution identified from the slope at high fields. Samples
were then demagnetized in alternating fields (AF) up to
250 mT, and an isothermal remanent magnetization (IRM)
was imparted from 0 to 1.5 T also using the MicroMag
2900 AGM. Subsequently the IRM at 1.5 T was demagne-
tized in a stepwise backfield from 0 to —1.5 T to obtain
coercivity of remanence (B.;). The paramagnetic suscepti-
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bility (x,,) was calculated from the linear part of the closed
hysteresis loop between 0.7 T and 1.5 T. The ferrimagnetic
susceptibility (x¢) was calculated from x¢ = x — x,. For
some selected samples, anhysteretic remanent magnetiza-
tion (ARM) was acquired in a 50 pT DC field super-
imposed on a peak AF demagnetizing field of 100 mT.
The ARM was then measured and stepwise AF demagne-
tized up to 60 mT at 10 mT intervals using a 2G Enterprises
755-R cryogenic magnetometer.

[8] To investigate the weathering intensity of the loess
and paleosol samples further, we made additional soil
physics and soil chemistry measurements. Munsell color
was determined using a CR-200 Chroma Meter (Minolta,
Japan). In addition, all samples were treated with a citrate-
bicarbonate-dithionite (CBD) procedure [Janitzky, 1986].
For each sample, we measured low-field magnetic suscep-
tibility both before and after CBD treatment using a
Bartington MS-2 susceptibility meter. The free iron (Fey)
concentration was measured in the CBD extract using
inductively coupled plasma spectrometry with an IRIS
Plasma Spectrometer (Thermo Jarrell Ash Corp., USA).

4. Results
4.1. High-Temperature Susceptibility Measurements

[v] Temperature-dependent susceptibility is highly sensi-
tive to mineralogical changes during thermal treatment, but
such changes can provide information about magnetic
mineral composition and magnetic grain size [Dunlop and
Ozdemir, 1997]. It has been shown that the Chinese loess/
paleosols contain some thermally unstable components,
such as iron-bearing clay minerals and maghemite, whose
transformation during thermal cycling can be traced by
changes in susceptibility [Hunt et al., 1995; Florindo et
al., 1999; van Velzen and Dekkers, 1999; Deng et al., 2001;
Zhu et al., 2001].

[10] Figure 1 illustrates the temperature-dependent sus-
ceptibility variations of the 15 loess-paleosol couplets of the
Jiaodao section. All the x-7 curves are characterized by a
major decrease in susceptibility at about 585°C, the Curie
point of magnetite. This behavior indicates that magnetite is
the major contributor to the susceptibility. The heating
curves also reach a maximum between 150°C and 300°C.
This behavior is more pronounced for paleosols than for
loess. This susceptibility maximum may arise from the
reduction of hematite to magnetite when heating organic
matter in samples, or from the neoformation of minor
ferrimagnetic phases during heating, ¢.g., maghemite
[Oches and Banerjee, 1996]. 1t is unlikely that the produc-
tion of these ferrimagnetic phases results from decomposi-
tion of lepidocrocite because these loess and paleosols are
well drained. This maximum is followed by a steady
decrease in susceptibility extending to at least 450—
500°C. Previously reported thermomagnetic behavior
(Js-T curves) of some Chinese loess/paleosol samples also
showed a decrease during heating beginning near 300°C
[Evans and Heller, 1994; Zhu et al., 1994; Liu et al., 2003].
We agree with the suggestion that the decrease in suscepti-
bility probably results from thermally induced conversion
of metastable maghemite to hematite [Oches and Banerjee,
1996; Florindo et al., 1999; Zhu et al., 2001; Guo et al.,
2001]. Although it has been established by mineral magnetic
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Figure 1. The x-T curves of typical samples from the loess-paleosol sequence at Jiaodao. Thin (thick)
lines represent loess (paleosol) samples. Solid (dotted) lines represent heating (cooling) curves.

[11] The heating curves of SO, L2 and L15 display a
noteworthy secondary peak at about 520°C (Figures la, 1b,
and 1o), but other loess and paleosol units do not exhibit
such behavior. The fact that this feature is not seen in the
cooling curves suggests that we are not dealing with a

analysis [Evans and Heller, 1994] and by X-ray spectra [Zhu
et al., 1994; Deng et al., 2000], that hematite coexists with
magnetite in the loess and paleosol samples, the contribution
of this mineral to the susceptibility is not significant [Fine et
al., 1995; Vidic et al., 2000].
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Table 1. Rock Magnetism and Soil Science Data for the Loess and Paleosols of the Jiaodao Section

Xs Xps Xf M, M, B., B, Munsell Code

Stratigraphy 10 *mkg 10 ®m’kg 10 %m’kg 10> AmPkg 10°Am¥kg mT mT S Ratio Fegq, %  (Moist State)
SO 188.14 7.46 180.68 18.43 117.10 931 2407 096 148  4.6YR3.8/1.5
L1 48.70 422 44.48 5.71 39.37 13.10  46.10  0.89 095  7.0YR4.7/1.9
S1 214.03 5.21 208.82 13.73 81.66 847 2308  0.92 141 49YR42/1.9
L2 60.81 4.92 55.89 6.07 46.51 11.07  40.14  0.94 113 5.6YR 4.6/2.1
S2 226.27 7.97 218.30 12.85 76.33 870  22.93 0.97 157  3.6YR 4.42.0
L3 59.40 497 54.43 6.43 41.61 1269 4096  0.90 101 6.6YR 4.623
S3 221.06 7.52 213.54 18.10 114.60 828 2226  0.96 154  24YR4.71.7
L4 55.06 445 50.61 5.85 34.00 1333 4216  0.88 103 62YR 4525
S4 215.04 7.71 207.33 15.00 90.92 926 2255 097 149  2.8YR4.8/16
L5 50.96 471 46.25 5.62 31.79 1426 4555  0.88 1.02  6.1YR 4923
S5 280.09 8.06 272.03 25.34 145.69 892 2345  0.87 182 1.9YR 4.2/1.9
L6 27.85 4.60 23.25 437 23.99 1870 5992 0.80 096  7.2YR5.0/2.1
S6 141.03 6.69 134.34 11.36 64.06 10.53  27.86  0.88 154 33YR 4.6/2.0
L7 45.59 3.58 4201 5.10 29.28 1478 4642  0.83 093  63YR 4.912.4
S7 142.05 6.50 135.55 1123 67.08 9.69 2623 0.87 135  34YR4.7/19
L8 34.79 3.22 31.57 4.15 19.26 1793 5162  0.84 0.87  7.0YR 5.02.4
S8 105.40 5.93 99.47 11.62 62.20 9.83 2508  0.88 145  47YR 45123
L9 23.27 3.34 19.93 422 19.71 2322 7052  0.79 102 6.7YR5.022
S9 150.81 7.33 143.48 12.29 71.00 9.82 2693 0.87 143 3.7YR 43124
L10 63.19 5.25 57.94 6.83 37.28 1337 41.03 0.84 1.08  5.6YR 5223
S10 137.34 6.01 131.33 9.26 53.19 985  27.11 0.87 127 4.6YR 4.712.6
L1l 83.91 6.81 77.10 8.58 4459 11.06 3485  0.87 133 42YR5.024
S11 160.99 6.82 154.17 12.57 71.27 924 2337  0.87 134  3.6YR 4.824
LI12 40.15 4.42 35.73 4.83 24.76 1586 48.17  0.80 095  63YR5.4/23
S12 139.56 5.87 133.69 11.57 65.23 9.99 2727 0.8 1.18  3.9YR 4.712.6
L13 39.93 5.89 34.04 5.87 31.69 1345 4222 081 101 5.8YR 4.922.8
S13 135.28 7.23 128.05 13.99 79.73 8.55 2341 0.86 138  5.1YR 47123
L14 4432 5.17 39.15 6.34 34.13 13.81 4235  0.84 107  63YR 4925
S14 114.91 4.07 110.84 6.66 34.33 11.60 3319 085 129  41YR4.52.7
L15 16.14 2.51 13.63 2.90 12.11 2417 6316  0.74 095  6.6YR 4.8/2.3

Notes: x, low-field susceptibility; x,, paramagnetic susceptibility; Xy, ferrimagnetic susceptibility; M, saturation magnetization; M, saturation
remanence; B., coercivity; B, coercivity of remanence; S ratio, —IRM_ 31/SIRM, s1; and Fey, free iron.

Hopkinson peak, but rather with the neoformation at mod-
erately high temperature of a high susceptibility phase
[Deng et al., 2001].

[12] The cooling cycles of all samples show an increase in
susceptibility when cooled below 585°C. This behavior is
more pronounced for younger units than for older ones, and
more pronounced for loess than for paleosols. With the
exception of loess unit L5 (Figure le), the cooling curves
of the younger loess units from the upper Lishi Formation
(i.e., those younger than S5) show a marked susceptibility
peak at around 400°C. This peak is followed by a clear
decrease in magnetic susceptibility (Figures la—1d). Corre-
spondingly, with the exception of loess unit L11 (Figure 1k),
the cooling curves of the older loess units from the lower
Lishi Formation (i.e., older than S5) show a gradual
increase in susceptibility from 400°C to room temperature
(Figures 1f—1j and 11-10). For each loess-paleosol couplet
younger than S4, the paleosol has a high-temperature
susceptibility behavior similar to that of the loess unit
(Figures 1a—1d). However, the X -7 curves of the paleosols
older than S5 are more or less reversible (Figures 1g—10).

4.2. Room Temperature Susceptibility Measurements

[13] Like many other sites on the loess plateau, the
Jiaodao section has high x values in paleosol horizons
and low x values in loess layers (Table 1). The parametery,
is also higher in paleosols ((6.69 + 1.11) x 10~® m’/kg)
than in loess ((4.54 + 1.09) x 10~® m*/kg), which suggests
that more weathering of paramagnetic Fe minerals occurred
in paleosols than in loess layers. The x,, at high fields is
usually interpreted as resulting from paramagnetic minerals

[Florindo et al., 1999; Forster and Heller, 1997] although
antiferromagnetic hematite and/or goethite can make a
minor contribution [Forster and Heller, 1997].

[14] Two concentration-independent parameters were
used to indicate the domain state of ferrimagnetic minerals:
the ratio of saturation remanence to low-field susceptibility
(M/x), and of ferrimagnetic susceptibility to saturation
magnetization (x¢Ms) [Hunt et al., 1995; Florindo et al.,
1999]. M,/xhas a mean value of (12.74 + 2.73) x 10°A/m
for the 15 loess layers and (8.01 + 1.57) x 10°A/m for the
15 paleosol samples (Figure 2a). The evidently lower M,y/x
values in the paleosols indicate that superparamagnetic (SP)
grains contribute significantly to the susceptibility enhance-
ment in paleosols, but that loess units carry more efficient
remanence carriers. The x /M has mean values of (1.31 +
0.24) x 107> m/A for the 15 loess samples and (2.15 +
0.47) x 107> m/A for the 15 paleosol samples (Figure 2b).
The tendency of x /M; to increase with x is further evidence
that the concentration of SP magnetite/maghemite grains is
greater in high-x units. Interestingly, the highest x /M
value for our sample suite occurs in the intermediately
developed paleosol S14 rather than in the more highly
developed paleosol units (Figure 2b).

4.3. Hysteresis Properties
4.3.1. Hysteresis Loops

[15] Hysteresis loops provide information about the
coercivity spectrum and domain state of ferrimagnetic
materials [Dunlop and Ozdemir, 1997]. All the samples
display a significant paramagnetic contribution. After the
removal of the paramagnetic signal, the loess and paleosol
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Figure 2. Variations of the ratios (a) of saturation
remanence to low-field susceptibility (M/x) and (b) of
ferrimagnetic susceptibility to saturation magnetization
(x¢M;) with low-field susceptibility (x). Note that the
intermediately developed soil S14 shows the highest x /M,
value. Open (solid) circles represent loess (paleosol)
samples.

samples exhibit different hysteresis behavior as shown in
Figure 3. Most of the hysteresis loops are closed above
about 350 mT for both loess and paleosol samples, which is
consistent with the presence of a dominant ferrimagnetic
phase. For each loess-paleosol couplet, the loop of the loess
sample always closes at a higher field than that of the
paleosol sample. This suggests that either the most effective
remanence carriers in the loess are single-domain (SD) and/
or pseudosingle-domain (PSD) magnetite grains, which
have higher coercivities than SP (B, = 0) and multidomain
(MD) magnetite grains; or that loess contains a significantly
higher amount of antiferromagnetic minerals. The loops for
some low-x units, such as L6, L9 and L15 (Figure 4) do not
close even at 500 mT. We interpret this behavior as arising
from higher ratios of hematite to magnetite in these practi-
cally unaltered loess units compared to more weathered
loess units, although low-temperature oxidation of magne-
tite to maghemite could also partly contribute to the higher
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coercivities [van Velzen and Dekkers, 1999; Liu et al.,
2003]. Moreover, loess samples with low x have wide
hysteresis loops, especially the two sandy loess layers L9
and L15, while paleosol samples with high x display
narrow hysteresis loops, especially the well-developed pale-
osol horizons S3, S4 and S5.

[16] Some loess and paleosol samples display wasp-
waisted hysteresis loops (Figure 4). The degree of wasp
waistedness varies systematically with x. As reported by
Fukuma and Torii [1998] for the Luochuan section,
samples with the lowest %, such as L6, L9 and LI5
(Figures 4b, 4d, and 4f) in our sample suite, have loops
that are slightly wasp waisted, while samples with inter-
mediate x, such as S14 (Figure 4e), show pronounced
wasp-waisted behavior. The wasp-waisted character
becomes almost indiscernible in moderately well-devel-
oped paleosols, such as S3 (Figure 4a), but it becomes
evident again as x increases further. For example, the
most developed paleosol S5 (Figure 4c) has a more wasp-
waisted curve than S3. The reappearance of wasp waist-
edness in the most developed paleosols was not observed
by Fukuma and Torii [1998].

4.3.2. Hysteresis Parameters

[17] Values of M, /M, versus B./B. for our loess and
paleosol samples are plotted in Figure 5 on a Day diagram
[Day et al., 1977; Dunlop, 2002]. Since the primary
magnetic carrier is magnetite/maghemite, this diagram can
be used to deduce that the average magnetic grain size falls
in PSD range for both loess and paleosols. Also, in the Day
plot, the paleosol samples are more tightly clustered than the
loess samples. It should be pointed out that the presence of
SP grains could offset the M, of stably magnetized SD or
larger grains, which would produce anomalously low values
of B, [Dunlop and Ozdemir, 1997], and that the presence of
high-coercivity components (hematite and/or goethite)
could lead to increasing B, and hence increasing the values
of B./B. [Roberts et al., 1995]. As a consequence, the
hysteresis parameters will shift to the coarser end of the
PSD window to some extent.

[18] M /M is fairly uniform throughout the investigated
section, with a mean value of 0.18 £ 0.03 for the 15 loess
samples and 0.17 + 0.01 for the 15 paleosol samples. This
behavior suggests that not only SP but also SD and/or PSD
magnetite grains form during pedogenesis. Otherwise, there
should be a larger difference between mean values of loess
and paleosols.

[19] M and M, increase linearly with x both in loess and
in paleosols (Figures 6a and 6b). My and M, of the loess
samples correlate well with x, with correlation coefficients
of R = 0.90 and R = 0.94, respectively. M and M, of the
paleosol samples correlate with x as well, but with lower
correlation coefficients of R = 0.83 and R = 0.81, respec-
tively. This linear behavior indicates that the increase in
ferrimagnetic mineral concentration makes a significant
contribution to the enhanced susceptibility, as suggested
by Eyre and Shaw [1994], Forster and Heller [1997] and
Florindo et al. [1999]. However, we note that for the
significantly enhanced paleosols, the increase of M, and
M, with increasing x tends to be less linear than for the
weakly enhanced loess material.

[20] Loess and paleosols do not show significant differ-
ences in their remanence ratios (M,/M;), but loess samples
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Figure 3. Comparison of hysteresis loops (corrected for paramagnetism) for the loess-paleosol couplets

of the Jiaodao section. Loops drawn with the dotted
respectively.

exhibit rather higher coercivity ratios (B./B.). Paleosols
have systematically lower B, and B, values compared to the
loess. B, has mean values of 15.39 £ 3.98 mT for loess
and 9.47 £ 0.87 mT for paleosols. B, has mean values of
47.68 = 9.77 mT for loess and 25.25 + 2.92 mT for
paleosols. The maximum values of B. and B, occur in
the loess units. The differences in B, between loess and
paleosols are partly or mostly due to the larger proportion of
SP material in the paleosols, which can result in a lower
value of B, but has no effects on B, [Liu et al., 2003].
However, the differences in B, are probably driven by
higher antiferromagnetic proportions and perhaps also
relatively higher SD/PSD ferrimagnetic proportions in the
loess units [Day et al., 1977; Roberts et al., 1995; Fukuma
and Torii, 1998]. For our sample suite, both B, and B,
decrease with increasing x, but trend asymptotically toward

and solid lines represent loess and paleosol units,

minimum values of 7.6 mT and 21.5 mT, respectively
(Figure 6¢). In addition, there exists a strong linear depen-
dence between B, and B, (Figure 6d).

4.4. IRM Acquisition and ARM Demagnetization

[21] The IRM acquisition curves from loess and paleosol
samples display different behavior (Figure 7a). For paleosol
samples, the rapid rise below 100 mT indicates the presence
of magnetically soft components, such as magnetite and
maghemite. The curves of loess samples suggest relatively
higher coercivity phases. We note that paleosol S14 has the
lowest IRM 37/IRM; st value among the six samples
shown in Figure 7a. This behavior suggests that the IRM
contributed by antiferromagnetic minerals (hematite and
possibly goethite) at high fields is not negligible in the
paleosols. However, our magnetic measurements fail to
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Figure 4. Examples of wasp-waisted hysteresis loops. Paramagnetic contributions were subtracted.

confirm whether or not goethite is present. The median
remanent acquisition field (MAF), the field at which one-
half of the saturation IRM is achieved in the forward
direction, can be used for further quantitative characteriza-
tion of the IRM curves, as was done by Evans and Rokosh
[2000] and Zhu et al. [2003]. The MAF of the paleosols
shows a fairly narrow range between 38 mT and 54 mT with
a mean value of 45 + 4 mT. This indicates similar coercivity
spectra in the paleosols, even though the saturation IRMs
differ significantly. The MAF of the less weathered loess
samples shows a wider range from 47 mT to 73 mT with a
mean value of 60 + 8 mT. The more scattered values are
probably related to the more varied degree of pedogenesis in
the loess horizons. Both MAF and B, data indicate that the
paleosols are magnetically softer than the loess due to
stronger weathering.

[22] ARM is mainly carried by the SD and PSD particles.
The higher ARM intensity of the paleosols suggests that SD
and PSD particles are enriched due to pedogenesis [Zhou et
al., 1990; Hunt et al., 1995; Maher and Thompson, 1991].
ARM demagnetization curves reflect the magnetic hardness

of a material. Loess and paleosols have different behavior
during AF demagnetization of the ARM (Figure 7b). The
loess has a higher median destructive field (MDF), and its
ARM demagnetization shows a broad distribution of MDFs.
By contrast, paleosols have lower MDFs, and ARM
demagnetization shows a more restricted distribution of
MDFs. These behaviors, which are consistent with those
reported by Evans and Heller [1994], further suggest that
there are relatively higher portions of magnetically harder
SD and PSD magnetite/maghemite grains in loess than in
paleosols, although the absolute quantity of SD and PSD
particles in the well-developed paleosols is much greater
than in the less weathered loess.

4.5. S Ratio

[23] S ratio was used to assess magnetic mineralogy in
loess and paleosols (Figure 8), where S is the absolute value
of the IRM remaining after exposure to a reversed field of
0.3 T divided by the saturation IRM (or SIRM), which is
usually acquired in a field of 1-2 T [King and Channell,
1991].
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S = (7IRM,0_3T)/(SIRM]_5T).

This parameter serves as a measure of the proportion of
higher coercivity minerals (i.e., hematite and goethite) to
lower coercivity minerals (i.e., magnetite and maghemite) in
a material [King and Channell, 1991; Roberts et al., 1995;
Verosub and Roberts, 1995]. For most samples, the S values
are close to 1.0, suggesting low-coercivity and ferrimagnetic
mineralogy. In particular, the significantly enhanced
paleosol units, such as S2, S3 and S4, show the highest
S values. Moreover, weakly enhanced loess units, such as
the two sandy loess horizons L9 and L15, are characterized
by the lowest S values, which implies a significant
contribution from high-coercivity antiferromagnetic miner-
als (mainly hematite) and/or from SD/PSD magnetite
grains. In addition, the most enhanced paleosol S5 shows
an obviously lower S value than other well-developed
paleosol units (e.g., S2, S3 and S4), indicating a higher
portion of antiferromagnetic minerals.

4.6. Soil Reddening

[24] Munsell colors (Table 1) were measured to evaluate
the intensity of soil reddening (rubification). Almost all
loess units exhibit a yellow color and very weak rubifica-
tion, possibly signaling the presence of goethite [Ji et al.,
2001]. In particular, the last glacial loess L1 and the two
sandy loess units L9 and L15 have an obviously paler color
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Figure 7. (a) IRM acquisition and (b) ARM demagnetization curves of the selected loess and paleosol
samples. The IRM curves, which are obtained in the applied field up to 1500 mT, are cut off at 300 mT
for reasons of clarity. Note that loess units have higher MDF of ARM than paleosols.

than other loess units. This characteristic, together with the
massive structure and high CaCO; concentrations [Liu,
1985], suggests that negligible chemical weathering
occurred after loess accumulation in glacial intervals. The
Holocene soil SO and the last interglacial soil S1 have a dark
color and fairly weak rubification. The older paleosol
horizons are significantly rubified, possibly indicative of
high contents of hematite [Ji et al., 2001]. With hues of 2—
2.5 YR in a moist state, S3, S4 and S5 represent the most
rubified paleosols. These paleosols are characterized by
abundant reddish iron oxide/hydroxides particles in the fine
fraction. The prominent rubification of the most developed
paleosol S5 with high x is widely used as a stratigraphic
marker horizon in field investigations [Liu, 1985; Guo et al.,
1998; Ding et al., 2002].

[25] On the loess plateau, the well-drained, fine-textured
eolian deposits, which have low organic content and nearly
neutral pH [Maher, 1998], favor efficient rubification during
warm and humid interstadial and interglacial periods. For
example, the most developed paleosols S4 and S5, which
were formed under subtropical semihumid climates [Guo et
al., 1998], display the most intense rubification in the studied
loess-paleosol sequence. Although detrital hematite is possi-
bly present in the most rubified paleosols, we argue that the
reddening of paleosols developed on fine-grained loess in the
central loess plateau indicates the predominance of climati-
cally controlled pedogenic processes rather than lithogenic
effects. Associated with other processes, rubification of
paleosols in Chinese eolian deposits can be considered as
an indication of warmer and moister environments than
present-day conditions.

4.7. Soil Chemistry

[26] After CBD extraction, low-field magnetic suscepti-
bilities of loess layers decrease by 26% to 85%, with a mean
post-CBD  value of (13.32 + 2.94) x 10~* m’/kg. For
paleosol samples, susceptibilities decrease by 89% to 96%,
and have a mean post-CBD x value of (13.52 + 2.34) x
10~ m*/kg. The post-CBD susceptibilities are statistically
identical for the loess and paleosols, and significantly lower
than almost all of the untreated loess. The low value and

narrow range of susceptibilities for the CBD-extracted
samples demonstrate that lithogenic magnetite grains with
low and nearly uniform concentrations [Verosub et al.,
1993; Fine et al., 1995; Deng et al., 2000; Vidic et al.,
2000], which are mainly large PSD and MD-like magnetite
grains (C. Deng et al., manuscript in preparation, 2003), are
present in the Jiaodao loess/paleosol couplets over the last
1.2 Myr. The features would imply that even the loess units
have been pedogenically enhanced to varying degrees,
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Figure 8. S ratio versus susceptibility for loess (open
circles) and paleosol (solid circles) samples.
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which is consistent with the presence of a significant SP
fraction suggested by the fairly high mean ratio of x¢/M; in
both paleosols and loess units (Figure 2b). Values of Fey are
higher in the strongly weathered paleosols (1.44% = 0.15%)
than in the weakly weathered loess (1.02% =+ 0.11%)
(Table 1). The higher values of CBD-extractable suscepti-
bility and Feq in the paleosols reflect the effects of stronger
pedogenesis [Verosub et al., 1993; Vidic et al., 2000; Ding
et al., 2001]. Following the approach of Vidic et al. [2000],
we plotted free iron concentration against the CBD-
extracted susceptibility (Figure 9). A linear relationship
was observed, corresponding to an increase in CBD-
extracted susceptibility of about 274 x 10~® m*/kg for each
1% increase in Fey. According to the calculation of Vidic et
al. [2000], if the 1% of Feq is present in the form of pure
magnetite and maghemite, its contribution to the suscepti-
bility would be about (860 ~ 1390) x 10~* m?/kg. This
suggests that only 20% ~ 32% of the 1% increase in Fey
corresponds to pedogenic magnetite and maghemite. Our
results confirm those of Vidic et al. [2000], who estimate
that most of the Fey in paleosols is in the form of
antiferromagnetic minerals, such as hematite and possibly
goethite, which contribute little to the magnetic susceptibil-
ity. In this sense, antiferromagnetic components dominate
the magnetic mineralogy in Chinese loess and paleosols, as
previously inferred from magnetic measurements [Evans
and Heller, 1994].

5. Discussion

5.1. Paleoclimatic Interpretation of the
High-Temperature Susceptibility Measurements

[27] The high-temperature susceptibility data reported in
this paper show several interesting patterns that provide
further evidence for magnetite and maghemite as the dom-
inant ferrimagnetic minerals in Chinese eolian deposits. For
each loess-paleosol couplet, the paleosol has a significantly
higher initial susceptibility. The x-7 curves for loess sam-
ples are generally less reversible than those of paleosols,
and curves for younger units are less reversible than those of
older ones. Postheating susceptibility values for younger
samples show a greater percentage increase over preheating
values than do older samples. Thus significantly more new
magnetic material is produced by heating younger units.
This implies that in the unweathered loess, iron must be
present in some form that can be converted to a ferrimag-
netic phase upon heating, and that the abundance of this
form of iron is greater in the younger sediments.

[28] A significant increase in susceptibility after thermal
treatment is usually attributed to the transformation of iron-
containing silicates/clays [Hunt et al., 1995; Deng et al.,
2000; Zhu et al., 2001]. In Chinese loess and paleosols,
chlorite and biotite are particularly ubiquitous iron-contain-
ing clay minerals [Liu, 1985; Kalm et al., 1996; Chen et al.,
2000]. In natural soil environments, Fe-bearing micas such
as biotite and chlorite are weatherable and prone to decom-
position [Righi et al., 1995]. Thus they can serve as one of
the sources of iron for the production of new fine-grained
magnetite/maghemite grains during pedogenesis. It has also
been reported that chlorite is less abundant in the strongly
weathered paleosol horizons than in the weakly weathered
loess layers [Kalm et al., 1996; Chen et al., 2000]. We
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Figure 9. CBD-extracted susceptibility versus free iron
(Feq) concentration for loess and paleosols of the Jiaodao
section.

suggest that the weathering has depleted the supply of
weatherable Fe minerals in paleosols and reduced the
supply of iron-bearing precursor phases, leading to a rela-
tive and absolute deficiency of iron that can serve as the
source for the formation of new magnetite during laboratory
heating.

[29] We also observe that upon heating some new mag-
netite grains are formed in paleosols from the middle Lishi
Formation, such as S4, S5 and S7, whereas -7 curves of
the paleosols from the lower Lishi Formation, such as S8,
S9, S10, S11, S12, S13 and S14, are almost reversible
(Figure 1). This decreasing trend in reversibility from the
base of the Lishi Formation to the Holocene black loam
possibly suggests a long-term decrease of weathering
intensity from 1.2 Ma to the present, which, in turn, might
be ascribed to an increase in aridity and/or to a cooling trend
of the Asian continent during this period. This is further
supported by a general trend since 1.2 Ma toward coarsen-
ing median grain size in the Luochuan (35.8°N, 109.4°E)
loess/paleosol sequence [Sun and Liu, 2000], toward an
increase in illite in the Baoji loess/paleosol sequence [Kalm
et al., 1996], and toward a decrease in the ratio of free iron
to total iron (Feg/Fe;) in the Xifeng (35.7°N, 107.6°E),
Changwu (35.2°N, 107.7°E) [Guo et al., 2000] and Lingtai
(35.0°N, 107.5°E) [Ding et al., 2001] loess/paleosol
sequences. Although continued diagenesis [Singer et al.,
1992] may partly contribute the pattern deduced from the
reversibility of x-T curves, the present study and previous
investigations [Kalm et al., 1996; Guo et al., 2000; Sun and
Liu, 2000; Ding et al., 2001] suggest that paleoclimatic
change makes dominant contributions to the long-term trend
of increasing aridity and/or the long-term cooling trend. As
a result, we suggest that high-temperature susceptibility
could serve as a useful proxy of pedogenesis and paleo-
climatic change. Therefore our results provide strong sup-
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port for the concept that the magnetic mineral properties of
loess and paleosols depend on paleoclimate.

5.2. Pedogenic Interpretation of the
Wasp-Waisted Characteristics

[30] Wasp-waisted hysteresis loops usually result from
mixtures of magnetic components with different mineralogy
and/or magnetic grain size [Roberts et al., 1995]. Thus
the interpretation of hysteresis data is not straightforward
because both magnetic mineralogy and grain size can affect
hysteresis properties.

[31] For our sample suite, the wasp waistedness is most
pronounced in the moderately enhanced paleosols, e.g., S14
(Figure 4e), less pronounced in the practically unaltered
loess, e.g., L6, L9 and L15 (Figures 4b, 4d, and 4f), and
very muted in high-x samples, e.g., S3 (Figure 4a). These
observations are consistent with the results of Fukuma and
Torii’s [1998]. Additionally, the wasp waistedness reappears
in the most enhanced paleosols, e.g., S5 (Figure 4c).

[32] The variable degree of wasp waistedness has inter-
esting pedogenic significance. As suggested by the lowest
S values, the nearly unaltered loess units with the lowest x
contain the highest relative amounts of antiferromagnetic
minerals. Thus the wasp-waisted loops of the lowest-x units
result primarily from the presence of an admixture of
lithogenic ferrimagnetic and antiferromagnetic minerals, as
suggested by Fukuma and Torii [1998]. The high-coercivity
component in the lowest-x loess is most likely dominated by
lithogenic hematite because the eolian dusts have been
subject to moderate chemical weathering in the source
regions [Gu et al., 1997]. Also, the low degree of rubifica-
tion of loess layers (Table 1) suggests that very little hematite
occurs in fine-grained pedogenic forms. The intermediate-y
units usually contain higher amounts of pedogenic SP
fraction, especially the S14 paleosol from our sample suite.
As deduced from relatively high x¢M, and low S values
(Figures 2 and 8 and Table 1), the wasp-waisted behavior of
the S14 paleosol and other intermediately developed soils
may result from an admixture of pedogenic ferrimagnetic SP
fraction and pedogenic antiferromagnetic fraction (hematite
and possibly goethite). However, with increasing pedogenic
enhancement, the hysteresis loops of well (but not the most)
weathered paleosols (e.g., S3) lose their wasp waistedness
(Figure 4a). As pedogenic magnetic enhancement increases,
the magnetic properties become controlled by the newly
formed pedogenic ferrimagnetic fraction, so that the contri-
butions from high-coercivity lithogenic hematite to the
magnetic behavior of intermediately to well developed
paleosols are effectively suppressed. However, with further
pedogenic enhancement, the concentration of pedogenic
hematite increases enough to again make a significant
contribution to the remanence. Therefore the wasp-waisted
behavior occurs again in the most weathered and rubified
paleosol horizons, such as S5 (Figure 4c), in which the
presence of a higher amount of hard-coercivity fraction is
supported by the high degree of red color (1.9YR 4.2/1.9,
moist) and relatively low S value (0.87).

5.3. Magnetic Susceptibility Enhancement:

Composition, Grain Size, or Concentration Control?
[33] Our mineral magnetic measurements further support

the general consensus that magnetite and/or maghemite
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produced by pedogenesis are responsible for the enhanced
magnetic susceptibility in Chinese loess and paleosols.
However, the pedogenic iron (Fey) appears to be present
mainly in the form of antiferromagnetic minerals, such as
hematite and goethite, whose contributions to pedogenic
susceptibility are almost negligible. There is no doubt that
hematite is present in loess/paleosol sequences, especially in
the rubified paleosols, but the identification of goethite is
still ambiguous. We note that the presence of goethite
has been suggested by heavy mineral analysis [Liu,
1985], Méssbauer spectroscopy [Eyre and Dickson, 1995;
Vandenberghe et al., 1998] and thermal demagnetization of
composite IRMs [Fukuma and Torii, 1998], and has been
inferred from CBD treatment in conjunction with magnetic
measurements [Vidic et al., 2000] and diffuse reflectance
spectrophotometry [Ji et al., 2001]. However, we fail to
positively identify the presence of goethite in our samples
using rock magnetic techniques.

[34] The higher x¢M; values in our paleosol samples
compared to loess samples (Figure 2b and Table 1) suggest
that SP grains make significant contributions to the
enhanced susceptibility in paleosols. This result supports
the original suggestion of Zhou et al. [1990] that the SP
fraction produced by pedogenesis is at least partly respon-
sible for the enhanced susceptibility in loess and paleosols.
For our sample suite, the increase in M,y and ARM in
paleosols indicates that coarser grains spanning the SD/PSD
range are also produced during pedogenesis. Both M, and
Mj increase with increasing 'y, indicating that the increase in
concentration also makes significant contributions to mag-
netic enhancement. Therefore our results show that varia-
tions not only in grain size but also in concentration lead to
magnetic enhancement. This is in good agreement with the
results of the Xining section (36.6°N, 101.7°E), from the
western part of the loess plateau [Hunt et al., 1995].

6. Conclusions

[35] 1. This study shows that a combination of several
mineral magnetic measurements with soil science tech-
niques represents a powerful multiproxy approach for the
investigation of loess-paleosol sequences. In particular,
high-temperature and high-field magnetic properties exhibit
systematic variations that can be directly related to magnetic
mineral transformations by pedogenic processes.

[36] 2. A general decrease in the reversibility of the
paleosol x-T curves from the base of the Lishi Formation
to the Holocene black loam possibly suggests a long-term
decrease in weathering intensity from 1.2 Ma to the present
which may be ascribed to a long-term increase in aridity
and/or cooling trend of the interior of the Asian continent.
Consequently, the variability of high-temperature suscepti-
bility could serve as a useful measure of pedogenesis and
paleoclimatic change.

[37] 3. Although the magnetic behavior of the studied
loess-paleosol sequence is dominated by ferrimagnetic
assemblage of admixtures of PSD and SP grains, in some
cases antiferromagnetic minerals (hematite and possibly
goethite) also contribute significantly to the magnetic prop-
erties. Thus our results confirm that the mineral magnetic
properties result from mixed assemblages of multiple mag-
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netic components with different mineralogy, concentration
and grain size.

[38] 4. The magnetic variations in Chinese loess and
paleosols are jointly controlled by the changes in composi-
tion, concentration and grain size, but each variable has
different effects at different stages of pedogenesis.
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