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This study was based mainly on environmental magnetic, soil science and geochemical methods to
analyze the spatial variation of magnetic characteristics of the S5-1 paleosol (age �470 Ka) in a
NW–SE transect from Xifeng, Linyou and Baoji sections from the Chinese Loess Plateau. The results show
that (a) pedogenesis and chemical weathering of the coeval S5-1 paleosol layers increased with rainfall
from Xifeng to Baoji, (b) the proportion of the pedogenic maghemite component decreased, while (c) the
concentrations of weakly magnetic antiferromagnetic minerals (hematite and goethite) relatively
increased. Maghemite and hematite appear to have formed simultaneously with development of pedoge-
nesis, thus being similar in this aspect to soil in arid regions of SW Spain. However, amount of goethite
did not show a consistent relationship as observed frommagnetism in the three sections. Maghemite was
found to be the main contributor to magnetic enhancement. Iron–manganese cutans, an indicator of diag-
nesis, increased with the rainfall in the S5-1 paleosol layer from Xifeng to Baoji. As expected, they show
that pedogenesis occurred intermittently between wet and dry conditions causing iron mineral transfor-
mation. However, we suggest that parts of the fine-grained strongly magnetic minerals (mainly oxidized
magnetite and maghemite) were converted into weakly magnetic minerals (mainly hematite and
goethite) by pedogenesis, which resulted in a decline in the finest superparamagnetic (SP) and stable
single-domain (SSD) ferrimagnetic minerals, thus decreasing the susceptibility of S5-1 paleosol from
north to south. This behavior in a high rainfall region is different from the aerobic soil in SW Spain in
which part of the initial hydro-maghemite transformed only to hematite rather than goethite and
hematite.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Over the past 20 years, the relation between magnetic enhance-
ment and rainfall has been systematically investigated over Chinese
loess deposits. However, the relationships between soil magnetic
susceptibility and pedogenesis in different regions are different.
Magnetic susceptibility shows a generally positive correlation with
pedogenic intensity in the central Chinese Loess Plateau (CLP), such
as Xifeng (Liu et al., 2001), Lingtai (Ding et al., 1998) and Luochuan
(Balsam et al., 2004). In the Xinjiang region, however, there is a
more complex correlation between magnetic susceptibility and
pedogenesis. Furthermore, globally different explanations of the
mechanism of susceptibility enhancement have been proposed
(Song et al., 2010; Guo et al., 2011; Orgeira et al., 2011). In addition,
magnetic susceptibility of the loess profiles in Siberia and Alaska
demonstrate a lower susceptibility in paleosols due to aridity. This
latter phenomenon is explained by the increased transport of
magnetite due to strong activity of ‘‘wind vigor” during the glacial
periods (Begét et al., 1990; Evans et al., 2003; Chlachula, 2003;
Lagroix and Banerjee, 2004; Kravchinsky et al., 2008), or water
logging and reducing conditions in permafrost layers which led to
the chemical transformation ofwind-blown ferromagneticminerals
and the reduction in magnetic susceptibility in paleosols (Bábek
et al., 2011; Taylor and Lagroix, 2014).

Previous studies have proposed various explanations about
loess–paleosol susceptibility enhancement mechanism. But it is
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Fig. 1. Map showing the study sites. Also shown are the deserts (reticulated) and
mountains (gray) around and within the CLP.
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now generally accepted that neoformed fine-grained magnetite
and maghemite, generated in situ by inorganic or perhaps micro-
bial pedogenesis, have increased the paleosol susceptibility (Zhou
et al., 1990; Banerjee et al., 1993; Hunt et al., 1995; Fine et al.,
1995; Maher, 1998; Deng et al., 2001; Porter et al., 2001; Spassov
et al., 2003; Qiang et al., 2005; Xie et al., 2009).

According to recent rock magnetic and mineralogical models,
fine-grained pedogenic maghemite play a key role in determining
increase or decrease of susceptibility (Liu et al., 2005, 2007; Nie
et al., 2010). However, Torrent et al. (2007, 2010) has suggested
that under some contains, especially in Spain, hydro-maghemite
causes the magnetic enhancement. Pedogenic maghemite has a
distribution of grain sizes comprised between 10 and 100 nm
and therefore happens to include mainly SP and SD domain states,
with very minor addition of larger PSD particles (Liu et al., 2007;
Geiss and Zanner, 2006). In limited areas understanding the basis
of susceptibility mechanism has greatly promoted quantitative
recovery of paleoclimatic indicators (rainfall and temperature)
(Liu et al., 1995; Maher et al., 2003). As a valuable climatic proxy
from Chinese loess deposits, magnetic susceptibility has been used
for quantitative reconstruction of precipitation (Heller et al., 1993;
Liu et al., 1995; Han et al., 1996; Hao and Guo, 2005; Balsam et al.,
2011), although there is still no agreement about exact precipita-
tion values from the different reconstructions.

Spatial variations of chemical weathering and decreasing trend
of paleo-weathering in both paleosol and loess units from south-
east to northwest in CLP are consistent with the modern rainfall
pattern (Hao and Guo, 2005). The S5 layer is the most prominent
and well-developed paleosol unit in CLP. The S5 period represents
a climatic optimum during the past 2.5 Ma (An et al., 1987). In
general, the paleosol sub-unit S5-1 has the highest or near highest
susceptibility value in the central CLP thus representing highest
temperature and humidity. However, in the southern CLP, precipi-
tation is more abundant than the central of CLP, yet magnetic
susceptibility value of S5-1 layer is not the highest (Kalm et al.,
1996; Zhao et al., 2013; Guo et al., 2013). In the work presented
here we have attempted a quantitative explanation of this
anomaly.

Our work involves paleosol S5-1 (age from 0.448 to 0.479 Ma;
Willimas et al., 1993) that has been sampled along a nearly
north–south transect from Xifeng to Baoji along which mean
annual rainfall (MAR) increases from 550 to 720 mm/y. The parent
material is loess or aeolian dust which originated in north-west
China and was deposited everywhere in the CLP. Thus, we expected
the susceptibility of the S5-1 horizon to show the known positive
relationship between MAR and susceptibility. Furthermore, since
MAR is highest in our sampling site in the southernmost site,
720 mm/y, we hoped be able to test the models of Orgeira et al.
(2011), Maher and Thompson (1994), and Han et al. (1996) that
predict magnetic enhancement declining when rainfall or precipita
tion–evaporation reaches a critical high value.

Ferrimagnetic magnetite and its low-temperature oxidation
product, loosely called ‘maghemite’ are mainly responsible for
magnetic enhancement. According to soil effective moisture’s
models (Orgeira et al., 2011), the variations in the alternation
under strongly oxidizing and reducing conditions should lead to
‘maghemite’ formation and magnetic enhancement initially. Qual-
itatively, then ‘maghemite’ may gradually decrease under reducing
condition (Maher, 1998; Hanesch and Scholger, 2005; Fischer et al.,
2008), and finally convert into weakly magnetic goethite etc.,
which greatly reduce susceptibility in paleosols. The hypothesis
we propose to test with a rainfall transect is that under seasonal
abundant rainfall, when iron is reduced from ferric to ferrous ions
due to lower pH, we should observe a drop in susceptibility after a
critical rainfall value is reached in our study transect. Thus we
hoped to observe, after the critical value of MAR, susceptibility in
this transect is no longer a reliable indicator of past MAR. In
addition, we will use geochemical analysis and description of soil
properties in addition to magnetic data to elucidate the origin of
any observed susceptibility variation. In particular, our conclusion
may shed light on the complex unresolved relationship between
magnetic susceptibility and pedogenesis especially around the
southern edge of the CLP.
2. Samples and measurements

2.1. Sampling

Three paleosol sections were sampled at 5 cm intervals from the
bottom of L5 loess through S5 paleosol layer down to the top of the
L6 loess layer of CLP (Fig. 1). Xifeng (XF) (35�460N, 107�410E) is
located in the central CLP. Baoji (BJ) (34�250N, 107�070E) is located
about 260 km south from XF on the southern edge of the CLP, at the
north ‘foot’ of the Qinling Mountains. Linyou (LY) (34�450N,
107�490E) is located between the two sites on the southeast of XF
section, and to the northeast of BJ. The present climate of the area
is semi-arid, mildly humid with the mean annual rainfall (MAR) of
550, 680, and 720 mm (up to 1100 mm in Qinling Mountain area)
from XF to LY to BJ, respectively (Fig. 1). Sixty percent of precipita-
tion occurs from July to September. The mean annual temperatures
(MAT) are 8.7, 9.1 and 12 �C, respectively. Precipitation is carried
by the south east summer monsoon, which decreases from south
(BJ) to north (XF). Most of the samples for study were collected
from S5 paleosols layers along with loess boundaries at the XF,
LY and BJ sections.

2.2. Magnetic measurements and geochemical analysis

The samples were air-dried, then weighed and packed in a
nonmagnetic plastic box (2 � 2 � 2 cm). Magnetic susceptibility
(v, mass-specific) was measured using Bartington MS-2 meter
(low frequency vlf with 470 Hz, high frequency vhf with 4700 Hz).
The frequency-dependent susceptibility was calculated as follows:
vfd = vlf � vhf. Low-temperature susceptibility was measured using
a Kappabridge KLY-3S low temperature system (from �200 to
0 �C), using about 0.4 g of each sample. Anhysteretic remanent
magnetization (ARM) was measured in a Minispin Magnetometer
after magnetization with a DTECH AF demagnetizer. The peak
alternating field (AF) field used was 100 mT and the DC bias was



Fig. 2. Magnetic parameters of S5 paleosols at XF, LY and BJ sections. The units of
the above parameters are expressed in units of v (a): 10�7 m3 kg�1; vfd (b): 10�7

m3 kg�1; SIRM (c): 10�5 Am2 kg�1; vARM (d): 10�5 m3 kg�1; vARM/SIRM (e):
10�5 mA�1; vfd/vARM (f).
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50 lT. ARM was then normalized by the bias field to obtain ARM
susceptibility (vARM). Afterwards isothermal remanent magnetiza-
tion (IRM) was acquired in progressively increasing magnetic fields
up to 1T with a MMPM 10 pulse magnetizer and the induced
remanence after each field was measured in the Minispin
Magnetometer. The IRM acquired in the maximum field of 1T
was defined as the saturation isothermal remanent magnetization
(SIRM = IRM1T). Hysteresis loops were measured using a Princeton
Measurements Vibrating Sample Magnetometer (VSM). From the
hysteresis loops, saturation magnetization (Ms), saturation rema-
nence magnetization (Mrs), coercivity (Bc), remanent coercivity
(Bcr), antiferromagnetic content (HIRM or ‘hard’ IRM) and ferrimag-
netic content (S300) were determined. A Quantum Design MPMS-2
superconducting quantum interference device (SQUID) magne-
tometer was used to perform measurements of cooling curves of
RT (room temperature) remanence (SIRM) cooling curves and also
for Zero Field Cooled (ZFC) remanence curves. For ZFC experiment
SIRM was imparted by a 2.5 T field at 300 K; Samples were then
cooled in zero field down to 20 K in 5 K steps and were warmed
back to room temperature in zero field.

The visible diffuse reflectance spectra (DRS), specifically
measures the redness (a) and lightness (L) in color obtained over
the range from 400 to 700 nm wavelengths at 2 nm intervals using
a Perkin Elmer Lambda 950 spectrophotometer. The method of
Torrent et al. (2007) was used to derive the second-order deriva-
tive of the Kubelka–Munk remission spectrum. The intensities of
the bands at �425 nm (I425) and �535 nm (I535) are proportional
to the concentration of goethite and hematite, respectively
(Scheinost et al., 1998), and can be used as proxies for relative
changes in the mass concentration of goethite and hematite
(Torrent et al., 2007; Zhang et al., 2012). Allowing calculation of
hematite and goethite in the studied paleosol samples. Root Mean
Square error (RMSE) for hematite is 0.0596, and for goethite
estimation RMSE is 0.1714 (Zhang et al., 2009).

Elements K2O, Na2O, CaO, Fe2O3, Al2O3, SiO2 and Rb concentra-
tions were measured using XRF spectrography. For each XRF
measurement, a 4 g whole-rock sample was powdered in agate
mortar, sieved to a size-fraction of <200 mesh, and then compacted
into a round disk and measured with a VP-320 XRF spectrometer
made in Japan. The relative standard deviation is about 1%, and
the relative errors estimated from the measured values and the
recommended values for the standards are less than 2%. The free
Fe2O3 (FeD) was extracted by the citrate-bicarbonate-dithionite
(CBD) method and total Fe2O3 (FeT) was analyzed on completely
acid-dissolved samples, both being measured on a WFD-Y2 atomic
adsorption unit.

3. Results

3.1. Spatial and depth variation of magnetic properties of S5-1 paleosol

Magnetic susceptibility is controlled mainly by magnetic
mineral composition, concentration, and grain size. In general,
the maximum v value of paleosol S5-1 is seen to decrease from
XF to LY to BJ (Fig. 2a and Table 1). It can be seen that the v value
of BJ S5-1 paleosol unit (highest rainfall) is the lowest in all three
sections, and also lower by about a factor of two than the relatively
weak pedogenic S3 horizon (maximum value of 36.75 � 10�7 m3

kg�1) higher up in the same section (Guo et al., 2013).
vfd is proportional to the concentration of the viscous SP parti-

cles (Worm, 1998). The maximum vfd value displays a decreasing
trend from XF to LY to BJ (Fig. 2b and Table 1), indicating that SP
grains also reduce. The same trend observed with v reflects that
SP grains is the main contributor to v in S5-1 paleosol unit.

SIRM is dominated by the composition and concentration of
the larger particles of ferrimagnetic minerals. If the mineral
compositions are the same, SIRM reflects the concentration of
non-SP and mainly the larger (MD, >10 lm) ferrimagnetic minerals
in samples. The maximum SIRM value of S5-1 unit decreases from
XF, LY to BJ (Fig. 2c and Table 1), indicating that concentration of
the larger particles of ferrimagnetic minerals in S5-1 layers also
decrease from north to south.

vARM and vARM/SIRM ratios can help determine the identity of
magnetic particles and the small grain size fractions. vARM is
extremely sensitive to non-interacting SD particles. vARM/SIRM
expresses the ratio between (non-interacting) SD particles and
total ferrimagnetic contributions from all particles (Banerjee
et al., 1981; King et al., 1982). Contrary to v and vfd, vARM and
vARM/SIRM do not show a monotonic trend from XF to BJ
(Fig. 2d and e). It increases from XF to LY and then decreases from
LY to BJ, a possible reason may be related to grain size variations.
The ratio vfd/vARM can be used to quantify the finest grain size of
v and ARM carriers (King et al., 1982; Liu et al., 2004). The positive
correlation between vfd/vARM and vfd of XF S5-1 unit (Fig. 2f)
indicate the increasing influence of SP particles that only can



Table 1
The maximum values of the magnetic parameters in S5-1 units at XF, LY and BJ sections.

Sections v (10�7 m3 kg�1) vfd (10�7 m3 kg�1) SIRM (10�5 Am2 kg�1) vARM (10�5 m3 kg�1) vARM/SIRM (10�5 mA�1) vfd/vARM

XF S5-1 26.36 2.83 1336 0.99 87.21 2.88
LY S5-1 21.12 2.33 1240 1.66 122.94 2.18
BJ S5-1 18.73 2.15 1130 1.17 108.42 2.22
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contribute to vfd (Liu et al., 2004). In contrast, there is a clearly
negative correlation in LY S5-1 unit and an imprecise negative
correlation in BJ S5-1 unit in Fig. 2f. It indicates that there is
variability in grain-size distributions despite the increase in the
concentration of the vfd and vARM carriers, confirming the inconsis-
tent trend shown by vARM and vARM/SIRM from XF to BJ.

The low-temperature remanence curves can provide estimates
of low temperature oxidation from the shapes of heating and cool-
ing of SIRM curves (Özdemir and Dunlop, 2010). For RTSIRM (300 K
isothermal remanence) on cooling (Fig. 3a), the SIRM at first
increases linearly from 300 K, showing either an increase in Ms

or decrease in superparamagnetic behaviors, but when approach-
ing the Verwey transition of magnetite, the asymmetric humped
shapes of RT remanence curves are indicative of low temperature
oxidation or partial ‘maghemitization’ (Özdemir and Dunlop,
2010). The degree of maghemitization appears to increase from
XF to LY to BJ. The weak crystallographic Verwey transitions (Tv)
in remanence at about 120 K indicate the existence of slightly
oxidized magnetite in three samples.

In ZFC remanence curves (Fig. 3b), the paleosol S5 all display SP
contribution. But BJL6 sample curve from underlying loess sample
Fig. 3. MPMS measurements in the 20–300 K temperature range. (a) RT-SIRM on coolin
300 K. The XFS5, LYS5 and BJ S5 samples were selected from the maximum susceptibility
section.

Fig. 4. Hysteresis loops of three magnetic particles s
with sharp and steep Verwey transition at about 120 K shows that
it has the smallest SP grains. The other three paleosol curves,
without obvious Verwey transition at about 120 K, show that grain
sizes are more oxidized and finer, and they display the presence of
more SP grains in paleosols than in parent loess (BJL6 sample). In
contrast, SP fraction are nearly similar for XF and LY samples, but
higher than the BJ S5 sample, thus showing a small drop in SP%
at BJ.

The shape of hysteresis loops can qualitatively indicate
magnetic mineral compositions (Evans and Heller, 2003). Three
magnetically separated representative samples (Fig. 4) show that
the open hysteresis loops below 300 mT are closed above 300 mT,
indicating that they contain softer magnetic minerals (magnetite
and/or ‘maghemite’). However, all three loops remained unsaturated
above 300 mT, suggesting that high-coercivity hard magnetic
minerals, such as goethite and/or hematite, are present in all these
samples (Guo et al., 2011). The hysteresis parameters Mrs, Bc, Bcr
increase monotonically from XF to BJ (Fig. 4) pointing to increase
in high coercivity mineral such as hematite or goethite, or it could
also indicate increase in SD magnetite/maghemite. The wasp-
waisted hysteresis loop of the LY S5 sample probably reflects a
g from 300 to 20 K and (b) Zero Field Cooled (ZFC) curves of 20 K SIRM from 20 to
locations of XF, LY and BJ S5-1 unit, the BJL6 is from the parent L6 loess layer of BJ

eparated samples at XF, LY and BJ S5-1 sections.
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mixture of magnetic minerals like magnetite/‘maghemite’ and high
coercivity hematite. HIRM data (from 0.025 and 0.063 to
0.107 Am2 kg�1) confirm this interpretation, and so does S300, the
best discriminator of antiferromagnetic and ferrimagnetic compo-
nents (Hesse, 1997). The data show a decline (from 0.98 and 0.95
to 0.93) from XF to BJ. Taken together, comparison of parameters
Mrs, Bc, Bcr, HIRM and S300 all suggest that hard magnetic mineral
(hematite, goethite) concentrations of S5-1 samples indeed
increases from north to south, the direction of rainfall increase.

3.2. Relationship between mineralogical and magnetic properties

Hematite, as estimated from DRS shows clearly positively corre-
lated with v and vfd for XF and LY. But it gradually decreases from
XF, LY to BJ (Fig. 5a–c and d–f), suggesting that the concentrations
of ferrimagnetic magnetite/maghemite and antiferromagnetic
hematite produced during pedogenic processes co-exist in
paleosols and they increase simultaneously with pedogenic devel-
opment. Balsam et al. (2004) have also shown that pedogenic
ferrimagnetic mineral concentrations were positively correlated
with antiferromagnetic hematite in Lingtai and Luochuan loess–
paleosol sequences. But the relationships between goethite and v
are different than hematite in the three units (Fig. 5g–i). For XF
S5-1 unit (Fig. 5g). Goethite is weakly (R2 = 0.2804) but positively
correlated with v, which may be interpreted to reflect that SP
and/or MD ferrimagnetic minerals (both contributing to v) and
Fig. 5. Correlations between goethite%, hematite% and vfd, v of S5-1 units in XF, LY and B
from Linyou section; (c, f, i) from Baoji section. For hematite estimation, the RMSE is 0.
goethite concentration probably increased simultaneously with
pedogenic development. For LY S5-1 unit (Fig. 5h), goethite and
v have almost no correlation (R2 = 0.1202), indicating that goethite
concentration changes little with increasing SP and/or MD
ferrimagnetic minerals. For BJ S5-1 unit (Fig. 5i), goethite from
DRS data is negatively correlated with v (R2 = 0.3856), suggesting
that goethite concentration increases with reduction in SP
ferrimagnetic minerals, meaning that parts of SP ferrimagnetic
minerals could have converted to weakly magnetic goethite during
pedogenesis in BJ S5-1 unit. The maximum value of hematite
+ goethite concentrations (with 1.829%, 1.915% and 1.999%, respec-
tively) relatively increases from XF and LY to BJ; this is consistent
with discussion of Bc, Bcr and HIRM in previous paragraph.
3.3. Geochemical parameters

FeD/FeT can very effectively reveal the chemical weathering
degree and/or pedogenesis intensity of paleosols at different levels
of soil development (Guo et al., 2000). From Table 2, it is seen that
maximum FeD/FeT upon going from XF to LY to BJ are 0.39, 0.41
and 0.42, while FeD% contents are 4.91%, 5.22% and 5.51%, respec-
tively. The concentrations of easily mobile elements such as CaO
and Na2O decrease from XF to LY to BJ while stable elements such
as K2O, Fe2O3, Al2O3 and Rb concentration increased. All of these
features reflect that weathering and leaching degree on one hand
J sections. The above symbols expressed as (a, d, g) are from Xifeng section; (b, e, h)
0596, and for goethite estimation RMSE is 0.1714 (Zhang et al., 2009).



Table 2
Geochemical and color parameters.

Section FeD% FeD/FeT Al2O3 (wt%) CaO (wt%) Na2O (wt%) K2O (wt%) Rb (ppm) a (%) L (%)

XFS5-1 Min–max 2.05–4.91 0.21–0.39 11.58–14.75 1.31–1.21 1.19–1.80 2.21–3.03 90.5–130.3 6.94–9.17 50.59–58.08
LYS5-1 Min–max 4.13–5.22 0.37–0.41 14.38–15.34 1.01–1.16 1.08–1.26 2.87–3.04 120.5–134.7 7.43–9.06 49.52–56.89
BJ S5-1 Min–max 3.97–5.51 0.35–0.42 14.41–15.5 0.87–1.03 0.83–1.22 2.97–3.16 126.2–137.3 7.91–8.53 46.29–56.80

Fig. 6. The color and iron–manganese cutans of S5-1 paleosol at XF (a), LY (b) and BJ (c) sections. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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and pedogenesis intensity on the other of S5-1 paleosols are
gradually enhanced from north to south following rainfall increase.
3.4. The color variation of S5-1 paleosols

Previous studies have suggested that post-depositional
processes may have changed the loess/paleosol color to a more
reddish and darker color than the original eolian dust (Ji et al.,
2001; Shen et al., 2006; Sun et al., 2011). ‘L’ describes the lightness
in color, and is influenced by pedogenic matter. Iron oxides and
organic matter darken the loess lightness, whereas carbonate light-
ens the loess lightness. In contrast, ‘a’, which reflects the saturation
degree of red, is controlled dominantly by the types and concentra-
tions of iron oxides (especially hematite) (Sun et al., 2011). Accord-
ing to Table 2, ‘a’ value rises, while ‘L’ value declines (that is
redness increases and lightness decreases), indicating that iron
oxides (especially hematite) are increasing from XF and LY to BJ.
Our field observations revealed that XF S5 paleosol has light red
color, with no iron–manganese cutans observed (Fig. 6a). However,
the intermediate site of LY S5 paleosol has brown–red color, and
can be observed with a few iron–manganese cutans (Fig. 6b). But
there are abundant iron–manganese cutans in the BJ S5 paleosol
with dark brown–red color (Fig. 6c). Iron–manganese cutans form
intermittently between wet and dry periods, under weathering and
leaching soil conditions. Weathering destroys iron and manganese
silicate minerals or clay minerals to release Fe, Mn, etc. under
moist over-saturated soil conditions. Also, iron and manganese
oxides are destroyed, releasing Fe2+ and Mn2+ which migrate with
water into the soil surface, which then oxidizes in dry climatic con-
ditions and form iron–manganese oxide (Huang et al., 2008). The
redness, lightness and field observations all reflect the increase of
iron oxides (especially hematite and/or goethite) upon going from
XF and LY to BJ. Thus geochemical and color data support
inferences based on magnetic parameters.
4. Disscussion and conclusion

As is well-known, v is a useful palaeoclimatic indicator in the
central CLP. At Xifeng (Liu et al., 2001), Lingtai (Ding et al., 1998)
and Linyou profiles, the S5-1 layer has the highest v value in the
whole profile. In combination with pedogenic study (An et al.,
1987), this indicates that S5-1 is the most developed paleosol.
However, the v value of Baoji S5-1 horizon is low within the
profile, and also lower than S5-1 horizon at XF and LY profiles
(Fig. 2 and Table 1). The MAP values (Fig. 1) and MAT values
generally increase from XF to BJ, meaning increasing pedogenic
condition, but the v value of S5-1 paleosol unit is declining
(Fig. 2a) with pedogenesis. Paleosols S5-1 at the three sections will
now be compared overall to analyze for the possible reasons.

The ratios of FeD/FeT, FeD%, elements of Al2O3, K2O, Rb, CaO,
Na2O concentrations, and redness values (Table 2), all show that
S5-1 paleosol’s weathering intensity does strengthen from north
to south. Hao and Guo (2005) studied loess–paleosol pedogenesis
intensity using FeD/FeT data to confirm that paleosol chemical
weathering intensity was higher in the south of CLP than in the
north, leading to a significantly increasing trend from north to
south. Low-temperature magnetic curves have already shown that
the degree of maghemitization increases on going from loess to
paleosol in a single section and also from XF, LY to BJ (Fig. 3).
The increased ferrimagnetic component was mainly oxidized
magnetite, it was the major contributor to remanence. These
further confirm that v decreases from paleosols S5-1, north to
south, and is caused by attendant strong pedogenesis. This is also
a typical feature of Tertiary red clays, where low v contrasts with
increase in chemical indicator of pedogenesis (Ding et al., 2001).

According to the correlation between hematite, goethite, v and
vfd (Fig. 5), we found that with increasing pedogenic degree, both
hematite and other pedogenic ferrimagnetic mineral concentra-
tions increased in the three S5-1 paleosol layers. Therefore, we
speculate that either only a small fraction of ferrimagnetic miner-
als transformed into goethite, but some goethite transformed into
hematite with environmental aridity in LY S5-1 paleosol layer, and
part of the ferrimagnetic minerals transformed into goethite in BJ
S5-1 paleosol layer. In the field, we also observed (Sections 3 and
4) no Fe–Mn films were seen in XF S5 paleosol layer (Fig. 6a),
and only a little amount of Fe–Mn films in LY S5 paleosol layer
(Fig. 6b), and abundant Fe–Mn films in BJ S5 paleosol layer
(Fig. 6c). This is consistent with the higher goethite% and Bcr
(Fig. 4). Therefore, the pedogenic ferrimagnetic mineral concentra-
tion decreases spatially from north to south, and the total
concentration of goethite + hematite and goethite both increase,
which will increase the contribution to remanence HIRM.

The parameters of, vARM and vARM/SIRM rise from XF to LY, then
decrease from LY to BJ (Fig. 2d, e and Table 1), showing that SD
ferrimagnetic particles increased from XF to LY, but decreased on
going from LY to BJ. vfd declined from XF to BJ. Low temperature
ZFC remanence curves indicated that the grain sizes of three
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paleosol samples was finer with more SP grains than in loess L6. SP
% was nearly equal at XF and LY samples, but higher than in the BJ
sample. The contribution of SP (at 300 K) grains to remanence
(at 10 K) only slightly decreases from XF, LY to BJ. It was the loss
SP and SSD ferrimagnetic particles that have caused reduction of
vfd, vARM, vARM/SIRM and vfd/vARM values. This observation is com-
patible with magnetite dissolution, which is expected to selectively
eliminate first the smaller grain sizes (Smirnov and Tarduao, 2000).

In summary, the degree of pedogenesis of S5-1 paleosol
increased from XF to LY to BJ, ferrimagnetic minerals (mainly
oxidized magnetite or maghemite) concentrations reduced, and
total concentrations of antiferromagnetic minerals (goethite
and hematite) gradually increased. The SP particles decreased
and SSD ferrimagnetic particles initially increased from XF to LY,
but then reduced from LY to BJ, the highest rainfall site. The reason
for this phenomenon may be related with soil effective rainfall.
Orgeira et al. (2011) proposed that soil water balance, rather than
MAP, is the most important factor that controls magnetic enhance-
ment because it dominate the annual soil ‘wetting’ and ‘drying’
cycle. They constructed a quantitative model for the climatic
dependence of magnetic enhancement in loessic soils. In the cen-
tral and northern CLP, such as Xifeng (Liu et al., 2001) and Lingtai
(Ding et al., 1998) sections, MAR are less than 550 mm, and accord-
ing to the meteorological data based on last 30 years, MAR-PET
(potential evapotranspiration) < 0. Under aerobic oxidizing condi-
tions, with increasing weathering degree, hydrolysis of primary
Fe minerals release Fe2+ ions, whose oxidation results in the pro-
duction of poorly crystallized ferrihydrite, ferrihydrite oxidized
into maghemite and hematite. The pedogenic maghemite concen-
trations increased under aerobic conditions which led to a gener-
ally positive correlation between magnetic enhancement and
pedogenesis as is generally found. Therefore, the susceptibility of
the paleosol unit S5-1 is the highest at these two sections in the
central and northern CLP (Ding et al., 1998; Balsam et al., 2004).

However, from XF to LY to BJ, modern mean annual rainfall
(which was 550, 680 and 720 mm, Fig. 1) increases from the
central to southern of CLP. Since the S5-1 horizon is the most
prominent and well-developed paleosol in the CLP. Paleosol S5-1
period (within S5 sub-period) represents very warm and more
humid climate for the past 2.5 Ma (An et al., 1987). Rainfall was
more than modern values, and the rainfall mainly occurred from
July to September. Also, the meteorological data based on last
30 years show the difference between the maximum rainfall dur-
ing heavy rainfall and mean annual evapotranspiration for last
30 years is �37, �20 and 241 mm, respectively, from XF, LY to BJ.
Thus the effective moisture increases. Especially at BJ, where
MAR-PET > 0. Thus periodic heavy rainfall can make soil over-
saturated with moisture, which may lower the pH value and cause
dissolution of Fe2+ ions in the crystal lattice, whose oxidation
results in the production of ferrihydrite, and which can be further
evolved into maghemite or hydro-maghemite with grain size
growing from SP to SD before its transformation into hematite
(Liu et al., 2008; Michel et al., 2010; Barrón et al., 2012). The
new hematite can also form independently from ferrihydrite dur-
ing high rainfall (Cornell and Schwertmann, 2003). This provides
further evidence on the pathway of ferrihydrite?maghemite-
like phase? hematite (Hu et al., 2013; Barrón and Torrent,
2002). During more wet soil condition, Fe2+ which migrates with
water into the soil surface can form weakly magnetic goethite
etc (Huang et al., 2008). Therefore, the magnetic enhancement
declines from XF to LY to BJ. This further demonstrates the efficacy
of the model proposed by Orgeira et al. (2011).

Modern soil studies show that magnetic susceptibility increases
with increasing pedogenic degree in aerobic soil with low and
moderate rainfall. However, when the moisture is high, the suscep-
tibility decreases (Maher and Thompson, 1994; Han et al., 1996;
Balsam et al., 2011; Long et al., 2011). In the vermiculated red soil
in southern China, pedogenic maghemite has dissolved into the
white veins under long-term water logging conditions and
transformation of highly magnetic maghemite to weakly magnetic
hematite, has occurred causing a significant decrease in suscepti-
bility (Hu et al., 2009; Liu et al., 2012; Wang et al., 2013). Many
scholars (Maher, 1998; Cornell and Schwertmann, 2003; Liu
et al., 2008; Bábek et al., 2011) have reported that pedogenic fine
maghemite and/or magnetite are reductively dissolved in anaero-
bic soil conditions, causing the depletion of soil magnetism.

Now we can make a few conclusions from the above research:
The rock magnetic and geochemistry parameters show that upon
going from XF to BJ via LY pedogenic ferrimagnetic mineral (mainly
oxidized magnetite or maghemite) concentrations are decreasing,
and the antiferromagnetic mineral (hematite and goethite) con-
centrations are relatively increased. Fine-grained maghemite was
the main contributor to magnetic enhancement parameters.

The maghemite and hematite concentration appears to increase
simultaneously with increasing pedogenic degree in S5-1
sub-palaeosol horizon (Fig. 5d–f), thus in that specific aspect being
similar to soil in arid regions of SW Spain. We find that weathering
of the Fe-bearing minerals had resulted in the neoformation of
hematite and maghemite, but the estimated goethite concentra-
tion shows irregular but increasing trend from north to south.
The relationship between goethite and maghemite concentrations
at each horizon is therefore unclear.

The Fe–Mn cutans in the S5 paleosol increase from XF to BJ,
which was caused by the change in composition of the iron miner-
als. In the XF-BJ transact more and more fine-grained SP and SSD
sized strongly magnetic minerals (mainly oxidized magnetite and
maghemite) were converted later into weakly magnetic minerals
(mainly hematite and goethite) during pedogenesis, which caused
the currently observed decrease of susceptibility for palaeosol S5-1
sub-units from XF to LY to BJ.
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