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A B S T R A C T

The paleosol unit S5S1, which corresponds to Marine Isotope Stage (MIS) 13, is the most prominent paleosol
layer in the central Chinese Loess Plateau (CLP). S5S1 has extremely high magnetic susceptibility, but it remains
uncertain whether this is related to climate or to time (the duration of pedogenesis) due to the anomalously low
loess deposition rate. To address this question, we investigate the iron mineralogical properties of the S5S1
paleosol at the Xifeng loess section located in the central CLP. We compare the results of S5S1 with other
paleosol units, yielding additional insights into the CLP climatic changes during MIS-13. The results show that
magnetic enhancement of S5S1 paleosol is stronger than that of the other paleosol units, which is mainly
governed by pedogenic produce fine-grained ferrimagnetic minerals; the maximum value of the goethite con-
centration compared with hematite in the S5S1 paleosol unit is markedly higher than those in the other paleosol
units. The prolonged period of pedogenesis is not main controlling factor that leads to the magnetic enhance-
ment of S5S1 because the concentration of SD/SP has hardly changed compared with other paleosols as with the
increasing of magnetic susceptibility. Changes in the ratio of pedogenic hematite to goethite, as well as in
magnetic enhancement, indicate that the S5S1 paleosol developed under extremely humid conditions. This
extremely humid climate is a main cause that leads to the extremely high magnetic susceptibility.

1. Introduction

The marine isotope stage (MIS) 13 interglacial occurred about
500,000 years ago. It is characterized by cooler Antarctic temperature
(Jouzel et al., 2007) (Fig. 1a), a relatively lower CO2 and CH4 con-
centrations (Lüthi et al., 2008; Loulergue et al., 2008) (Fig. 1b), and
likely larger global ice volume (e.g., Lisecki and Raymo, 2005)
(Fig. 1d), in comparison with other interglacials of the last million
years. However, geological records from the central Chinese Loess
Plateau (CLP) appear to illustrate a complex pattern, including an ex-
tremely strong summer monsoon during MIS-13 (e.g. An et al., 1987;
Kukla et al., 1990; Guo et al., 2009), inferred from the occurrence of
anomalously high magnetic susceptibility of S5S1 paleosol (Fig. 1c).
This appears not as an isolated climatic event as corresponding evi-
dence has been observed in the Indian and African Monsoon Regions.
For example, the occurrence of a peak in the planktic oxygen isotope
records from the equatorial Indian Ocean (Bassinot et al., 1994) in-
dicates strong Indian Monsoon circulation, and anomalous sapropel
(Sa) in the Mediterranean following high floods of Nile river indicates

unusually heavy monsoon rainfall over Africa (Rossignol-Strick et al.,
1998). The corresponding paleosol of the Serbian loess in the South-
eastern European is also the most developed (Bronger, 2003; Buggle
et al., 2009; Marković et al., 2009, 2012, 2015). Different proposals
have been made to explain the strong summer monsoon during MIS-13,
for example, the tectonic uplift of the Tibetan Plateau (An et al., 1990;
Xiao and An, 1999) and hemisphere asymmetry in ice volume devel-
opment (Guo et al., 2009). Climate models of different complexities
have also been used to investigate the response of the East Asian
Summer Monsoon to insolation, greenhouse gases concentration, ice
sheets and the size of Tibetan Plateau during MIS-13 (Yin et al., 2008,
2009; Muri et al., 2012). Recently, a climate-soil combined model was
used to simulate the soil formation of this interglacial on the CLP (Finke
et al., 2017). In the meantime, regional diversity exists in the relative
intensity of the S5S1 soil formation. Specifically, different from the
central and eastern CLP, the S5S1 paleosol is weakly developed in the
western CLP while the S4 paleosol (developed during MIS-11) is the
most developed in the Quaternary loess-paleosol sequences (Chen and
Zhang, 1993; Sun et al., 2006a; Shi et al., 2013) (Fig. 1c). This
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discrepancy has been explained by regional inconsistencies in timing of
climate shift relative to the mid-Brunhes epoch (Sun et al., 2006a).

The magnetic susceptibility of the loess-paleosol sequences has been
widely used to reconstruct paleoclimate variations corresponding to the
loess and paleosol alternations, with high magnetic susceptibility in
paleosol units contrasting with low values in loess units (Liu, 1985;
Kukla and An, 1989; An et al., 1990). The product of newly-generated,
fine-grained and strongly-magnetic particles that are related to pedo-
genic activity have been widely regarded as the major factor enhancing
magnetic susceptibility in the soil units (e.g., Zhou et al., 1990; Maher
and Thompson, 1991). In addition, specially, material leaching also can
lead to magnetic susceptibility enhancement through the enrichment of
strongly magnetic particles with time (Singer et al., 1996; Vidic and
Verosub, 1999; Vidic et al., 2004). Considering the low loess deposition
rate during this interglacial and therefore the prolonged period of
pedogenesis, one may assume that the extremely high magnetic sus-
ceptibility in the S5S1 paleosol resulting from time effect (Han et al.,
1998; Bronger, 2003; Marković et al., 2011). In particular, there is a
relatively low magnetic susceptibility in the western CLP loess se-
quences, where the deposition rate is about twice that in the central
CLP, or even more (Sun et al., 2010); in turn, the duration of the soil
formation is much shorter. Therefore, it is important to determine in
which degree the extremely high magnetic susceptibility of S5S1 re-
presents a climate signal.

It has been widely observed that iron minerals are sensitive to
pedogenesis (Schwertmann, 1993; Inda et al., 2013; Hu et al., 2016). In
this study, we will investigate the iron mineralogical properties of S5S1
magnetic minerals in the central CLP, and compare them with those of
other paleosol units to provide additional insights into the CLP climatic
changes during MIS-13.

2. Materials and methods

2.1. The site and sampling

Samples were collected from a profile at Xifeng (XF: Fig. 2) located
in the central CLP at 35°46′N, 107°41′E, 1345m a.s.l. The site is pre-
sently characterized by semi-arid climate, with mean annual

temperature (MAT) of ∼8.3 °C and precipitation (MAP) of ∼560mm.
The XF profile is one of the most representative loess stratigraphy sites
in the central CLP, with 33 documented loess and paleosol alternations
throughout Quaternary (Kukla and An, 1989). The whole profile
reaches about 170m in thickness, of which the upper 62.9 m was se-
lected for the present study. This includes the sequences from S0 (Ho-
locene) to S6 (MIS-17). With a 10-cm sampling interval, 630 samples
were collected. Field observations show that S5S1, which is dis-
tinguished by its great thickness (2.3 m), dark color, and well-devel-
oped clay coatings, is the most developed paleosol unit.

2.2. Magnetic measurement

All samples were air-dried; 5 g of sediment was packed into
2× 2×2 cm3 nonmagnetic plastic boxes. Magnetic susceptibility was
measured, low frequency (χlf) with 470 Hz, high frequency (χhf) with
4700 Hz, by Bartington MS2 meter. The absolute frequency dependent
susceptibility (χfd) was calculated χfd = (χlf− χhf). Anhysteretic re-
manent magnetization (ARM) was measured in the minispin magnet-
ometer after magnetization with a DTECH AF demagnetizer, the peak
AF field used was 100mT and the DC bias was 50 μT. ARM was then
normalized by the bias field to obtain ARM susceptibility (χARM).
Isothermal remanent magnetization (IRM) was acquired with a
MMPM10 pulse magnetizer and the induced remanence after 1 T and
one reverse 300mT were measured in a JR-6A spinner magnetometer,
respectively. The IRM acquired in the maximum field of 1 T is defined
as the saturation isothermal remanent magnetization (SIRM), and the
reverse 300mT is expressed as IRM-300mT. The “hard” isothermal re-
manent magnetization (HIRM) is defined as HIRM = (SIRM + IRM-

300mT)/2.

2.3. Diffuse reflectance spectroscopy measurements and calculations

46 samples were selected from the XF profile to quantify the mass
concentrations of hematite and goethite. The samples were ground to
below 200-mesh with an agate mortar. Ground samples were made into
slurry on a glass micro-slide with distilled water, smoothed, and dried
slowly at room temperature. The diffuse reflectance spectrum (DRS)

Fig. 1. Comparison of the China loess proxies of East Asian
summer monsoon with relevant ice and marine records. (a)
Antarctic temperature (EDC) record (red) (Jouzel et al.,
2007); (b) Antarctic CH4 (blue) (Loulergue et al., 2008) and
CO2 records (red) (Lüthi et al., 2008); (c) loess magnetic
susceptibility at Xifeng (blue) (Guo et al., 2009) and Jin-
gyuan (red) (Sun et al., 2006a) with the major paleosol units
labeled; (d) Marine δ18O record (black) (Lisiecki and Raymo,
2005) with the interglacial oxygen isotope stages (MIS) la-
beled at the top part. Grey frame denote the proxies for
which MIS-13 can be considered as typical from an ampli-
tude signal point of view. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to
the Web version of this article.)

H. Lu et al. Quaternary International 493 (2018) 252–257

253



was obtained over the range from 400 to 700 nm at 1 nm intervals using
a Perkin Elmer Lambda 950 spectrophotometer. The color index, red-
ness, was calculated using the standard color band (Judd and Wyszecki,
1975). According to the method of Long et al. (2011), the linear re-
gression model linking the hematite concentration (Hm) and redness is
as follows: Hm (%)=0.05× redness− 1.15. The concentration of free
iron oxides (Fed) was determined using the citrate/bicarbonate/di-
thionite (CBD) method and finally the formula Gt
(%)=1.59× (Fed−Hm (%)/1.43) (Torrent et al., 2007) yielded the
concentration of goethite (Gt).

3. Results

3.1. Magnetic parameters in the XF profile

The χlf (Fig. 3a) shows that the higher values correspond to paleosol
units and the lower values correspond to loess units, the variation of
which is consistent with loess and paleosol alternations. The χlf value of
the S5S1 paleosol reaches 253.90×10−8 m3 kg−1, and is obviously
higher than those of the other paleosol units (Fig. 3a and Table 1). The
χfd indicates the concentration of the superparamagnetic (SP) ferri-
magnetic minerals produced during pedogenesis, which can be used to
reflect the intensity of pedogenesis (Liu et al., 2007a). The variation of
the χfd is similar to that of the χlf (Fig. 3b). The peak χfd value of S5S1
(33.2×10−8 m3 kg−1) is the highest and is about double of those of
the S6 paleosol (max. 16.10× 10−8 m3 kg−1) (Fig. 3b and Table 1),

Fig. 2. Location of the CLP in China, directions of monsoon circulation systems (modified from Sun et al., 2010), and location of XF profile.

Fig. 3. The variations for magnetic parameters, concentration of hematite and goethite in the XF profile. The black dotted lines are post-CBD χlf and post-CBD χARM,
respectively, in Fig. 3a and c. The grey shadows indicate the paleosol units.
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indicating that the concentration of the SP ferrimagnetic minerals is
higher in S5S1 than in other paleosol units. The parameter χARM is
particularly sensitive to the concentration of single domain (SD) ferri-
magnetic grains (Thompson and Oldfield, 1986) and ranges from
45.10× 10−8 m3 kg−1 to 1197.83× 10−8 m3 kg−1, again having a si-
milar variation as the χlf and χfd (Fig. 3a and b). The maximum value is
1197.83× 10−8 m3 kg−1 in S5S1, much higher than in S2S1 (max.
813.60× 10−8 m3 kg−1), S3 (max. 860.70× 10−8 m3 kg−1) and S4
(max. 706.28×10−8 m3 kg−1) (Fig. 3c and Table 1). This indicates
that the concentration of the SD ferrimagnetic grains is the highest in
S5S1. As shown by the black dotted lines of Fig. 3a and c, after the CBD
extraction the samples exhibit a narrow range of χlf

(13.87×10−8 m3 kg−1 to 41.62× 10−8 m3 kg−1) and of χARM, which
is very close to the lithologic susceptibility. Comparison of the pre-CBD
and post-CBD χlf values provides further evidence that the pedogenic
signal is removed by CBD treatment and that the χARM of post-CBD
samples reflects the eolian magnetic mineralogy.

HIRM is generally used as a proxy for the concentrations of hematite
and goethite, but it is more sensitive to hematite, with low sensitivity to
goethite, mainly because goethite does not reach saturation under 7 T
magnetic fields (King and Channell, 1991; Maher et al., 2004; Liu et al.,
2007b; Nie et al., 2010). Compared with other proxies, HIRM has
higher-frequency variability, and a decreasing trend from bottom to top
(Fig. 3d). The fluctuation frequency of HIRM values was greater than
other magnetic parameters (from 30.20×10−5Am2kg−1 to
87.55× 10−5Am2kg−1), with the maximum value occurring in S5S1
(Fig. 3d and Table 1), indicating that the concentration of hematite is
higher in S5S1 than in other paleosol units.

3.2. Hematite and goethite

Hematite and goethite are common minerals in soil, and are pro-
ducts of silicate mineral weathering. Their distribution and concentra-
tion in soil are closely related to the climate and environment
(Schwertmann, 1971). The variations of hematite and goethite con-
centrations are consistent with the χlf and χfd values (Fig. 3a and b),
showing high values in the paleosol and low values in the loess (Fig. 3e
and f). In the S5S1 unit, the maximum goethite concentration is about
13.17 gkg-1 (Fig. 3f and Table 1), which is obviously higher than that of
other paleosol units, while the maximum hematite concentration is 7.65
gkg-1 and similar to 7.19 gkg-1 for S4 and 7.31 gkg-1 for S3 (Fig. 3e and
Table 1).

4. Discussion

Magnetic parameters (χlf, χfd, χARM) indicate a large number of fine-
grained ferrimagnetic minerals lead to S5S1 paleosol magnetic en-
hancement, which is stronger than that of the other paleosols
(Fig. 3a–c). While this magnetic enhancement may be as result of
prolonged period of pedogenesis because the average loess sedimenta-
tion rate of S5S1 was significantly lower than that of other paleosol

units at XF (Guo et al., 2009), similarly to Luochuan, Lingtai (Sun et al.,
2006b) and other profiles, a similar viewpoint has also been put for-
ward for the strongly developed paleosol V-S5 of Serbian loess
(Bronger, 2003; Marković et al., 2011), and the climate is in a relatively
cold interglacial which seems unlikely to produce a large number of
summer rainfall in theory (Yin et al., 2008). Meanwhile, the in-
vestigation of the S1 paleosol development has shown that deposition
rate of the soil in the central CLP is significantly lower than the soil
pedogenic rate (Feng and Wang, 2006). The loess can therefore develop
into mature soils in equilibrium with the local climate. While it can be
inferred that the S5S1 paleosol, the deposition rate of the soil is lower
than that of S1 paleosol, has developed into a soil that is in equilibrium
with the local climate, it is possible that the magnetic mineral com-
position, concentration and magnetic grain size of soil could change if
prolonged period of pedogenesis occurs after this equilibrium (Tramp
et al., 2004), which may lead to soil magnetic enhancement. Therefore,
we need to discuss the iron mineralogical properties of S5S1, which will
help us to understand the influence factors of magnetic enhancement.

As far as the grain size of magnetic minerals, the magnetic en-
hancement of paleosols was attributed to pedogenic produce the fine-
grained (SP + SD) maghemite (e.g., Zhou et al., 1990; Deng et al.,
2004; Liu et al., 2004). To infer the extent that the prolonged period of
S5S1 paleosol impacts the pedogenic produce grain size of magnetic
minerals, we use the ΔχARM/χfd ratio to reflect the variation in the
relative content of SD/SP grain sizes, where ΔχARM is calculated as Pre-
CBD χARM – Post-CBD χARM, which is as excluding the original eolian
magnetic mineralogy. However, compared with the increasing values of
χlf, the values of ΔχARM/χfd change very little (Fig. 4a). The ΔχARM/χfd

values for the S5S1 paleosol unit are very similar to those of other
paleosol units, indicating that the relative concentration of SD/SP
hardly any change with the increasing of magnetic susceptibility. This
signifies that the prolonged period of pedogenesis is not mainly factor
that impact the magnetic enhancement on S5S1 paleosol because pre-
vious researchers found that the grain size of maghemite increased with
time of duration in the laboratory from the initial values in the SP re-
gion to others in the SD region (Liu et al., 2008; Torrent et al., 2010),
which could lead to the variation in the relative content of SD/SP with
the increasing of the duration of pedogenesis, especially, for the pro-
longed period of pedogenesis.

The hematite is favored by high temperatures and a short period of
limited rainfall with the raid release of iron under neutral to slightly
acidic conditions, and it is sensitive to temperature (Schwertmann,
1971, 1983; Gao et al., 2018). As shown in Fig. 4b, there is a linear
positive correlation between the concentration of hematite and pedo-
genic magnetite, indicating that pedogenic magnetite and hematite
were formed simultaneously, while the S5S1 hematite concentration
reached a maximum value only slightly higher than those of S4 and S3
as shown in Fig. 3e and Table 1. Whereas goethite, which predominates
in soils that are cool, moist and rich in organic matter and forms di-
rectly from a variety of Fe source via source (Schwertmann, 1971,
1983), does not appear to be temperature sensitive and is favored by

Table 1
The comparison of magnetic parameters and hematite/goethite for typical paleosol units in XF
profile. The S5S1 paleosol unit is labeled in red.
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humid conditions. Kämpf and Schwertmann (1983) showed that the
proportion of hematite compared to goethite increases with increasing
mean annual air temperature, whereas the proportion of goethite in-
creases with increasing excess moisture, i.e., rainfall minus evapo-
transpiration. There is non-linear correlated with the pedogenic con-
centration of magnetite, the rate of goethite formation gradually
increased with pedogenic intensity; in particular, the pedogenic en-
vironment of the S5S1 paleosol was more favorable to goethite for-
mation than to hematite (Fig. 4c), at the same time, the maximum value
of the goethite concentration in the S5S1 paleosol unit was markedly
higher than those in the other paleosol units (Fig. 3f and Table 1), in-
dicating that the S5S1 paleosol pedogenic environment was extremely
humid.

In summary, the magnetic enhancement of S5S1 paleosol in the XF
profile is dominated by extremely humid environment rather than the
prolonged period of peodegenesis. This is in line with the finding based
on climate-soil combined models that the strong developed MIS-13 soil
is mainly due to the higher accumulated precipitation surplus during
this interglacial (Finke et al., 2017).

5. Conclusions

Magnetic enhancement of the S5S1 paleosol unit can be ascribed to
produce a large number of fine-grained ferrimagnetic minerals. The
prolonged period of pedogenesis is not mainly factor that impact the
magnetic enhancement on S5S1 paleosol. Changes in the ratio of
pedogenic hematite to goethite, and in magnetic enhancement, indicate
that the S5S1 paleosol unit developed under extremely humid condi-
tions. This extremely humid climate is a main cause that leads to the
extremely high magnetic susceptibility.
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