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S U M M A R Y
The Luonan Basin, located in the transitional zone between temperate and subtropical China,
is an important locality for human evolution during the early to middle Pleistocene. The loess
deposits in the Luonan Basin contain numerous in situ lithic artefacts; the deposits also consti-
tute suitable material for dating the artefacts and are potentially useful for reconstructing the
climatic fluctuations which is important for studying the adaptation and occupation of the area
by early humans. We carried out a combined rock magnetic and geochemical investigation
of a loess sequence from the Liuwan Palaeolithic site in the Luonan Basin. The results indi-
cate a mixture of magnetic minerals, including magnetite/maghemite and hematite/goethite.
Magnetic susceptibility was used as a palaeoclimate proxy on the Chinese Loess Plateau;
however, its application to the Luonan Basin may be problematic because the provenance of
the loess parent material, as well as the depositional environment, differs from that of the
Chinese Loess Plateau. We found that rock magnetic parameters related to the grain size of
magnetic minerals, such as SIRM/χ and χARM/SIRM, are better palaeoclimatic indicators
than magnetic susceptibility. Overall, the magnetic results, together with the results of bulk
grain-size and chemical index of alteration, indicate that the interglacial environment of early
humans in Luonan Basin was warmer and more humid than the coeval environment of the
Chinese Loess Plateau.
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1 I N T RO D U C T I O N

The Luonan Basin is an intermontane depression located in the
Qinling Mountains, central China. The series of mountains to
the north are approximately 2000 m (ABSL) high, and those to
the south range in elevation from 1300 to 1700 m (ABSL) (Fig. 1).
Over 10 000 lithic artefacts, including those from the surface as
well as in situ, have been excavated from the basin (Wang 2005;
Wang et al. 2005; Lu et al. 2011a). These findings indicate that
the Luonan Basin was an important area for hominin settlement
in the Old World after the initial expansion of early humans out
of Africa (Zhu et al. 2003; Norton & Bae 2008). Palaeomagnetic
and optically stimulated luminescence studies of the loess deposits,
which contain in situ stone tools in different layers, indicate that

hominins occupied this region repeatedly from 0.8–0.7 to 0.4–0.3
and from ∼0.2 to 0.1 Ma (Lu et al. 2007, 2011b). The loess deposits
in the Luonan Basin not only provide suitable material for dating
lithic artefacts but are also potentially useful for reconstructing the
climatic fluctuations which constitute an essential background for
studying the adaptation and occupation of the area by early humans.
However, although many palaeoclimatic records have been obtained
from the Chinese Loess Plateau (CLP) located to the north of the
Qinling Mountains, the palaeoenvironment of the Palaeolithic sites
in the Luonan Basin remains poorly resolved.

Magnetic measurements have been used successfully for recon-
structing the climatic and environmental evolution of the thick
loess deposits of the CLP, which are regarded as one of the
best environmental archives for the past 2.5 Ma (Heller & Liu
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Figure 1. Major geographical regions of China, the distribution of loess deposits, directions of the summer and winter monsoons, and sites referenced in the
text (LW: Liuwan) and mentioned (LC: Luochuan; DJP: Duanjiapo; SBC: Shangbaichuan; SZ: Shangzhou).

1982; Kukla et al. 1988; An 2000). On the CLP, the warm and
humid interglacial periods produced magnetically enhanced fos-
sil soils (palaeosols), characterized by higher values of mag-
netic susceptibility, which are intercalated with less intensively

weathered and more weakly magnetic loess layers correspond-
ing to cold, dry glacial periods. The fluctuations of the mag-
netic susceptibility of the loess-palaeosol sequences on the CLP
have been shown to co-vary significantly with the waxing and
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Table 1. Description for the stratigraphic units of the Liuwan section.

Description Interpretation

0.5–1.3 m: light brown (7.5YR 5/6), abundant worm and insect burrows, transitional upper and lower boundaries Loess (LI)
1.3–2.4 m: dull reddish brown (5YR 4/4), granular, occasional ferromanganese mottles and black charcoal. Palaeosol (SI)
2.4–2.8 m: light brown (7.5YR 5/6), occasional carbonate nodules (Ø 0–5 mm), sharp lower and upper boundaries Loess (LII)
2.8–3.6 m: dull reddish brown (5YR 4/4), granular, occasional ferromanganese mottles Palaeosol (SII)
3.6–4.0 m: light yellowish brown (10YR 6/6), occasional ferromanganese mottles, sharp lower and upper boundaries Loess (LIII)
4.0–5.8 m: reddish brown (5YR 4/6), granular, occasional ferromanganese cutans, occasional irregular greyish yellow (5Y 6/4)
aggregates

Palaeosol (SIII)
with weakly
gleyzation at the
base

5.8–6.0 m: light yellowish brown (10YR 6/6), little olive yellow (5GY 8/3) aggregates, sharp upper boundary and gradual lower
boundary

Weakly gleyic
loess (LIV)

6.0–7.0 m: dull reddish brown (5YR 4/4), granular, occasional greyish yellow (5Y 6/4) aggregates and ferromanganese cutans Weakly gleyic
palaeosol (SIV)

7.0–7.4 m: light brown (7.5YR 5/6), occasional irregular olive yellow (5GY 8/3) aggregates (Ø 0–3 cm) and numerous
ferromanganese mottles, transitional upper and lower boundaries

Gleyic loess (LV)

7.4–8.2 m: reddish brown (5YR 4/6), granular, occasional irregular olive yellow (5GY 8/3) aggregates (Ø 0–3 cm), numerous
ferromanganese mottles

Gleyic palaeosol
(SV)

8.2–9.4 m: light brown (7.5YR 5/6), numerous irregular olive yellow (5GY 8/3) aggregates (Ø 0–3 cm) and ferromanganese
mottles and cutans, especially at the base, transitional upper and lower boundaries

Gleyic loess (LVI)

9.4–9.9 m: reddish brown (5YR 4/6), granular, occasional irregular olive yellow (5GY 8/3) aggregates (Ø 0–3 cm)and black
ferromanganese cutans

Gleyic palaeosol
(SVI)

9.9–11.8 m: light brown (5YR 4/6), numerous irregular olive yellow (5GY 8/3) aggregates (Ø 0–3 cm) and ferromanganese
cutans, transitional upper boundary and sharp lower boundary with the underlain poorly sorted alluvial gravel layer.

Gleyic loess (LVII)

waning of the East Asian monsoon circulation (An 2000; Maher
& Hu 2006).

Loess deposits in South China, designated the Xiashu Loess,
are mainly distributed in the middle and lower reaches of the
Yangtze River. The Xiashu Loess is also characterized by clear
loess-palaeosol alternations (Li & Yang 1999; Zheng 1999; Qiao
et al. 2003; Zhang et al. 2007); however, the deposits exhibit a more
complex linkage between magnetic parameters (e.g. magnetic sus-
ceptibility) and palaeoclimate. Zhang et al. (2007) suggested that the
magnetic susceptibility record of the Xiashu loess does not clearly
reflect pedogenic intensity. In addition, Hu et al. (2009) suggested
that the magnetic susceptibility record of eolian deposits in subtrop-
ical China are significantly affected by post-depositional hydromor-
phic processes, and thus can’t be used to reconstruct palaeoclimatic
variations.

The Luonan Basin is located at the geographical boundary be-
tween temperate and subtropical China and therefore the loess de-
posits of the region potentially have different magnetic properties to
those both of the CLP and South China. The nature of any linkages
between loess magnetic properties and the climate of the region is
unknown. Here, we present the results of a combined magnetic and
geochemical investigation of a loess-palaeosol profile in the Luo-
nan Basin, designated the Liuwan section, in order to assess possible
magnetic-palaeoclimate linkages and to assess their implications for
early human occupation.

2 G E O L O G I C A L S E T T I N G A N D
S A M P L I N G

The Luonan Basin is located in a region with a warm, semi-humid
climate. The mean annual temperature is 11.1 ◦C and the mean
annual precipitation is 754.8 mm. The South Luohe River and the
Danjiang River are the main river systems in the area (Fig. 1).
Loess deposits, with a thickness ranging from 2 to 25 m, are mainly
distributed on the river terraces, or mantled on the flat piedmont
slopes (Zhang et al. 2012). Using a combination of pedostratigraphy,

magnetostratigraphy and optically stimulated luminescence (OSL)
dating, Lu et al. (2007, 2011a) established a chronological frame-
work for the loess-palaeosol sequences in the area and suggested
that the loess started accumulating at least 1.1 Ma.

The Liuwan loess profile (38◦08′37′ N, 110◦08′13′ E, 948 m
ABSL) lies on the terrace of South Luohe river and is regularly
excavated for clay by brick factory workers. More than hundred
artefacts discarded on the quarry floor during clay removal, and
about hundred in situ artefacts have been identified in different
layers (Shaanxi Provincial Institute of Archaeology Cultural Relics
Administrative Committee of Shangluo District 2007; Lu et al.
2007, 2011b). Field investigations indicated that the studied profile
is representative in the Luonan Basin.

The base of the investigated profile is an alluvial layer (11.8–
13 m) characterized by poorly sorted sand and gravel, and the top
(0–0.5 m) consists of reworked modern soil. The central 11.3-m-
thick (0.5–11.8 m) section, containing 13 units recognized on the
basis of lithological and pedological characteristics (Table 1), can
be further divided into two subsequences (Fig. 2): (1) Subsequence
I (0.5–7.0 m) is characterized by relatively thicker palaeosol layers
with respect to loess layers and clear loess-palaeosol boundaries. It
comprises 4 loess layers (LI, LII, LIII, LIV) and 4 palaeosol layers (SI,
SII, SIII, SIV), and weakly gleyic feature are present in the lower part
of this subsequence (the base of SIII, LIV, SIV). (2) Subsequence II
(7.0–11.8 m) is characterized by a transitional boundary and hydro-
morphic properties and consists of 3 loess layers (LV, LVI, LVII) and
2 intervening palaeosols (SV, SVI). Previous OSL dating has pro-
vided an age control for the Liuwan loess-palaeosol sequence. OSL
dates for the depths of 80, 140, 320 and 420 cm are 146.4 ± 12.3,
137.0 ± 13.4, 151.6 ± 4.9 and 202.2 ± 6.9 ka, respectively (Lu
et al. 2007). Based on their stratigraphic position and the OSL
chronology, we assume that the magnetic susceptibility peaks in
subsequence I of the Liuwan section correspond to palaeosols S1–
S5 of the standard Luochuan loess-palaeosol sequence on the CLP
(Fig. 3). However, the clarity of the magnetic susceptibility stratig-
raphy is affected by welding and pedogenic overprinting because
of the lower sedimentation rate and intensive pedogenesis. A total
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Figure 2. Liuwan loess section (a), lithic artefacts from the loess deposits (b) and irregular olive yellow aggregates, ferromanganese mottles and cutans in
subsequence II (c).

Figure 3. Pedostratigraphy (a), magnetic susceptibility (b) and their comparison with the Luochuan loess sequence (c) in the central Chinese Loess Plateau
(Bloemendal & Liu 2005). Solid diamonds, triangles and circles are the locations of samples collected for high-temperature magnetic susceptibility and
hysteresis loop measurements and OSL analyses.
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of 113 samples at a 10-cm-interval from the central 11.3-m-thick
section were used in this study.

3 M E T H O D S

3.1 Magnetic measurements

The samples were oven-dried at a temperature of 40 ◦C and then gen-
tly disaggregated by hand and placed into weakly magnetic plastic
boxes of 10.8 cm3 volume. Sample masses ranged between 7.9 and
8.1 g. Mass-specific magnetic susceptibility was determined using
an MS2 Bartington susceptibility meter with a B sensor at frequen-
cies of 470 Hz (χLF) and 4700 Hz (χHF). Frequency-dependent
magnetic susceptibility (χFD) was calculated as χLF-χHF. The high-
temperature magnetic susceptibility, between room temperature and
700 ◦C (χ -T), of selected samples was measured using a KLY-3 Kap-
pabridge with a CS-3 high-temperature furnace (Agico Ltd. Brno)
in an argon atmosphere.

ARM was imparted in a 0.05 mT DC field superimposed on a
peak AF (alternating field) demagnetizing field of 100 mT using a
DTECH 2000 AF demagnetizer, and is expressed as susceptibility
of ARM (χARM). Isothermal remanent magnetization (IRM) was
imparted in a 1 T DC field, followed by the application of a back-
field of 300 mT; hereafter these measurements are termed SIRM and
IRM−300 mT, respectively. An S-ratio was calculated from the back-
field data as: S−ratio = −IRM−300mT/SIRM, and ‘hard’ isothermal
remanent magnetization (HIRM) was calculated as: HIRM = 0.5 ×
(SIRM + IRM−300 mT) (Robinson 1986; Bloemendal et al. 1992).
Hysteresis parameters of selected samples were measured using a
Variable Field Translational Balance (VFTB) with a maximum field
of ±1 T. Saturation magnetization (Ms), saturation remanence (Mrs)
and coercivity (Bc) were determined after correction for the param-
agnetic contribution identified from the slope of the magnetization
curve at high fields. Subsequently, coercivity of remanence (Bcr)
was obtained by SIRM demagnetization using the VFTB.

3.2 Geochemical and particle-size measurements

After eolian dust is deposited, varying degrees of decalcification
during pedogenesis can cause the calcium carbonate content to
vary significantly with depth. Carbonate was removed by grinding
the samples with an agate mortar, followed by acid leaching using
1 mol L−1 acetic acid (HAc). This allowed to eliminate the influence
of variations in carbonate concentrate on element concentrations
(Liang et al. 2009; Yang et al. 2009). The concentrations of major
elements were measured using an X-ray fluorescence spectrometer
(XRF-1800). The chemical index of alteration (CIA) was calculated
as CIA = [Al2O3/(Al2O3 + CaO∗ + Na2O + K2O)] × 100 (molar
ratio), where CaO∗ represents the amount of CaO in the silicate
fraction of the sample (Nesbitt & Young 1982).

The particle grain size was measured using a Malvern Mastersizer
2000 after pretreatment with hydrogen peroxide (H2O2) to remove
organic matter, with hydrochloric acid (HCl) to remove carbonates
and finally with sodium hexametaphosphate ((NaPO3)6) to facilitate
dispersion (Lu & An 1998).

4 R E S U LT S

4.1 Magnetic mineralogy

Magnetic mineral assemblages and their variation within loess-
palaeosol sequences can provide palaeoclimatic information. The
measurement of the variation of magnetic susceptibility between

Figure 4. Results of high-temperature magnetic susceptibility measure-
ments (χ -T heating curves) of selected samples from the Liuwan section.

room-temperature and 700 ◦C (χ -T) can provide information
about magnetic mineralogy by observation of Curie temperatures,
transition temperatures and mineralogical changes during thermal
treatment (Dunlop & Özdemir 1997; Liu et al. 2005). Typical plots
of χ -T of samples from the Liuwan section are shown in Fig. 4. A
significant increase in magnetic susceptibility after thermal treat-
ment (not shown here) was observed for all samples and may re-
sulted from the neo-formation of strongly magnetic phases of Fe-
bearing aeolian minerals (Hunt et al. 1995). A steady increase of
susceptibility below ∼200 ◦C, due to the temperature dependence
of single domain particles, is observed for samples from 1.65 and
5.45 m, but not in the case of samples from 5.75, 7.45 and 9.25 m.
This suggests that the concentration of fine-grained ferrimagnetic
particles in the water-logged layers is too low to affect the observed
thermomagnetic behavior. The decrease between 300 ◦C and 450 ◦C
observed in all samples from subsection I indicates the presence
of maghemite which is widely reported in loess-palaeosol sam-
ples from the CLP (e.g. Florindo et al. 1999; Liu et al. 2005; Liu
et al. 2007a). The rise in the heating curves at about 300 ◦C for
samples from 1.65, 3.75, 5.45, 5.75 and 9.25 m possibly indicates
the transformation of weakly magnetic Fe-hydroxides (e.g. lepi-
docrocite and goethite) to maghemite (Oches & Banerjee 1996;
Özdemir & Dunlop 2000). All of the selected samples are charac-
terized by a major decrease near 585 ◦C, suggesting the presence of
nearly stoichiometric magnetite. The gradual decrease from inter-
mediate temperatures to the Curie temperature of magnetite is likely
also caused by the transformation of fine-grained particles from
single domain to superparamagnetic behavior besides maghemite
destruction.

The S-ratio is indicative of the proportion of high coercivity
minerals (i.e. hematite and goethite) relative to lower coercivity
minerals (i.e. magnetite and maghemite) in the total magnetic min-
eral assemblage (King & Channell 1991; Verosub & Roberts 1995).
The S-ratio values of the Liuwan section (Fig. 5g) range from 0.38
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Figure 5. Lithology (a), mineral magnetic properties (b–i), per cent sediment grain-size <2 µm and >32 µm, respectively (j, k); Chemical Index of Alteration
(l) and TiO2/Al2O3 (m) ratio for the Liuwan section.

Figure 6. Hysteresis loops (after slope correction for the paramagnetic contribution) for selected samples from the Liuwan section. The loops were measured
in fields up to ±1.0 T; however, for clarity the maximum field strength plotted is ±500 mT. Each unit of the abscissa axis represents 100 mT.

to 0.94 (mean of 0.80). These values indicate a strong dominance
of hematite/goethite over magnetite/maghemite especially in the
subsequence II as equal portions of magnetite and hematite will
yield an S-ratio of ca. 0.98. Further evidence of the presence of
imperfect antiferromagnetic minerals is provided by the hysteresis
loops (Fig. 6). Almost all the samples exhibit wasp-waisted loops.
The open nature of the loops up to fields of 500 mT in the case of
samples at 3.75, 5.85, 7.45, 9.25 and 9.95 m, especially in the case
of samples with lower S-ratio values in subsequence II, clearly in-
dicates the significant contribution of high-coercivity phases (Deng

et al. 2004, 2006; Liu et al. 2008). These features also support the
view that a mixture of both high coercivity and low coercivity com-
ponents is present in the Liuwan loess deposits (Tauxe et al. 1996;
Fukuma & Torii 1998; Wang et al. 2008).

4.2 Magnetic mineral concentration

Subsequence I exhibits higher χ , SIRM and χARM values (Figs 5b,d
and e) than subsequence II. Values of χ range from 16.6–194.6 ×
10−8 m3 kg−1 (mean of 95.0 × 10−8 m3 kg−1). Other magnetic
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Figure 7. Scatter plot of SIRM/χ and χARM/SIRM (a), >32 µm (per cent) and <2 µm (per cent) sediment rain-size fraction (b) for loess samples from the
Liuwan section (black circles) and the Luochuan section in the central Chinese Loess Plateau (grey circles).

concentration parameters, that is, SIRM and χARM, range from
0.93–14.1 × 10−3 Am2 kg−1 (mean of 6.98 × 10−3 Am2 kg−1)
and 58.2–1322.0 × 10−8 m3 kg−1 (mean of 578.6 × 10−8 m3 kg−1),
respectively. These relatively higher χ , SIRM and χARM values,
together with the higher S-ratio values, indicate a higher concen-
tration of ferrimagnetic mineral phases in this subsequence. Values
of χFD, which reflects the presence of fine viscous grains close to
the SP/SD boundary, range from 0.81–22 × 10−8 m3 kg−1 (mean of
10.5 × 10−8 m3 kg−1) (Fig. 5c). Overall these data indicate a higher
concentration of magnetite/maghemite in the SP/SD domain state
range in Subsequence I.

Compared to lithological subsequence I, the χ , χFD, χARM and
SIRM values of subsequence II exhibit relatively lower values and
low-amplitude fluctuations (Figs 5b–e). χ , χFD, χARM and SIRM
range from 8.1–48.6 × 10−8 m3 kg−1 (mean of 23.6 × 10−8 m3

kg−1), 0–3.7 × 10−8 m3 kg−1 (mean of 1.3 × 10−8 m3 kg−1),
18.4–258.1 × 10−8 m3 kg−1 (mean of 116 × 10−8 m3 kg−1) and
0.3–5.2 × 10−3 Am2 kg−1 (mean of 2.3 × 10−3 Am2 kg−1), respec-
tively. These data, together with the relatively lower S-ratio val-
ues, indicate relatively lower concentrations of both total ferrimag-
netic minerals and fine-grained ferrimagnetic components in this
subsequence.

HIRM provides a rough estimate of the concentration of im-
perfect antiferromagnetic minerals (Thompson & Oldfield 1986;
King & Channell 1991; Deng et al. 2006). Values of HIRM range
from 0.2–0.5 × 10−3 Am2 kg−1 (mean of 0.3 × 10−3 Am2 kg−1)
and 0.1–0.4 × 10−3 Am2 kg−1 (mean of 0.3 × 10−3 Am2 kg−1)
in subsequences I and II, respectively (Fig. 5f). The small dif-
ference in HIRM suggests that the lower S-ratio values of sub-
sequence II are mainly resulted from a lower concentration of
ferrimagnetic minerals.

4.3 Magnetic grain size

Interparametric ratios such as χARM/SIRM and SIRM/χ can be
used to detect variations in ferrimagnetic grain size (Verosub
& Roberts 1995; Evans & Heller 2003; Deng et al. 2008).

Pedogenesis results in the production of fine-grained SP/SD par-
ticles while detrital magnetic minerals have a coarser grain size.
Alternation in the relative concentration of pedogenic fine-grained
SP and SD grains leads to variations in the grain-size distribution
of the ferrimagnetic particles (Geiss et al. 2004). The ratio SIRM/χ
depends on magnetic grain size and the contribution of SP parti-
cles, and it is also affected by paramagnetic phases. χARM/SIRM is
commonly used as a grain-size indicator of ferrimagnetic minerals,
peaking in the SD range and decreasing with increasing grain size
(Maher & Taylor 1988); thus χARM/SIRM may be a more reliable
indicator of ferrimagnetic grain size. Subsequence I exhibits rela-
tively higher χARM/SIRM and lower SIRM/χ ratios (Figs 5h and
i) compared to subsequence II. An overall inverse relationship be-
tween the two parameters is also confirmed by a cross plot of the two
parameters (Fig. 7a), which shows that the samples of subsequence I
are enriched in both SP (lower SIRM/χ due to SP contributions to χ )
and SD particles (higher χARM/SIRM due to SD contributions
to ARM).

4.4 Geochemistry and sediment grain-size distribution

The CIA is widely used to evaluate the degree of chemical weather-
ing of terrestrial sediments, with higher CIA values corresponding
to higher weathering intensity in the loess deposits of the CLP
(Gallet et al. 1996, 1998; Yang et al. 2006). In the Liuwan section,
the CIA range from 67.8–72.3 (mean of 70.1) and 68.7–76.8 (mean
of 71.2) in subsequences I and II, respectively (Fig. 5l). These values
are higher than those previously reported in the Luochuan section,
which range from 62.5–69.5 (mean of 65.5) (Chen et al. 2001),
suggesting relatively stronger pedogenesis in the Liuwan section.

Al and Ti have the lowest solubility in natural water of all ma-
jor elements (Sugitani et al. 1996). The TiO2/Al2O3 ratio is very
useful in provenance identification for various sediments (Sheldon
& Tabor 2009; Hao et al. 2010) because the Ti content may be
quite variable among different rock types, even when the Al content
remains relatively constant (Li 2000). The TiO2/Al2O3 ratio of the
Liuwan loess (Fig. 5m) is lower compared to the loess deposits in
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Figure 8. Variations of (a) SIRM/χ , (b) χARM/SIRM versus CIA for the Liuwan loess deposits. Note that samples from lithological subsequences I (black
circles) and II (grey circles) of the section fall into two distinct groups.

south China (Li et al. 1999; Hao et al. 2012) and higher compared
to the loess deposits of the CLP (Gallet et al. 1996; Liang et al.
2009).

Grain-size variations of loess-palaeosol sequences on the CLP are
indicators of the transport capacity of the winds, and the depositional
environment (Ding et al. 1994; Porter et al. 2001). The fine fraction
exhibits a roughly similar pattern of variation to the CIA, and the
coarse fraction exhibits an inverse pattern to the CIA (Figs 5j,k
and l). Both fine and coarse fractions exhibit lower amplitudes of
variation compared to the CLP (Porter & An 1995; Liu & Ding
1998; Liu et al. 1999a).

5 D I S C U S S I O N

5.1 Role of water-logging for the magnetic properties of
lithological subsequence II

The sediments of subsequence II are similar to subsequence I with
regard to bulk grain-size distribution and REE distribution (Zhang
et al. 2012). However, our results indicate that the values of χ ,
SIRM, χFD and χARM of subsequence II (7–11.8 m), are low and
uniform compared to subsequence I. There are two possible ex-
planations for this finding: (1) change of the eolian composition
due to a different source; and (2) post-depositional dissolution or
transformation of ferrimagnetic phases.

The parent material of the loess deposits of the Luonan basin is
derived from two sources: one source is the local clastic deposits
produced from the weathered bedrock of the proximal orogenic belt
and adjacent alluvial/fluvial sediments; the other source is from the
deserts, piedmont alluvial fans and dryland areas in northern and
northwestern China (Zhang et al. 2012). However, we argue that the
fluctuation in the relative input of the two sources of parent material
is an unlikely explanation for two reasons. First, the TiO2/Al2O3

ratio, which is widely used in provenance identification for various
sediments, exhibits no abrupt shift between subsequence I and II.
Second, Sr-Nd isotopic composition, long considered as a useful
indicator of dust provenance, also suggests that the parent material
of the subsequences I and II is homogeneous (Zhang et al. 2012).

With regard to dissolution or transformation of ferrimagnetic
phases, the presence of olive yellow (5GY 8/3) aggregates in
subsequence II, found by field investigation, provides strong evi-
dence of water-logging and the occurrence of redoxomorphic pro-
cesses. The post-depositional alteration of magnetic properties as-
sociated with water-logging has been reported in loess deposits in
Alaska (Liu et al. 2001), Argentina (Orgeira et al. 2003.), Siberia
(Matasova et al. 2001), Germany (Terhorst et al. 2001; Baumgart
et al. 2013; Taylor et al. 2014) and also in the southern CLP (Guo
et al. 2013). Fe3+ is reduced to Fe2+ under anoxic conditions, and
soluble Fe2+, upon the return of oxic conditions, would be available
for in situ mineralization of new iron oxides, favouring the forma-
tion of Fe3+ oxides and oxyhydroxides (Liu et al. 1999b; Taylor
et al. 2014). It is postulated that fine-grained magnetite/maghemite
is preferentially removed with respect to the coarser grains in water-
saturated zones that are subjected to reducing conditions, leading to
coarser-grained magnetic mineral signatures in parts of the altered
horizons. More intensive and prolonged dissolution may gradually
reduce the grain size of the remaining coarse-grained magnetic
phases (Ao et al. 2010; Taylor et al. 2014). The results would
be a reduction in the concentration of ferrimagnetic particles, de-
pletion of the fine-grained fraction including superparamagnetic
grains, and an increase in the magnetic ‘hardness’ of the altered
horizon.

Figs 8(a) and (b) illustrate plots of SIRM/χ and χARM/SIRM
versus the CIA (i.e. pedogenic intensity). The samples from subse-
quence II exhibit significantly higher values of SIRM/χ and lower
values of χARM/SIRM than those from subsequence I with respect
to similar values of CIA. The relatively higher SIRM/χ ratios of
subsequence II can be attributed to the relatively lower χ values due
to loss of SP particles and the relatively lower χARM/SIRM ratios
can be attributed to relatively lower χARM values due to loss of SD
magnetic particles in reduction conditions. The increased magnetic
‘hardness’ (Fig. 5g) also suggests the dissolution of ferrimagnetic
particles in subsequence II, enhancing the relative contribution of
hematite and goethite. All of the aforementioned evidence indicates
alteration induced by water-logging as the primary control of the
observed magnetic properties in subsequence II.
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5.2 Palaeoclimate proxies and pedogenic overprinting

Detailed magnetic studies of the loess-palaeosol sequences on the
CLP suggest that pedogenic processes may favour the formation
of SP/SD magnetite/maghemite (Banerjee & Hant 1993; Liu et al.
2007a). Warmer and wetter interglacial periods promoted intensive
pedogenesis and formation of higher volume of ferrimagnetic (FM)
particles in the soils (Zhou et al. 1990; Maher & Thompson 1999).
Our rock-magnetic investigation indicate that the palaeosol layers
in subsection I of the studied section exhibit higher values of both
χ and χFD with respect to the intervening loess layers (Figs 3b and
5b,c). It seems that pedogenesis, which is well documented in the
CLP (Zhou et al. 1990; Maher 1998; Deng et al. 2004; Liu et al.
2007a), also plays an important role in driving the variations of the
magnetic properties in subsequence I of the Liuwan loess section.

Magnetic-concentration-related parameters such as χ are signif-
icantly affected by the soil parent material which limits their appli-
cation in large-scale regions (Blundell et al. 2009). If the modern
atmospheric circulation patterns remained the same during the past
600 ka (Hao & Guo 2005), the Liuwan section, located at the warmer
and wetter end of a NW-SE gradient of summer monsoon climate
(Fig. 1), should have higher χ values, based on the precipitation and
susceptibility patterns observed on the CLP. The maximum χ val-
ues of the Liuwan section (194.6 × 10−8 m3 kg−1), Shangbaichuan
section (161.7 × 10−8 m3 kg−1) (Zhao et al. 2008) and Shangzhou
section (130 × 10−8 m3 kg−1; Lei 1999) in the study area are lower
than those for Luochuan (259 × 10−8 m3 kg−1) and Duanjiapo (344
× 10−8 m3 kg−1) in the central and southern CLP (Bloemendal
& Liu 2005; Bloemendal et al. 2008). The existence of multiple
sediment sources may be problematic for the application of transfer
functions developed from the CLP to palaeoclimatic reconstruction
in the study area. Thus, the use of magnetic properties as a proxy
for reconstructing palaeoprecipitation in the area is tenuous.

Pedogenesis results in the production of fine-grained SP/SD par-
ticles while detrital magnetic minerals have a coarser grain size (Liu
et al. 2007b). Changes in the relative concentration of pedogenic
fine-grained SP and SD grains leads to variations in the grain-size
distribution of the ferrimagnetic particles (Geiss et al. 2004). The
original χARM/SIRM value of the loess parent material is modu-
lated by the pedogenic SD particles and thus χARM/SIRM can be
used as a palaeoclimate proxy if the pedogenic magnetic miner-
als are similar throughout the study region (Geiss et al. 2008).
In subsequence I, χARM/SIRM is positively correlated with the
CIA (r2 = 0.55) due to the pedogenic SD fraction and SIRM/χ
is negatively correlated with the CIA (r22 = 0.69) due to the pe-
dogenic SP fraction having a high χ value (Fig. 8). Thus the mag-
netic ratios can be linked to weathering intensity which reflects
climate conditions.

Caution is also needed in using grain-size-related parameters
as proxies to reconstruct palaeoclimate in the loess layers in the
study area. The winter monsoon brought more aeolian dust into the
CLP, resulting in a higher sediment accumulation rate and thicker
loess/palaeosol layers (Ding et al. 1994; Liu & Ding 1998). At
the Luochuan section in the central CLP, the thickness from L1
to S5 is 40.6 m (Kukla et al. 1988); in contrast, the thickness
of the same interval at Liuwan section, assuming that the strati-
graphic correlation in Fig. 3 is credible, is only 7.0 m. This indi-
cates that the sediment accumulation rate was significantly lower,
especially during interglacial periods with a weakened winter mon-
soon. Fine-grained magnetic particles will likely also affect a large
portion of the underlying glacial sediments (loess layers) where
interglacial sediments (palaeosol layers) are relatively thin and in-

sufficiently thick to isolate the underlying loess from the effects
of pedogenesis that is active on the new land surface. The fine-
grained magnetic particles of pedogenic origin formed during sub-
sequent interglacial periods in the underlying loess layer would
lead to lower SIRM/χ and higher χARM/SIRM ratios with respect
to the initial state formed in the glacial period, thus tending to
erase the signal of the cold, dry climatic phases. What is more,
it is suggested that not only the entire loess layer but also the
previous formed palaeosol layer below may be afftected by pedo-
genic overprinting considering the thin loess layers in subsequence I
(Table 1, Fig. 2).

5.3 Palaeoenvironmental implications for early humans

The rock-magnetic and field investigations resulted in the division of
the Liuwan sequences into two subsequences: subsequence I, with
higher values and fluctuations of magnetic concentration parame-
ters; and subsequence II, characterized by low and uniform values
of magnetic concentration parameters and olive yellow (5GY 8/3)
aggregates indicating water-logging and redoxomorphic processes.
Similar cases are also reported at Shangbaichuan (Zhao et al. 2008),
and Qiaojiayao (Lu et al. 2011a) in the study area. Overall, the mag-
netic, grain-size and geochemical records reflect major aspects of
the palaeoenvironment of the area.

The eastern Qingling Mountains experienced a phased uplift pro-
cess since the middle Pleistocene, forming a series of river ter-
races (Xue et al. 2004; Pang et al. 2015). The loess deposits in the
Liuwan sequences began to accumulate on the flood plain after the
tectonic uplift which formed the terrace underlying subsequence II.
However, sediment accumulation and ongoing pedogenic processes
were frequently affected by flooding. Temporary water-saturated
conditions related to flooding may have caused the destruction of
fine-grained magnetic particles and increased the magnetic ‘hard-
ness’, as discussed in Section 5.1. This process continued during
two glacial/interglacial cycles (LVII, SVI, LVI, SV, LV) and be-
came less frequent till the formation of the base of subsequence I
(LV, SVI).

The stagnic and gleyic features disappear in the upper loess de-
posits due to aggradation and/or progressing uplift of the Qingling
Mountains, and thus neoformation of magnetic minerals began to
play an important role in driving the variations of the magnetic prop-
erties in subsequence I. As discussed in Section 5.2, the SIRM/χ
and χARM/SIRM values may reflect weathering intensity and there-
fore climate conditions in subsequence I. However, pedogenic over-
printing may be a significant problem for climatic reconstruction
within the loess layers. The coarse-grained sediment fraction can
be used as a proxy index of East Asian winter monsoon strength,
while the fine fraction reflects pedogenesis (Liu & Ding 1998; Lu
& An 1998). The lower percentage of the coarse fraction (>32 µm)
content and the higher percentage of the fine fraction (<2 µm) con-
tent, and the higher CIA values, indicate warmer and more humid
interglacials in the study area compared to Luochuan in the central
CLP (Fig. 7b). C3 (woody) plants may have dominated the veg-
etation which consisted of a mixture C3 and C4 plants (grasses),
as suggested by carbon isotope results (Zhang et al. 2009). In ad-
dition, it may be significant that Palaeolithic stone artefacts have
been discovered in both loess and palaeosol horizons, suggesting
that an environment favourable for humans occurred during both
glacials and interglacials. The SIRM/χ and χARM/SIRM values of
the Liuwan section compared with those from the Luochuan section
(Fig. 7a) obviously well represent these warmer and more humid
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climate conditions, most likely better than the magnetic concentra-
tion values.

6 C O N C LU S I O N S

Loess/palaeosol sequences from the Eastern Qingling Mountains
provide a suitable archive for the study of the environment of early
humans. The results of rock magnetic, geochemical and grain-size
measurements of the Liuwan loess sequences lead to following
conclusions:

(1) The magnetic mineral assemblage is composed of mag-
netite/maghemite and hematite/goethite. Magnetite/maghemite
makes a major contribution to the magnetic properties in sub-
sequence I, whereas the S-ratio indicates a strong dominance of
hematite/goethite over magnetite/maghemite in subsequence II.

(2) The weak magnetic properties of subsequence II are associ-
ated with waterlogging-induced redoxomorphic processes. Subse-
quent to the formation of the underlying terrace, flooding may have
played an important role in determining the magnetic properties of
this subsequence.

(3) Magnetic susceptibility is widely used as a proxy for palaeo-
precipitation in the CLP; however, we suggest that it is not appro-
priate to use it in the study area. The interparametric ratios such
as SIRM/χ and χARM/SIRM are potentially better indicators of
palaeoclimate, and we surmise that the values and amplitude of
variation of these ratios, together with the bulk grain-size and CIA
values, point to a relatively warm, humid interglacial period which
was more favourable for early man than coeval environments of the
CLP.
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