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S U M M A R Y
Here, we report an increased cooling coupled with an intensified aridification for the Xiantai
fluvio-lacustrine sequence of Pleistocene age (1.9–0.1 Ma) in the Nihewan Basin (North
China), known for the occurrence of several hominin sites. The cooling is related to an
up-section decrease in propensity to chemical weathering as inferred from an increase in low-
field susceptibility after cycling to 700 ◦C. Close to 700 ◦C, reacting chlorite is providing the
iron source for newly formed very fine-grained ferrimagnetic minerals which enhances the
susceptibility signal. The reactivity of chlorite after annealing at temperatures above 600 ◦C
is documented with X-ray diffraction and the up-section decrease in propensity to chemical
weathering is confirmed by the up-section declining illite/chlorite ratios and increasing chlorite
and illite contents based on X-ray diffraction analysis on selected samples.

Key words: Environmental magnetism; Magnetic mineralogy and petrology; Rock and
mineral magnetism; Asia.

1 I N T RO D U C T I O N

The recent years have witnessed a considerable progress in the
palaemagnetic dating of the stratigraphy in the Nihewan Basin
(North China), which is famous for its well-developed late Cenozoic
strata that are rich in Palaelithic sites and mammalian faunas of the
early Pleistocene (Teilhard de Chardin & Piveteau 1930; Qiu 2000;
Zhu et al. 2003, 2007; Deng et al. 2008). The mammalian fossils
contained in this sedimentary sequence, known as the Nihewan fau-
nas, traditionally correspond to the Villafranchian fauna in Europe
(Teilhard de Chardin & Piveteau 1930; Qiu 2000). The improved
age frame led to a better understanding of a series of important is-
sues, such as early human occupation in the Old World, the infilling
history of the Nihewan Basin, and the chronological sequence of the
Nihewan faunas (Løvlie et al. 2001; Zhu et al. 2001, 2003, 2004,
2007; Wang et al. 2004, 2005, 2008; Deng et al. 2006a, 2007, 2008;
Li et al. 2008).

Most hominin or Palaelithic sites in China from the early Pleis-
tocene are found in the Nihewan Basin (around 40◦N). These in-
clude the sites of Majuangou (1.55 − 1.66 Ma) (Zhu et al. 2004),
Xiaochangliang (1.36 Ma) (Zhu et al. 2001), Xiantai (1.36 Ma)
(Deng et al. 2006a), Banshan (1.32 Ma) (Zhu et al. 2004), Feiliang
(1.2 Ma) (Deng et al. 2007), Donggutuo (1.1 Ma) (Wang et al. 2005),
Cenjiawan (1.1 Ma) (Wang et al. 2006) and Maliang (0.78 Ma)
(Wang et al. 2005). As a result, the plethora of early Pleistocene
Palaelithic sites in the basin provides an excellent opportunity to

explore early human adaptability to high northern latitude (around
40◦N) East Asia (Zhu et al. 2001, 2004; Deng et al. 2006a, 2007).
However, little is known about the long-term palaeclimatic records
retrieved from the Nihewan sedimentary sequences bearing these
Palaelithic sites.

Magnetic parameters are often determined rather quickly and
can be evaluated from almost all rocks. Environmental Magnetism
utilizes variations in a set of magnetic properties to reconstruct
palaeenvironmental conditions (Verosub & Roberts 1995; Evans &
Heller 2003). Like magnetic minerals clay minerals such as chlo-
rite and illite may contain relevant palaeenvironmental information
(Righi et al. 1995; Kalm et al. 1996). In recent years, magnetic and
clay minerals have been successfully employed to trace the palaeen-
vironmental variations recorded in the Chinese loess-palaesol se-
quences and in marine sediments (Heller & Evans 1995; Verosub
& Roberts 1995; Kalm et al. 1996; Sagnotti et al. 1998; Deng et al.
2005, 2006b; Wan et al. 2006, 2007; Liu et al. 2007). However, the
palaeenvironmental significance of these minerals in the Nihewan
fluvio-lacustrine sediments has not been systematically investigated
yet.

In this study, we present a detailed rock magnetic and clay min-
eralogical investigation on the Xiantai fluvio-lacustrine sequence
in the Nihewan Basin, which contains the Xiantai (also named
Dachangliang) stone artefact layer (Pei 2002; Deng et al. 2006a).
Based on the rock magnetic properties and clay mineralogy of
the sediments, we generate a series of independent proxies for
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2 H. Ao et al.

Figure 1. Schematic map of the Nihewan Basin and the Xiantai section (modified from Deng et al. 2006a). The Yellow River and Yangtze River are the major
river systems in north and south China, respectively. The east–west trending Qinling Mountains are the traditional dividing line between temperate northern
China and subtropical southern China. The arrows show the summer or winter monsoon directions.

Pleistocene palaeclimatic changes in this basin. Comparing our
results with data from this basin and the Chinese Loess Plateau, we
aim to reconstruct the Pleistocene environmental evolution in this
area.

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 Nihewan Basin is an inland basin between the North China
Plain and the Inner Mongolian Plateau (Fig. 1a). Extensive sedi-
mentary exposures consisting of well-developed fluvio-lacustrine
sediments of late Cenozoic age are found along the SW–NE trend-
ing Sanggan River (Fig. 1b). This fluvio-lacustrine sequence in the
basin is capped by the Holocene soil (S0) and/or the last glacial
loess (L1) and/or the last interglacial soil (S1) (Deng et al. 2008).
It is underlain by Pliocene red clay of aeolian origin or by Jurassic
breccia.

The Xiantai [also named Dachangliang (Pei 2002) section
(40◦13.126′N, 114◦39.623′E) lies at the eastern margin of the
Nihewan Basin (Fig. 1b). Here, the fluvio-lacustrine sequence has
a thickness of 64.5 m, which is mainly composed of greyish-white
clays, greyish-green clayey silts and greyish-yellow silts and is in-
termediated by some fine-grained sands. It is capped by the ae-
olian S0 (0.4 m), L1 (5.75 m) and S1 (2.3 m) and underlain by
Jurassic breccia. Magnetostratigraphic results show that the Xiantai
fluvio-lacustrine sequence is of a lower Olduvai to late Brunhes age
(Deng et al. 2006a). Integrated magnetostratigraphic, lithostrati-
graphic and magnetic susceptibility correlation between the Xiantai
and Xiaochangliang sections date the Xiantai artefact layer at ca.
1.36 Ma (Deng et al. 2006a). An age-depth model for the Xiantai
section is established through linear interpolation of six palaemag-
netically controlled ages (Deng et al. 2006a; Fig. 2a). Due to the
lack of other constrained ages in the top of Xiantai fluvio-lacustrine
sequence, here we use the bottom age of S1 (0.13 Ma) (Ding et al.
2002) as the ending age of this sequence. The deposition of this
sequence commenced approximately from the lower Olduvai sub-
chron (Deng et al. 2006a), which has been dated to span from 1.95
to 1.77 Ma (Berggren et al. 1995), thus 1.9 Ma is used to control
the bottom age.

Figure 2. (a) Age-depth models and geomagnetic polarity timescale (GPTS;
Berggren et al. 1995; Singer et al. 1999, 2002). (b) Lithostratigraphy and
χ profile. The lithostratigraphy and polarity data were from Deng et al.
(2006a). The solid circles in (b) represent the samples selected for this
study. B, Brunhes; J, Jaramillo; M, Matuyama; O, Olduvai.

Our previous magnetostratigraphic study of the Xiantai section
(Deng et al. 2006a) was based on 196 oriented block samples from
the depth interval of 11–73 m (0.13–1.9 Ma) with a spacing of 20–
40 cm. Here, we use the unheated left-overs of that collection. For
the present mineral magnetic and clay mineralogical investigation,
72 representative samples were selected from different stratigraphic
intervals characterized by maxima and minima in magnetic suscep-
tibility (Fig. 2b).
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Palaeoclimatic significance of the Xiantai fluvio-lacustrine sequence 3

3 M E T H O D S

Low-field magnetic susceptibility (χ , calculated on a mass-specific
basis) was measured with a Bartington MS2 meter at a fre-
quency of 470 Hz. In addition, high-frequency magnetic suscep-
tibility was measured at a frequency of 4700 Hz to calculate the
frequency-dependent susceptibility χ fd per cent [χ fd per cent =
(χ 470 Hz–χ 4700 Hz)/χ 470 Hz × 100 per cent]. The noise during
measurement was <0.1 × 10−8 m3/kg and susceptibilities of our
samples ranged between 1 × 10−8 m3/kg and 232 × 10−8 m3/kg.
Temperature-dependent susceptibility measurements (χ−T curves)
were obtained by cycling samples in an argon atmosphere (the flow
rate is 100 ml/min) at a frequency of 875 Hz from room tem-
perature up to 300–700◦C and back to room temperature using a
KLY-3 susceptibility bridge equipped with a CS-3 high-temperature
furnace (sensitivity of 1 × 10−8 SI, AGICO Ltd., Brno, Czech Re-
public). Each cycle started with powdered samples of ∼300 mg with
a heating and cooling rate of 11◦C/min. The magnetic field during
measurement was 300 A/m. The noise was <0.2 × 10−8 m3/kg and
all the χ−T curves were corrected for noise. We defined an alter-
ation index AH-ratio, to quantitatively characterize the change in
magnetic susceptibility after heating to 700◦C:

AH − ratio = (χpost − χpre)/χp × 100 per cent. (1)

Here, χpre and χpost were the magnetic susceptibilities before and
after heating to 700 ◦C, respectively. χp was the paramagnetic sus-
ceptibility calculated from the slope at high fields (between 800 and
1000 mT) of the hysteresis loops. A positive alteration index value
indicated a higher susceptibility during cooling than heating, while
a negative index indicated the opposite relationship.

Anhysteretic remanent magnetization (ARM) of the heated sam-
ples was acquired in a 100 mT AF and a 0.05 mT constant biasing
field, and was measured with a 2G Enterprises Model 760-R cryo-
genic magnetometer with a sensitivity of 0.2 × 10−11A m2 housed
in a magnetically shielded room with a residual field below 300 nT.
The noise was 1.6 × 10−9 A m2.

Room temperature hysteresis loops and first-order reversal curve
(FORC) diagrams were measured using a MicroMag 2900 alternat-
ing gradient magnetometer (Princeton Measurements Corp., USA)
on 72 and 20 samples, respectively. A piece or a powdered raw sam-
ple of ∼10 mg was measured with a step of 2 mT up to 1 or 1.5 T.
Following Roberts et al. (2000), 125 FORCs were measured for
each sample. All these hysteresis measurements were obtained
with the following instrument parameters: probe factor of 5 ×
105 V A–2, sensitivity of 1 × 10−11 A m2, averaging time of 100 or
200 ms. The mean noise was about 6.5 × 10−11 A m2 with a stan-
dard deviation of about 5.6 × 10−11 A m2. The magnetic moment
of most samples was >1.0 × 10−8 A m2.

Low-temperature magnetic measurements of both unheated and
heated samples were performed on a Quantum Design supercon-
ducting quantum interference device (SQUID) Magnetic Properties
Measurement System (MPMS). Zero-field warming of the isother-
mal remanent magnetization acquired in 5 T at 5 K (hereafter termed
5T-IRM@5K) was measured at a temperature increment of 5 K from
5 to 300 K. Low-temperature dependence of susceptibilities at fre-
quencies of 1.4, 140, 400, 1000 and 1400 Hz respectively, was
also measured between 5 and 300 K with a temperature increment
of 5 K.

X-ray diffraction (XRD) analyses (scanning from 3◦ to 65◦ or
70◦ 2θ ) of the unheated and heated samples were carried out using
a DMAX2400 X-ray diffractometer with the following parameters:
Cu-Kα/40kV/40mA, divergence slit of 1◦, scattering slit of 1◦, re-

ceiving slit of 0.3 mm, continuous scan mode, scanning speed of
4◦ min–1 and scanning step of 0.02◦. Following Wan et al. (2006,
2007), the heights of reflection of chlorite at 7 Å and illite at 10 Å
were used to semi-quantitatively estimate their relative content in
the sediments, respectively.

4 R E S U LT S

4.1 χ−T curves

All samples showed a major drop in χ at ∼580 ◦C(Figs 3a–e, k
and l) except for sample DCL004 (inferred age 222.1 ka), suggesting
the presence of magnetite. Some samples had a faint drop of χ

between ∼300 and ∼400 ◦C (Figs. 3c–e and j), which might arise
from the conversion of metastable maghemite to weakly magnetic
hematite (Oches & Banerjee 1996; Florindo et al. 1999; Liu et al.
2005). Hematite was usually not obvious in the χ−T curves due to
its weak magnetism, however, some χ−T curves still displayed a
decreased χ between ∼580 and ∼680◦C (Figs 3a-c), suggesting a
relatively high concentration of hematite in these samples. Hematite
was the dominant characteristic remanence carrier in these samples
as suggested by progressive demagnetisation of the natural remanent
magnetization (e.g. Deng et al. 2006a).

The incremental heating χ−T curves of sample DCL004 and
DCL019 (inferred age 697.9 ka) were also shown here (Figs 3f−l).
The heating and cooling curves were almost reversible for heating
up to 300, 400 and 500 ◦C, suggesting that no obvious magneto
mineralogical changes was induced by the heating. There was a
slightly increased cooling after heating to 600 ◦C. After heating to
700 ◦C, however, most samples showed an increased cooling along
with an increased χ at ∼580 ◦C and a distinct kink between ∼400
and ∼500 ◦C, suggesting the significant neoformation of magnetite
and possible thermally stable maghemite (De Boer & Dekkers 2001)
during thermal treatment between 600 and 700 ◦C.

4.2 Low-temperature magnetic measurements

Susceptibility variations between 5 and 300 K of the unheated sam-
ples were independent of frequency (Fig. 4a), indicating that super-
paramagnetic (SP) particles were not prominent in the natural sam-
ples, which was consistent with the low values of room-temperature
χ fd per cent (usually between l and 5 per cent). Thus, the sharp de-
crease of the χ (Fig. 4a) and 5T-IRM@5K (Fig. 4b) upon warming
from 5 to 50 K might be mainly caused by the paramagnetic min-
erals that ordered at very low temperature and therefore unblocked
when warming through this temperature range (Coey 1988). This
interpretation agreed with the high values of the high-field slope of
the hysteresis loops (Ao et al. 2007). In line with the χ–T curves
(Fig. 3), magnetite was evidenced by remanence loss at the Verwey
transition (Fig. 4b). This transition was much more pronounced in
the dM /dT curve. For the heated samples, the magnetic suscepti-
bility gradually decreased with increasing frequency and showed a
broad maximum around ∼100 K (Fig. 4c), suggesting that the grain
size of newly formed ferrimagnetic minerals during heating was
very fine (i.e. SP), according with the significant increase in χ fd per
cent (>10 per cent). Furthermore, a significant decrease in χ of
the unheated samples was replaced by a significant increase in χ of
the heated samples when warming from 5 to 50 K, implying that
the newly formed fine-grained ferrimagnetic minerals were pos-
sibly produced through annealing of paramagnetic minerals (e.g.
chlorite). After heating, the Verwey transition became very sub-
dued (Fig. 4d), which might be due to the significant production of
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Figure 3. χ−T curves of typical samples from the Xiantai section. Samples in (a)–(e) are directly heated to 700 ◦C. (f)–(i) Sample DCL004 and (j)–(l) sample
DCL019 are stepwise heated to 700 ◦C.

fine-grained (SP) ferrimagnetic minerals that did not show the Ver-
wey transition. Compared to the unheated samples, the 5T-IRM@5K
of the heated sample increased by more than a factor of 15 and
showed a more rapid and significant decrease upon warming from 5
to 50 K, which was probably caused by SP particles that order at very
low temperature and therefore unblock when warming through this
temperature range (Dunlop & Özdemir 1997) and/or magnetic inter-
action and surface effects in very fine particles (Passier & Dekkers
2002) rather than the ordering and then unblocking of paramagnetic
minerals because most of the paramagnetic minerals were suggested
to be replaced by fine-grained ferrimagnetic minerals.

4.3 Hysteresis properties

The combined Day plot and FORC diagram served as a power-
ful tool of identifying the coercivity and grain size distribution of
magnetic materials (Day et al. 1977; Roberts et al. 2000; Dunlop
2002a,b). It should be noted that both the presence of SP magnetic
grains and hematite could increase the ratio of Bcr / Bc, which, in
turn, led the hysteresis parameters to be shifted towards the right
to some extent in the Day plot (Roberts et al. 1995; Dunlop &
Özdemir 1997). Most of the unheated samples showed a pseudo-
single-domain (PSD) magnetite character in the FORC diagrams
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Palaeoclimatic significance of the Xiantai fluvio-lacustrine sequence 5

Figure 4. (a) and (c) frequency and temperature dependence of magnetic susceptibility of unheated and heated sample DCL103 at low temperature. (b) and
(d) Thermal warming of low temperature 5T-IRM@5K (solid circles) and the first derivatives dM /dT (dashed line) for selected unheated and heated sample
DCL103.

(Figs 5a and b) (Roberts et al. 2000) and mainly located between
the single-domain (SD) + SP and SD + multidomain (MD) curves
in the PSD range of the Day plot (Fig. 5c). A small number of
unheated samples located in the SD + SP range or slightly shift
over the right sideline of the PSD range in the Day plot (Fig. 5c),
while the corresponding FORC diagrams did not show an SD or
SP but PSD character (e.g. Fig. 5a). These properties seemed to
be inconsistent, which was possibly caused by the decreased mag-
netite and increased hematite contents that led to the ambiguity in
the Day plot. This interpretation coincided with the relatively nois-
ier FORC diagrams (e.g. Fig. 5a) under the same smoothing factor
and lower S∗-ratios of these samples (varying from 0.66 to 0.99,
not shown). After heating, however, in addition to PSD magnetite
particles, the closed inner contours in the FORC diagram also re-
vealed the presence of SD magnetite particles (Fig. 5d) (Roberts
et al. 2000). Furthermore, the contours in the left-hand corner of
the FORC diagram showed the behaviour of SP magnetite parti-
cles as well (Fig. 5d) (Roberts et al. 2000; Pike et al. 2001). The
shift of the hysteresis ratios of the heated samples in the Day plot
(Fig. 5c) accorded with the properties as emerging from the FORC
diagrams.

Most samples from the Xiantai section contained a significant
paramagnetic contribution. After correction for the paramagnetic
signal, the samples exhibited two types of hysteresis loops. One
was characterized by a wasp-waisted behaviour with an open nature
up to 500–900 mT (e.g., Figs 6a–c), suggesting the coexistence of
two magnetic mineral components with strongly contrasting coer-
civities (Roberts et al. 1995). The two magnetic phases were low-

coercivity magnetite and high-coercivity hematite, indicated from
χ−T curves (Fig. 3) and the behaviour during progressive demagne-
tization of the natural remanent magnetization (Deng et al. 2006a),
respectively. The other type of hysteresis loop was characterized
by a closed nature below 200 mT (e.g., Fig. 6d), indicating the
dominance of low-coercivity components. In addition, the heated
samples exhibited more pronounced wasp-waisted hysteresis loops,
along with a closed behaviour at much lower field (below 200 mT)
(e.g., Figs 6e and f). The coercivity contrast with a low average
coercivity range caused by the neoformation of SP and SD ferri-
magnetic minerals during heating might significantly contribute to
this soft-component-dominated wasp-waisted hysteresis loop (cf .
Roberts et al. 1995).

4.4 XRD analyses

XRD analyses suggested that the clay minerals are dominantly chlo-
rite and illite (Figs 7a, f, h and j). Besides these clay minerals,
quartz and anorthite were important components in the samples
as well (Fig. 7). Importantly, the XRD spectra did not suggest the
presence of chlorite in the samples after 700 ◦C thermal treatment,
indicative of its decomposition during laboratory heating. Further-
more, samples containing higher content of chlorite seemed to have
higher increase in χ after heating. For example, sample DCL008
(inferred age 375.6 ka) (Fig. 7f) exhibited a stronger chlorite signal
than the other samples (Figs 7a, h and j), in line with its higher in-
crease in χ after heating to 700 ◦C (Fig. 3). Thus, the XRD spectra
data provided evidence that the χ increases due to neoformation of
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6 H. Ao et al.

Figure 5. (a)–(b) and (d) FORC diagrams for representative samples, and the corresponding hysteresis ratios plotted on a Day plot (c) (Day et al. 1977; Dunlop
2002a). Solid triangles in (c) represent the heated samples. Open triangles and solid squares represent the unheated samples.

ferrimagnetic materials were mainly derived from the decomposi-
tion of chlorite at high temperature. In addition, the XRD spectra
of the incrementally heated samples revealed that the decomposi-
tion of chlorite mainly occurred at temperatures higher than 600 ◦C
(Figs 7a–e). Below 600 ◦C, the changes in the chlorite reflections
were not significant (Figs 7a–c). After heating up to 600◦C, how-
ever, the chlorite reflections reduced significantly in intensity (Fig.
7d). They disappeared entirely after heating up to 700 ◦C (Fig. 7e).
These behaviours agreed with the incremental heating χ−T
curves.

5 D I S C U S S I O N

5.1 Magnetic and clay mineralogy of the Xiantai
fluvio-lacustrine sequence

A ferrimagnetic mixture of magnetite, maghemite and hematite in
the Xiantai fluvio-lacustrine sediments is suggested by our multi-
parameter rock magnetic investigation. The magnetic properties of
the natural samples are dominated by PSD magnetite and fine-
grained magnetic particles such as SD and SP grains are not
prominent, judging from the combined Day and FORC diagrams

(Fig. 5), frequency-independent χ at low temperature (Fig. 4a) and
low values of χ fd per cent at room temperature.

Magnetite in lake sediments originates from detrital input and/or
authigenic or biogenic processes during deposition (Hu et al. 2002;
Evans & Heller 2003). However, authigenic SD magnetite (magne-
tosomal SD particles) is not found in the Nihewan fluvio-lacustrine
sediments, suggesting that authigenic and biogenic processes in the
sedimentary sequence are not prominent. This is also supported
by the extremely low ARM/SIRM ratios throughout this section
(<0.03), the Donggutuo (<0.04) (Wang 2007) and the Xujiayao
(Wang et al. 2008) sections because this ratio for the intact magne-
tosomal SD magnetite is usually between 0.15 and 0.25 (Moskowitz
et al. 1993). In addition, neither the present nor the previous investi-
gations on the Nihewan fluvio-lacustrine sediments have suggested
the presence of greigite that are usually considered as authigenic
origin (Roberts 1995; Rowan & Roberts 2006). Furthermore, au-
thigenesis of magnetic minerals in lake sediments significantly de-
pends on the aquatic productivity and nutrient availability (Hilton
1987). Thus, it is expected that the magnetite in the Nihewan fluvio-
lacustrine sediments is mainly of detrital origin from the deposits
in the catchment regolith (Deng et al. 2008; Wang et al. 2008),
according with the PSD character of the magnetite grains suggested
by our mineral magnetic measurements and previous studies (e.g.
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Palaeoclimatic significance of the Xiantai fluvio-lacustrine sequence 7

Figure 6. Hysteresis loops for representative unheated and heated samples after correction for paramagnetic contribution. The hysteresis loop of sample
DCL004 was measured in fields up to ±1.5 and others in fields up to ±1.0 T.

Figure 7. XRD spectra for representative unheated and heated samples. Numbers indicate the temperature of the thermal treatment. Ch, chlorite; I, illite; Q,
quartz and An, anorthite.

Wang et al. 2002; Deng et al. 2006a, 2008; Ao et al. 2007; Wang
2007).

After heating up to 700 ◦C in an argon atmosphere, a large amount
of SP and SD ferrimagnetic minerals was formed. This is evidenced
by significant increase in χ after heating (Fig. 3), low-temperature
magnetic measurements (Fig. 4), measurements of hysteresis pa-
rameters (Figs 5 and 6), and positive correlation of AH-ratio with
χ (correlation coefficient of R = 0.92), χ fd per cent (correlation
coefficient of R = 0.82) (Figs 8a and b) and ARM (correlation coef-
ficient of R = 0.56) of the heated samples (Fig. 8c). Both decompo-

sition of iron-containing silicates (clay minerals) (Deng et al. 2005;
Ao 2008) and desorption of sorbed iron-(oxy-hydr) oxides onto sili-
cates (Hirt et al. 1993) can deliver the source of iron required for the
neoformation of fine-grained ferrimagnetic minerals. However, the
incrementally heating runs of selected samples show that χ does not
increase significantly below the 600 ◦C treatment (e.g. Figs 3f–h,
j and k), which indicates that the χ increase results mainly from
decomposition of iron-containing silicates/clay minerals. From the
XRD analyses, chlorite is suggested to be the main contributor
to the neoformation of fine-grained ferrimagnetic minerals during
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8 H. Ao et al.

Figure 8. AH-ratio versus (a) χ , (b) χ fd per cent and (c) ARM of the heated samples. (d) AH-ratio versus chlorite content in the unheated samples. (e) Chlorite
content versus illite content in the unheated samples. (f) AH-ratio versus illite/chlorite ratios for the unheated samples.

heating, leading to increase in χ , even though some other magnetic
and non-magnetic minerals might have contributed, perhaps small
quantities, to this as well. Thus, the parameter AH-ratio characteriz-
ing the relative amount of newly formed fine-grained ferrimagnetic
minerals during heating can be used to assess the relative concen-
tration of chlorite in the samples, which is supported by the positive
correlation between AH-ratio and chlorite content, with a correla-
tion coefficient of R = 0.55 (Fig. 8d).

5.2 Weathering indices and palaeclimatic significance

Chlorite is a common iron-rich clay mineral in the loess, ma-
rine and lake sediments. The chlorite contained in the Nihewan
fluvio-lacustrine sediments derives mainly from detrital material
eroded from the catchment regolith, which is prone to be altered
due to chemical weathering in natural environments (Proust et al.
1986; Righi et al. 1995). Chlorite weathering resulting in its trans-
formation into illite-montmorillonite releases iron, which forms
iron oxides (Proust et al. 1986; Righi et al. 1995). The positive
correlation between the mica/chlorite ratio and susceptibility in the
Luochuan Chinese loess section suggests that chlorite weathering
is also relevant to the increase of susceptibility of palaesols (Ji et al.
1999). Thus, the chlorite content (or AH-ratio in this case) is shown
to be negatively correlated to the degree of chemical weathering.
For the Nihewan fluvio-lacustrine sediments, the detrital chlorite
is hard to alter after deposition and its content is mainly related
to chemical weathering in the catchment regolith before deposi-
tion. Therefore, the thermally induced rock magnetic signals of the
chlorite in the Nihewan sediments may be used to retrieve the palae-
climatic conditions in this area. It is expected that the extent of in situ
chemical weathering in this region is lower during cold/dry periods,
and is higher during warm/humid periods. Higher (lower) AH-ratio
would suggest higher (lower) content of chlorite, thus representing
lower (higher) chemical weathering intensity and corresponding to
cold/dry (warm/humid) climate.

The positive and linear correlation between illite and chlorite
(Fig. 8e), with a correlation coefficient of R = 0.91, indicates that

these two clay materials have a consistent pattern of cyclic change
with climate and the provenance of the Nihewan fluvio-lacustrine
sediments did not change significantly. Both illite and chlorite are
prone to chemical weathering, however, chlorite is more susceptible
to chemical weathering than illite, thus the illite/chlorite ratio has
been employed successfully to reflect the chemical weathering in-
tensity in various sediments (e.g. Zhao et al. 2005). Higher (lower)
illite/chlorite ratio would suggest a higher (lower) chemical weath-
ering intensity (Zhao et al. 2005). The illite/chlorite ratios from the
Xiantai fluvio-lacustrine sediments show an up-section decreasing
trend (Fig. 9b), suggesting a long-term decreasing trend in chemical
weathering intensity in the Nihewan Basin over the past ∼2 Myr,
that is, approximately from the onset of the Olduvai subchron.

Furthermore, the illite and chlorite contents also show a general
up-section increasing trend (Figs 9c and d), which is consistent with
the long-term decreasing trend in chemical weathering intensity in
this region. Importantly, the AH-ratio changes in tune with chlorite
content (Fig. 9e), and shows a positive correlation to chlorite con-
tent (Fig. 8d) and a generally negative correlation to illite/chlorite
(Fig. 8f), supporting that chlorite is the main factor giving rise to
increased χ during heating. It should be noted that the AH-ratio
changes by over two orders of magnitude, while the chlorite con-
tent changes only by a factor of below 3 (Fig. 8d). This suggests
that a minute amount of altered chlorite would induce a large χ

increase because the newly formed SP ferrimagnetic minerals have
significantly high χ . In line with the long-term decreasing trend
in chemical weathering intensity suggested by long-term changes
in illite/chlorite ratio and illite and chlorite content, the AH-ratio
changes display an up-section increasing trend as well (Fig. 9e).
The decrease in chemical weathering intensity is able to decrease
the in situ pedogenic formation of ferrimagnetic materials in the
source areas, which may partially explain the long-term up-section
decreasing trend in room-temperature χ of the unheated samples
(Fig. 9a). The Nihewan Basin is dominated by an arid/semiarid
continental climate that is at present characterized by moderately
high temperatures and short periods of limited rainfall in summer.
Therefore, the long-term decreasing trend in chemical weathering
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Figure 9. (a) magnetic susceptibility, (b) illite/chlorite ratios, (c) illite content, (d) chlorite content and (e) AH-ratio profile of the Xiantai section. (f) Mass
accumulation rate of aeolian dust at ODP Site 885/886 (Rea et al. 1998). (g) SIRM100mT/SIRM ratio from the Jingbian Chinese loess (SIRM is the saturation
isothermal remanent magnetization, and SIRM100mT represents the residual SIRM after 100 mT alternating field demagnetization) (Deng et al. 2006b).

intensity inferred from the mineral-magnetic measurements (AH-
ratio) and clay mineralogical parameters (illite/chlorite, illite and
chlorite content) may imply a long-term increasing trend in aridifi-
cation and cooling in the Nihewan Basin during the Pleistocene.

This intensified aridification and cooling in the Nihewan Basin
during the Pleistocene inferred from the chemical weathering inten-
sity is supported by the palynological record of this fluvio-lacustrine
sequence at the Dadaopo section (Fig. 1b), ∼2 km west of the
Xiantai section. This section is parallel to the adjacent Xiaodukou,
Haojiatai and Taiergou sections, which has recorded a continu-
ous magnetostratigraphy from the post-Olduvai Matuyama chron
to the late Brunhes chron (Wang et al. 2004; Zhu et al. 2004; Li
et al. 2008). The palynological record obtained from the Dadaopo
section shows vegetation shifts from typical subtropical species,
via a well-developed forest vegetation, to grasses and herbs (Yuan
et al. 1996).

As suggested by the combined evidence, the intensified aridi-
fication and cooling in the Nihewan Basin during the Pleistocene
is clearly documented, which is consistent with the Asian arid-
ity recorded in the loess/palaesol sequences of the Chinese Loess
Plateau. The Nihewan Basin, located at the northeast margin of
Loess Plateau (Fig. 1a), is suggested to show very similar climatic
variations with the plateau under the influence of the East Asian
monsoon. On the Chinese Loess Plateau, the intensified drying and
cooling climate along with an increase (decrease) in winter (sum-
mer) monsoon intensity during Quaternary has been well suggested
by various proxies (Kalm et al. 1996; An et al. 2001; Deng et al.
2005, 2006b). For example, the long-term decrease in the min-
eral magnetic proxies SIRM100mT/SIRM (SIRM is the saturation
isothermal remanent magnetization, and SIRM100mT represents the

residual SIRM after 100 mT alternating field demagnetization)
from the Jingbian Chinese loess-palaesol sequence (Fig. 9g after
Deng et al. 2006b), located at the northern extremity of the Chinese
Loess Plateau (Fig. 1a), signals a long-term decreasing trend in
the relative contribution of hematite in this sequence, which results
from a long-term decrease in chemical weathering due to long-term
increasing aridification and cooling in both the dust source areas
and the Loess Plateau region (Deng et al. 2006b). In addition, this
intensified Asian aridification and cooling is also supported by a de-
creasing trend in χ and an increasing trend in the coarse grain size
fraction and Al flux (An et al. 2001), an increasing trend in the con-
tent of illite and chlorite (Kalm et al. 1996) and decreasing trends
in the CIA (chemical index of alteration), Na/K, Rb/Sr, 87Sr/86Sr of
the sediments from the Chinese Loess plateau (Chen et al. 2001).
Furthermore, the development of this Asian aridification and cool-
ing is also well recorded in marine sediments accumulated in the
North Pacific Ocean (e.g. Rea et al. 1998), keeping in mind that
these sediments formed in entirely different environments. During
the Quaternary, for example, there is an increase in mass accumu-
lation rate of aeolian dust in the North Pacific marine sediment at
Ocean Drilling Program (ODP) Site 885/886 (Fig. 9f), representing
a dessicating climate in Asia interior (Rea et al. 1998).

6 I M P L I C AT I O N S A N D C O N C LU S I O N S

In the above model, chemical weathering is considered as the main
control on the observed variations in the thermally induced mag-
netic properties (i.e. AH-ratio) and clay mineralogy, and it provides
a link between variation in magnetic properties and clay mineral-
ogy and variation in climate. Although we cannot exclude other
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possible magnetic phases and clay minerals that might have con-
tributed to the increase in AH-ratio, the chlorite can be safely con-
sidered as, at least the main contributor, to the AH-ratio increase.
The generally consistent variations in AH-ratio and clay miner-
alogical parameters (Fig. 9) suggest that AH-ratio can also signal
the weathering extent as the clay mineralogical parameters. Com-
pared to the measurements of clay mineralogical parameters, the
measurement of thermally induced magnetic properties requires no
chemical or physical pre-treatment on the samples and is cheaper,
healthier, less time-consuming and simpler. Furthermore, despite
that the increase in susceptibility after heating has been commonly
interpreted to result from annealing of iron-containing clay miner-
als (e.g. Florindo et al. 1999), evidence was previously unavailable.
Coupled with XRD spectra measurement, the present study shows
that unstable iron-containing clay minerals such as chlorite are the
main contributor to the increase in susceptibility during heating, and
these iron-containing clay minerals are usually prone to weathering
in the nature environment. The present investigation also documents
that the thermally induced magnetic properties such as the AH-ratio
may contain palaeclimatic information.

The desertification in the Asian interior, which has commenced
at least 22 Ma (Guo et al. 2002), is a very important climate change
in the late Cenozoic and is closely linked to the Tibetan uplift and
cooling of the Northern Hemisphere (Rea et al. 1998). Due to this
intensified Asian aridification and cooling, the deserts in northern
China stepwise expanded and significant thick loess accumulated
in northwestern China during the Quaternary (Ding et al. 2005).
Meanwhile, the intensity of chemical weathering decreased in vast
areas of China, including the Nihewan Basin. Up to now, the long-
term reconstruction of Asian aridification is mainly based upon the
terrestrial Chinese loess-palaesol and Pacific Ocean sediments (Rea
et al. 1998; Guo et al. 2002; Ding et al. 2005; Deng et al. 2006b).

The present study suggests that the Nihewan fluvio-lacustrine
sequence recorded this long-term palaeclimatic evolution as well,
which can be well recognized by mineral-magnetic studies. The
rapid and affordable mineral-magnetic investigation could pro-
vide a higher resolution climatic record than geochemical anal-
yses or pollen analyses. Because the present mineral-magnetic
and clay mineralogical investigation is mainly carried on se-
lected typical samples, here it is hard to investigate the ef-
fects of glacial/interglacial oscillations on the long-term propen-
sity of mineral-magnetic and clay mineralogical parameters. Fur-
ther high-resolution and detailed mineral-magnetic studies on the
Nihewan fluvio-lacustrine sequence may provide us with more de-
tailed knowledge on the climatic evolution in North China.

There was a prominent early human flourishing in the Nihewan
Basin in the Old World, in which most of the hominin or palaelithic
sites in China spanning from 1.66 to 0.78 Ma were found (see re-
views by Zhu et al. 2007). During this period, the environment in
North China, including the Nihewan Basin, changed significantly:
the intensified aridification and cooling, the interglacial/glacial os-
cillations, the replacement of forest vegetation by grasses and herbs
and more variable climate during and after the mid-Pleistocene
climate transition. Under those increasingly hostile and variable
climatic conditions, the early humans had lived at least about
0.9 Myr in this high northern latitude area (around 40◦N) in East
Asia, showing high adaptability to the climatic variations (Zhu et al.
2004; Deng et al. 2006a, 2007). Early humans might have further
expanded to north-central China during the early Pleistocene under
the increasingly variable climate.

In summary, here a systemic rock magnetic and clay mineralogi-
cal investigation is carried on the Xiantai fluvio-lacustrine sequence.

Released iron from decomposing chlorite induces formation of new
fine-grained ferrimagnetic minerals during thermal treatment up
to 700 ◦C, leading to a significant increase in susceptibility. Thus,
the change in susceptibility of the Nihewan sedimentary sequence
after annealing at 700 ◦C signals the variation of its chlorite con-
tent, which, in turn, serves as a useful measure of palaeclimatic
change in this area. A long-term increase in aridification and cool-
ing in the Nihewan Basin during the Pleistocene is well suggested
by the magnetoclimatological proxy AH-ratio and by the clay min-
eralogical proxies, such as the illite/chlorite ratio, the chlorite con-
tent and illite content, from the Xiantai fluvio-lacustrine sequence.
This long-term palaeclimatic variation agrees with the Asian arid-
ity suggested by a series of palaeclimatic records from the Chinese
loess-palaesol sequences and by the aeolian flux record from the
ODP Site 885/886 (e.g. Kalm et al. 1996; Rea et al. 1998; An
et al. 2001; Chen et al. 2001; Deng et al. 2006b). Furthermore,
the palaeenvironmental changes suggested by our present investi-
gation provide the general setting for early human evolution in high
northern latitude in East Asia.
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