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The expansion of inland Asia deserts has considerably influenced the environmental, social and economic activities in Asia.
Aridification of inland Asia, especially timing of the initiation of Asian desertification, is a contentious topic in paleoclimatol-
ogy. Late Cenozoic eolian loess-red clay sequences on the Chinese Loess Plateau, which possess abundant paleoclimatic and
paleo-environmental information, can be regarded as an indicator of inland Asia desertification. Here we present a detailed
magnetostratigraphic investigation of a new red clay sequence about 654 m in Zhuanglang located at the western Chinese
Loess Plateau. Sedimentological, geochemical, mineralogical, and quartz morphological lines of evidence show that the red
clay is of eolian origin. Magnetostratigraphic correlations indicate that this core sequence spans from 25.6 to 4.8 Ma, and typi-
cal eolian red clay appears as early as 25 Ma. This extends the lower limit of the red clay on the Chinese Loess Plateau from
the previously thought early Miocene back into the late Oligocene. This new red clay record further implies that the inland
Asia desertification was initiated at least by the late Oligocene. This sequence provides a unique high-resolution geological

record for understanding the inland Asia desertification process since the late Oligocene.
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The loess-paleosol sequences on the Chinese Loess Plateau
(CLP) have drawn much attention from the world for its
good continuity, high sedimentation rate, long time span,
and rich paleoclimate information. In the 1960s, Liu and
Zhang [1] documented the eolian origin of the Chinese loess
and divided it as the early Pleistocene Wucheng Loess, the
mid-Pleistocene Lishi Loess, and the late-Pleistocene Malan
Loess. At the end of 1970s, Chinese researchers proposed
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the concept of loess-paleosol sequence according to the
alternating occurrence of loess and paleosol layers [2, 3].
Based on this, the stratigraphy for the loess-paleosol se-
quence was further defined and labeled [2, 4-7]. In 1982,
Heller and Liu [8] established a 2.5-Ma magnetostratigra-
phy for the Chinese loess-paleosol sequence, which shows
good correlation with the marine oxygen isotope record [4,
6, 9—17]. In the early 1990s, An et al. [18, 19] suggested
that the Quaternary loess-paleosol sequence documents the
East Asian monsoon changes and that the dust flux variation

earth.scichina.com  www.springerlink.com



Qiang X K, et al.

reflects the aridity changes in inland Asia [14]. Early this
century, a 7-Ma history of the Asian aridification was re-
constructed based on the dust flux estimated from the Ling-
tai loess-red clay sequence [20, 21].

Along with the extensive study of the Quaternary loess,
the underlying red clay also attracted much attention from
climatologists, geographers, and geologists. Similar to loess,
the red clay was also proven to be of eolian origin [22-30].
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The red clay sequences on the eastern CLP are generally
younger than 8.5 Ma [31-39], with the exception of the
Shilou sequence (Figure 1), which extends back to ca. 11
Ma [40]. On the western CLP, however, red clay sequences
are normally older than 11 Ma, with the Qin’an sequence as
old as 22 Ma [41]. These lines of evidence indicate that the
desertification of inland Asia was initiated by the early
Miocene. A new eolian red clay sediment as old as 24 Ma in
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Figure 1 Locations of the Chinese Loess Plateau, the deserts in northern China and the Zhuanglang (ZL) drill site, and the atmospheric circulation system

over China.
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Junggar Basin was reported in this year [42]. Despite these
studies, the earliest sequence on the CLP has not yet been
proven, and it remains unclear to what extent eolian deposi-
tion is linked to the Asian desertification during the early
periods. Recently, a thick continuous (>600 m) red clay
sequence on the western CLP was found during the field
investigation [43]. In this paper, we report the magneto-
stratigraphy and the evidence for the eolian origin of this
new red clay sequence.

1 General settings and sampling

Zhuanglang (ZL) County (35°13'N, 106°05'E), on the west-
ern CLP, is 50 km northeast of Qin’an section [41] (Figure
1). At present, the mean annual temperature and precipita-
tion at ZL are about 8°C and 500 mm, respectively. The red
clay is widely distributed over the tablelands, and ridges in
this area, but the outcrop is not complete. In order to get a
continuous high-resolution record, the ZL drilling core is
obtained, which consists of two parallel holes (with a dis-
tance of ca. 1.5 km): the main ZL1 core has a depth of 555.7
m with a top elevation of 1993 m and the parallel ZL2 core
has a depth of 308.5 m with a top elevation of 1643 m. They
were combined into the ZL core, based on lithology, mag-
netostratigraphy and magnetic susceptibility correlations.
The composite ZL core has a depth of 653.9 m, with the
upper 450.4 m from the upper ZL1 core and the lower 203.5
m from the lower ZL2 core. The composite ZL core can be
divided into five lithologic units from bottom to top: (I)
Proterozoic dark grey biotite gneiss (653.9-652.3 m). (II)
Oligocene purplish-red to light-brown sandy gravels
(652.3-624.8 m). (IIT) Alternating red clay and sand/gravel
layers (628.3-584.7 m), red clay has clear aggregate-like
silty structure with porphyritic carbonate nodule and dark
coatings. (IV) Thick red clay (584.7-3.34 m) is character-
ized by alternative yellowish brown loess/weak paleosol
and reddish brown paleosol horizons, without horizontal
bedding. Paleosol shows aggregate-like structure and dark
coatings. Porphyritic nodules are scattered on the bottom of
paleosol horizon or top of loess/weak paleosol horizons.
Several yellowish-brown to greyish-brown sand and gravel
layers intercalated in the upper part of this interval
(124.32-3.34 m). (V) Late Pleistocene Malan loess and cul-
tivating layer (3.34 m to the top).

After being split and cleaned, U-channel samples (U-
shaped, 2 cm x 2 cm square cross-section, 1.5 m in length,
non-magnetic plastic tubing, with an arrow showing an “up”
direction) were taken from one half of the split core for con-
tinuous long-core magnetic measurements. In total, 361 and
162 U-channel cores were taken from the ZL1 and ZL2
cores, respectively. In addition, 3670 and 1640 discrete
samples (2 cm x 2 cm x 2 cm) were taken from ZL1 and
Z1.2 cores with a spacing of about 10-20 cm, respectively.
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2 Magnetostratigraphy

Low-field magnetic susceptibility (y, calculated on a
mass-specific basis) was measured with a Bartington MS2
meter at a frequency of 470 Hz. Remanence was measured
using a 2G cryogenic superconducting magnetometer
(model 755R) housed in the magnetic shielded space (<150
nT) at the Institute of Earth Environment, Chinese Academy
of Sciences. All the 523 U-channel cores were subjected to
stepwise alternating field (AF) demagnetization at fields up
to 80 mT with 5 or 10 mT increments (measuring space is 5
cm). All the 5310 discrete samples were subjected to step-
wise thermal demagnetization using a TD-48 thermal de-
magnetizer. They were stepwise heated to 690°C, with
temperature increments of 10-50°C. Demagnetization re-
sults were evaluated by orthogonal diagrams [44] and the
principal components direction was computed using a
“least-squares fitting” technique [45].

Most samples yielded a stable characteristic remnant
magnetization (ChRM) component after stepwise AF de-
magnetization up to 80 mT or thermal demagnetization up
to 585°C, which indicates that magnetite is the dominant
carrier of ChRM. However, some samples had to be heated
to 690°C in order to determine a stable ChRM component.
This suggests the presence of high-coercivity hematite.
More than four successive points in the orthogonal diagrams
were used to calculate the direction of ChRM during the
establishment of polarity sequence (Figure 2). Among the
5310 discrete samples, 4880 (92%) samples gave reliable
ChRM directions. The AF and thermal demagnetizations
resulted in an overall consistent change in the ChRM vector
directions, except for some short intervals, because the
80-mT AF demagnetization is difficult to isolate a stable
ChRM that is carried by hematite. Thus, the detailed geo-
magnetic polarity variations of the ZL.1 and ZL2 cores were
defined mainly by the thermal demagnetization isolated
ChRM vector directions, with the consideration of AF de-
magnetization data. Results suggest that the ZL1 core re-
corded 39 normal and 39 reversal magnetozones, while the
ZL2 core recorded 21 normal and 20 reversed magneto-
zones (Figure 3). The composite ZL core recorded 44 nor-
mal and 43 reversed magnetozones (Figure 4). This com-
posite ZL. magnetic polarity sequence can be calibrated to
the Geomagnetic Polarity Time Scale (GPTS) [46], which
implies that the ZL core has recorded a nearly continuous
magnetic polarity sequence from C7An to C3n.3n, covering
an age range from 25.6 to 4.8 Ma. The boundaries of Oli-
gocene-Miocene (23.03 Ma) and Miocene-Pliocene (5.332
Ma) (International Stratigraphic Chart 2009) are located at
568 and 29 m depths of the composite ZL core, respectively.
The occurrence of red clay at 624.8 m is located at the up-
per of C7n.2n normal subchron (ca. 24.85 Ma).

The magnetostratigraphy, magnetic susceptibility and
lithology of the ZL core correlate well with those of the
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Figure 2 Orthogonal projections [44] of progressive thermal demagnetization (THD) and alternating field demagnetization (AFD) of NRM, and normal-
ized intensity decay plots of ZL red clay. The solid (open) circles refer to the vertical (horizontal) plane. (a) 19.06 m normal sample; (b) 253.87 m reversal

sample.

Qin’an section [41] (Figure 4). In particular, their long-term
changes of magnetic susceptibility are rather similar, with a
notable high y value interval between ca. 14 and 16 Ma
(Figure 4). Note that the sedimentation rate of ZL red clay
sequence is about twice higher than that of the Qin’an se-
quence. This may be due to their different geographical lo-
cation. The ZL sequence is just located at the western flank
of the Liupan Mountains, the windward slope, where is
more prone to deposit thick eolian dust from inland Asia.

3 Evidence for the eolian origin

The red clay deposits on both the western and eastern CLP
have been well documented to be of eolian origin [4, 24, 25,
40, 41, 47]. Outcrop and lithogically similar to the Qin’an
section, the ZL red clay is composed with alternative
loess/weak paleosol and paleosol horizon (including the
underlain carbonate nodules). To further demonstrate the
eolian origin of the ZL red clay sequence, we analyzed its

grain-size distribution, element and mineral compositions,
and quartz micromorphology. Grain-size analyses were
performed on a Master Sizer 2000 laser spectrometer. Major
elements were analyzed by X-ray fluorescence (XRF) using
a Philips PW1400 unit. X-ray diffraction (XRD) analysis
was carried out using an X’Pert Pro MPD X-ray diffracto-
meter. Rare earth elements were analyzed by inductively
coupled plasma-mass spectrometry (ICP-MS, Thermo Ele-
mental X Series) in the Desert Research Institute, USA.
Quartz micromorphology was observed by scanning elec-
tron microscope (SEM) using an LEO 1450 VP unit.

Figure 5 shows the grain-size distribution, major and rare
earth elements, mineral composition, and quartz micromor-
phology of selected samples from the ZL red clay sequence
(including the bottom of the red clay sequence, 612.1-624.8
m) and their comparisons with those of typical Quaternary
loess and Pliocene red clay samples. The ZL red clay and
the Quaternary loess/paleosol samples from Luochuan (LC)
and Xifeng (XF) (Figure 1) display similar curves of grain-
size frequency and cumulative percentage distribution,
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Figure 3 Lithostratigraphy, magnetic susceptibility (y), and magnetostratigraphy of the ZL.1 and ZL2 cores, and their comparison with Geomagnetic Polar-
ity Time Scale (GPTS) [46]. AFD, alternating field demagnetization; THD, thermal demagnetization; Inc., inclination.

with a dominant silty fraction (4-63 pm) and a limited
sandy fraction (>63 um) (Figure 5(a) and (b)). The major
element composition pattern of the ZL red clay and that of
the LC Quaternary loess are nearly identical (Figure 5(c)).
Similarly, the rare earth element distribution pattern of the
ZL red clay and the XF Quaternary loess are consistent with
each other (Figure 5(d)). The mineral composition of the ZL
red clay also resembles those of the LC Quaternary loess
and Pliocene XF red clay (Figure 5(e)), which is dominated
by quartz, calcite and feldspar, with a few mica and chlorite.
In addition, SEM observation indicates that most quartz
particles are finer than 30 um in diameter and have irregular
and angular shapes with disk pit, sharp edges, and conchi-

form fractures (Figure 5(f)). All of these data strongly sup-
port eolian origin of the ZL red clay sequence.

4 Discussion and conclusion

It has been well documented that the dust materials of
loess-red clay sequence on the CLP are derived mainly from
the desert areas of the inland Asia through wind transport [4,
13, 48-50]. The similar grain-size distribution, element and
mineral composition, quartz micromorphology, and lithol-
ogy between the ZL red clay and the Quaternary loess/
paleosol not only reveal the eolian origin of the ZL red clay,
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but also indicate that they may have generally similar or Basin by 24 Ma [42], the increased Asian eolian inputs to

comparable provenances and dust transport patterns (Figure the North Pacific at 24-22 Ma [51], and the occurrence of
5). The earliest eolian red clay layer within the ZL sequence eolian dust in the lacustrine sediments in the Linxia Basin
is located at the upper C7n.2n normal chron and has a base by the late Oligocene [52].

age of ca. 25 Ma. This earliest eolian deposit on the CLP The Quaternary loess-paleosol and late Miocene-Plioc-
thus indicates that developed desert regions have existed in ene red clay materials are generally thought to be trans-
the inland Asia since the late Oligocene epoch. This agrees ported by the northwestward Asian winter monsoon [19, 25,

with the onset of eolian red clay deposits in the Junggar 36]. The Miocene Qin’an red clay is also considered to be
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Figure 5 Comparison of grain-size, element, mineral and quartz micromorphology between ZL red clay and Quaternary loess/palesol and Pliocene red clay
samples. (a), (b) Averaged grain-size frequency and cumulative percentage distribution of the ZL red clay and the Quaternary loess from the Luochuan (LC)
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element composition of the ZL red clay and the LC Quaternary loess-soil sequence. (d) Rare-earth element distribution patterns of the ZL red clay (blue lines)
and the XF Quaternary loess (red lines). () XRD spectrum of selected ZL red clay, LC Quaternary loess/paelsol and XF Pliocene red clay samples. (f) Scan-
ning electronic microscopic (SEM) images of quartz grains from the ZL red clay.

transported by the Asian winter monsoon [41]. However, areas are jointly influenced by winter monsoon and wester-
the red clay in the Junggar Basin, which is more than 2000 lies in the winter half year. In addition, the overall altitudes
km northwest of the Qin’an red clay (Figure 1), is thought of ZL areas are around 2000 m. Therefore, it is plausible

to be transported by the westerlies [42]. At present, the ZL that the dust materials of ZL red clay might have been
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transported by both the winter monsoon and the westerlies.

The initiation of the Asian desertification is one of the
most prominent climate changes in Northern Hemisphere
during the Cenozoic [53-55]. The uplift of the Tibetan Pla-
teau is suggested to be an important factor that contributes
to the desertification of the inland Asia [41, 55, 56]. Uplift
of the southern Tibetan Plateau during the late Oligocene
[57] would block the transport of moisture from the south-
ern oceans and induce the intensified desertification in the
inland Asia [55, 56]. Numerical simulation suggests that the
uplift and growth of the Tibetan Plateau from a no-moun-
tain elevation to the present elevation can considerably de-
crease the precipitation and the humidity in the inland Asia
[55, 58]. The retreat of the Paratethys Sea may be another
important factor of the Asian desertification [59].
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