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deposits (loess and red clay) will shed light on the history and mechanisms of Asian aridification. In eastern
China, decrease in grain size from northwest to southeast shows that the Neogene red clay of the Chinese Loess
Plateau (CLP) was derived from the desert and arid lands of northwestern China by the East Asian winter monsoon.
However, in western China, outcrops are limited, and this is an obstacle to studies of the spatial variation of the

I;Z}(;VZTSS ’ provenance of eolian deposits. We use U—Pb geochronology of detrital zircons to determine the provenance of
Detrital zircon the Altun Red Clay, a recently discovered and continuous eolian deposit in western China. Our comparison of detrital
Provenance zircon age spectra for the Altun Red Clay with those of potential source regions, and with results for the coeval red
Neogene clay of the CLP, indicates that: 1. the main zircon age components of the Altun Red Clay are very different from those

Eolian deposits of the red clay on the CLP, suggesting that these deposits were sourced from different areas, and 2. the Altun Red Clay

was likely sourced from the Taklamakan Desert, and transported via westerly winds.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Within the larger scheme of Cenozoic aridification of the Asian interi-
or, east-central China is dominated by northwesterly and southeasterly
monsoon winds, whereas western China is dominated by a westerly
wind regime (Fig. 1a; An et al., 2000; Guo et al., 2002; Li et al.,, 2014;
Qiang et al.,, 2011; Sun et al., 2010, Sun and Windley, 2015; Xu et al,,
2009; Yue, 1995). Studies of the provenance and transporting wind
patterns of the typical eolian deposits of loess and red clay have provided
a basis for reconstructing Neogene-Quaternary sediment transport
pathways and paleogeography.

Most progress has been made by numerous studies in the monsoon-
dominated area of east-central China due to the depth, continuity, and
large areal extent of the loess and red clay deposits on the Chinese
Loess Plateau (CLP) (Che and Li, 2013; Nie et al., 2014, 2015; Pullen
et al,, 2011; Shang et al., 2016; Stevens et al., 2013; Xiao et al., 2012).
Studies of the microstructural surface features of quartz grains (Lu
et al., 1976), geochemical and mineral tracers, and Nd and Sr isotopes
(Chen et al., 2007; Jahn et al., 2001; Li et al., 2009; Sun et al., 2008),
have been widely used to trace the provenance of eolian dust on the
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CLP. The grain size of Quaternary loess and Neogene red clay on the
CLP also decreases gradually from north to south, indicating that the
desert and arid lands of northwestern China (Fig. 1a) are the major eolian
provenance areas and that dust was transported mainly by the northerly
winter monsoon (Lu et al., 2001; Miao et al., 2004; Sun et al.,, 2010). The
Alxa arid lands are still a center of modern dust storm activity in northern
China (Sun et al., 2001; Wang et al., 2004). Furthermore, recent studies
have led to a new conceptual model associating loess on the CLP with
the development of the Yellow River system during the Pliocene and
Pleistocene (Stevens et al., 2013; Nie et al., 2015).

Fewer studies have been undertaken in western China (Fig. 1a),
where limited Neogene red clay sequences have been explored in the
Junggar Basin (Sun et al., 2010) and in the Altun Shan (Li et al., 2014).
Pronounced differences in Sr and Nd isotope compositions of eolian
deposits in the Junggar Basin and the CLP imply that the two deposits
had different sources, and that the Junggar Basin deposits were probably
transported from Kazakhstan in the west (Sun et al., 2010). However,
there have been no provenance studies of the Altun Red Clay, which
might have had sources different from those of the Junggar Basin
deposits, particularly given the large distance (c. 700 km) between
the two areas and their different ages of deposition.

U—Pb geochronology of detrital zircons provides a new opportunity
to determine the source of eolian deposits (Nie et al., 2014; Pullen et al.,
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Fig. 1. (a) Map showing the present major wind system in northern China, and the locations (circles) of the Altun Red Clay in the northern Tibetan Plateau, and the Shilou Red Clay on the
Chinese Loess Plateau. Squares indicate the locations of potential source area samples with published zircon ages: dune samples from the central sand sea of the Taklamakan Desert (Tb20,
21, 27,28, 29, 31, Rittner et al., 2016); fluvial sediments from the Gobi-Alxa arid lands (YG02, Che and Li, 2013); fluvial-lacustrine sediments from the Qaidam Basin (QB, Pullen et al.,
2011); and Neogene fluvial sediments from the Junggar Basin (X]J09-003 and X]J09-017, Yang et al., 2013). Black arrows show the prevailing near-surface winds; larger arrows show
the pathways of the westerly jet stream and the East Asian monsoon. (b) Lithology and magnetostratigraphy of the Altun and Shilou Red Clay. Red stars indicate samples for U—Pb zircon
dating. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2011; Stevens et al., 2013; Ujvari and Klotzli, 2015; Xiao et al., 2012).
Recent studies have demonstrated that detrital zircon provenance
analysis is more diagnostic than the average signal provided by bulk geo-
chemistry in identifying the source areas of eolian deposits (Stevens et al.,
2010; Ujvari et al., 2013). The contrasting geological settings of the desert
areas in northwestern China generate very different zircon ages, which
could be used to discriminate between potential source areas of eolian
deposits (Stevens et al., 2010).

In this contribution, we present new U—Pb detrital zircon age spectra
for the Altun Red Clay, and also for the coeval Shilou Red Clay of the
eastern CLP (Xu et al.,, 2009). We explore the similarities and differences
in provenance and transport pattern between the western and eastern
eolian red clay sequences and provide a better understanding of the mon-
soon and westerly wind regimes. We identify the source of the Altun Red
Clay by comparing its age spectrum with published U—Pb zircon results
from potential source areas. Because the detrital source(s) may have
changed with time, and because of limited sample availability in both
sequences, we sampled rocks of three different ages (10.2, 6.4, and
3.4 Ma, as determined previously by magnetostratigraphy; Li et al.,
2014; Xu et al,, 2009) in both the Altun and Shilou Red Clays.

2. Materials and methods

The Altun Red Clay sequence (Fig. 1a) is located at Caihonggou
(CHG) in the eastern Xorhol Basin, northeast of the Tibetan Plateau, in
the westerly wind regime area. Previous study has confirmed its eolian
origin (Li et al., 2014). The eolian deposit, the main part of the CHG
Formation, is 88.4 m thick, and contains 40 visually defined, brownish
red clay and gray calcium nodule layers. According to the color and
ration of red clay and calcium, the red clay sequence can be further
divided into two parts: an upper part dominated by brownish-red clay
with interbedded brownish-yellow calcareous plates (8:1-10:1), some
of which pinch out along strike, and a lower part mainly composed of
yellowish-brown clay with gray caliche nodule layers (4:1-5:1). Locally,
there is water-lain, fine-grained sandstone and siltstone in the eolian
deposit. Magnetostratigraphic and biostratigraphic results show that
the Altun Red Clay was deposited between ~13 and 2.6 Ma (Li et al,,
2014). This is the only continuous Neogene red clay sequence discovered
so far in western China. Three samples for U—Pb zircon dating
(CHG_10.2, CHG_6.4, CHG_3.4) were collected at depths of 65.2, 35.0,
and 17.0 m within the CHG section, corresponding to depositional ages
of 10.2, 6.4, and 3.4 Ma, respectively (Fig. 1b). The Shilou Red Clay (SL)
sequence (Fig. 1a) is located at the eastern margin of the CLP, in the
monsoon-dominated area. The Shilou red clay section is 72 m thick and
contains 73 red clay and carbonate nodule couplets and ranges in age
from 11 to 2.6 Ma (Xu et al., 2009). Three samples for U—Pb zircon dating
(SL_10.2, SL_6.4, SL_3.4) were collected from depths of 61.9, 37.3, and
12.0 m, corresponding to depositional ages of 10.2, 6.4, and 3.4 Ma
(Fig. 1b).

Detrital zircons from the six samples were separated by convention-
al high-density liquid and magnetic methods and selected randomly
for analysis. Zircons were imaged using transmitted light and with
cathodoluminescence (CL) techniques to characterize their internal
structures and guide subsequent analysis. U—Pb zircon ages were
determined by LA-ICPMS at the Key Laboratory for the Study of Focused
Magmatism and Giant Ore Deposits, in the Xi'an Institute of Geology and
Mineral Resources. The analyses employed a laser spot diameter of
32 um (CHG_3.4, CHG_6.4, first-round CHG_10.2) and 24 um (second-
round CHG_10.2, SL_3.4, SL_6.4, SL_10.2). Laser-induced, depth- and
time-dependent elemental fractionation and instrumental mass bias
were corrected by reference to zircon standard 91,500 (Wiedenbeck
etal., 2004) and glass standard NIST SRM610. U-Pb data were processed
using GLITTER v. 4.4 (Van Achterbergh et al., 2001). The ages reported
here are based on 23U/2°°Pb ratios for analyses younger than 1000 Ma
and 2°7Pb/2°6Pb ratios for older analyses, and are not corrected for

common lead. Analyses >10% discordant are rejected. All analytical
results are tabulated in the Supplementary Data File.

To explore the provenance of Altun Red Clay, we compare our new
results with published U—Pb zircon results from potential source
areas. Eolian deposits, such as red clay, are taken to be products of the
aridification of the Asian interior, because extensive deserts are needed
as sources of dust for such deposits (Guo et al., 2001, 2002; Liu, 1985;
Sun et al., 2010; Whalley et al., 1982). Therefore, inland basins and
large desert areas are the most likely source areas for the eolian deposits.
Taking into account likely climate and transport patterns in the past, the
Qaidam and Junggar Basins, Taklamakan Desert, Gobi-Alxa arid lands,
and other arid basins in western China are all potential sources of eolian
dust (Chen et al., 2007; Derbyshire et al., 1998; Ding et al., 2001; Liu
et al,, 1994; Liu, 1985; Maher et al., 2009; Sun, 2002; Wu et al,, 2010),
and this has been demonstrated in previous detrital zircon studies (Che
and Li, 2013; Pullen et al,, 2011; Nie et al., 2014).

The detrital zircon age data are visualised and compared using
combined probability density diagrams and histograms. We also employ
a multidimensional scaling (MDS) statistical technique (Vermeesch,
2013), related to principle components analysis (PCA), to explore these
large detrital zircon datasets. The MDS uses measures of difference to
group samples with similar age spectra, and disperse samples with
dissimilar ones. MDS can provide a visually effective way of comparing
U—Pb zircon data and has been shown to differentiate effectively
between sediments with different source characteristics (Stevens
et al, 2013).

However, nearest neighbours in MDS plots and similarity of age
spectra may be insufficient to draw robust conclusions about prove-
nance because of the likelihood of mixing of eolian deposits from differ-
ent sources. Similarities or neighbouring relationships in age spectra or
MDS diagrams can be used to infer likely sources only if considered to-
gether with geological and climatic evidences and potential paleowind
directions.

3. Results

The three Altun Red Clay (CHG) samples exhibit similar age spectra,
with a dominant 560-400 Ma age component and a subordinate
400-200 Ma age component (Fig. 2a-c). In contrast, the three Shilou
Red Clay (SL) samples from the eastern CLP exhibit a major 360-200 Ma
age component, and relatively few analyses between 560 and 400 Ma.
The three SL samples also show significant peaks of Paleoproterozoic
age (Fig. 2h-j).

To constrain the sources of the Altun Red Clay, we compare its age
spectra with published zircon age data from potential source areas
(Fig. 2d-g), including: 1. dune samples from the central sand sea of
the Taklamakan Desert (Tb20, 21, 27, 28, 29, 31) (Rittner et al., 2016);
2. fluvial sediment (YG02) from the Gobi-Alxa arid lands (Che and Li,
2013); 3. Plio-Pleistocene fluvial-lacustrine sediments (QB) from the
Qaidam Basin (Pullen et al., 2011); and 4. Neogene fluvial sediments
(XJ09-003 and X]J09-017) from the Junggar Basin (Yang et al., 2013).
These potential sources of eolian dust are located upwind of, or close
to, the Altun Red Clay, so they are likely to have provided at least
some dust to the Altun deposit.

The spectra for the CHG samples are very similar to that of the
Taklamakan samples, with a major age component at 560-400 Ma
and a minor age group at 350-200 Ma (Fig. 2a-d). The CHG spectra
are also similar to the spectrum of the Qaidam Basin sample (QB),
which has a well-defined major peak at c. 450 Ma and a subordinate
peak at c. 250 Ma, although the peaks are not as wide, and there is a
minor peak at c. 100 Ma that is not present in results for the CHG
samples (Fig. 2e). The CHG spectra are different from the Gobi-Alxa
arid lands (YG02) and Junggar Basin (XJ09-003 and X]09-017) spectra,
each of which exhibits a major age component at 400-200 Ma and a
few ages <200 Ma (Fig. 2f-g) that are not represented in the CHG
samples.
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Fig. 2. Comparison of U—Pb detrital zircon ages for the Altun Red Clay (CHG) (a—c), the Shilou Red Clay (SL) (h-j), and potential source areas: Taklamakan Desert, Quidam Basin (QB),
Junggar Basin, and Gobi-Alxa arid lands (d-g). Shaded bars indicate approximate ranges of dominant age components. N, number of detrital zircon ages.

Four age spectra of potential source area samples are dominated by <600 Ma zircon U—PDb ages of the red clay samples as well as source
the ages <600 Ma (Fig. 2), so this range of zircon U—Pb ages most likely area samples for MDS analysis. In the MDS diagram (Fig. 3), zircon
represent the material of the source areas. For this reason, we selected data for the three Altun (CHG) samples plot apart from results for the
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Fig. 3. Metric multidimensional scaling (MDS) plot (Vermeesch, 2013) of detrital zircon
age data for the Altun Red Clay (CHG), Shilou Red Clay (SL) and potential source
regions: Quidam Basin (QB), Taklimakan Desert (TKD), Junggar Basin, and Gobi-Alxa
arid lands. Solid lines and dashed lines connect samples with the closest and second
closest neighbors respectively.

Shilou (SL) and Junggar Basin and Gobi-Alxa arid lands samples, but
plot close to results obtained from the Taklamakan and Qaidam Basin
samples. The Shilou (SL) data are close to those of the Junggar Basin
and Gobi-Alxa arid lands.

4. Discussion
4.1. Potential sources of the Altun Red Clay

The detrital zircon age spectra (Fig. 2) and the quantitative MDS map
(Fig. 3) both indicate a high degree of similarity between the three Altun
Red Clay samples. Furthermore, the mean zircon grain sizes of the three
CHG_samples (81 x 52 um for CHG_3.4, 72 x 49 pym for CHG_6.4,
71 x 45 pm for CHG_10.2) are quite similar to each other. This similarity,
over the range of depositional ages from 10.2 to 3.4 Ma, indicates that
the sources of dust were stable for at least 7 Ma.

The Altun Red Clay results are also very similar to those for the
Taklamakan Desert sample, suggesting that the Taklamakan Desert
was a major source area for the Altun Red Clay. There is climatic and
geological evidence that the Taklamakan Desert had been established
since at least the early Neogene and would have been a viable source
of dust. Firstly, the uplifted Tibetan Plateau was sufficiently high and
extensive to block southerly-sourced moisture since at least the early
Eocene, which triggered the development of aridity in central Asia
(Caves et al., 2015; Graham et al.,, 2005). Retreat of the Paratethys Sea
at ¢. 37 Ma also contributed significantly to Asian interior aridity
(Bosboometal., 2011, 2014; Caves et al., 2015; Zhang et al., 2007). Influ-
enced by these factors (especially by uplift of the Tibetan Plateau), the
Tarim Basin was already extremely dry during the Neogene, leading to
development of the Taklamakan Desert (Caves et al., 2015; Graham
et al.,, 2005). A recent study has placed inception of the Taklamakan
Desert between 26.7 and 22.6 Ma (Zheng et al., 2015). Secondly, the
westerly winds that commenced in the early Miocene (Sun et al., 2010),
and which continue in the present day (Fig. 1a) (Chen et al., 2008),
have had sufficient energy to transport dust from the Taklamakan Desert
to Altun Shan. Thirdly, according to the growth model of the Tibetan
Plateau, the Altun Shan and surrounding areas were still at relatively
low elevations in the Neogene (An et al., 2006; Mulch and Chamberlain,
2006; Wang et al., 2008), which would have facilitated the transportation
of dust to the Altun Shan.

Although the MDS diagram (Fig. 3) suggests that the Qaidam Basin
results are similar to those for the Altun Red Clay samples, the age

spectra show some important differences. The Qaidam Basin spectrum
is dominated by a single age component at c. 450 Ma, whereas the
Altun Red Clay results indicate a wider age range of 560-400 Ma. The
Qaidam spectrum also shows a young component at c. 100 Ma, which
is not represented in the Altun data.

The relative proximity of the Qaidam Basin and the Altun Shan
suggests that the basin should be considered as a possible source of
dust for the Altun Red Clay. The northeastern Qaidam Basin was
dominated by lacustrine deposition between about 10 and 6 Ma,
with a decrease in lake area around 8 to 6.5 Ma indicated by increased
sediment grain size (Fang et al., 2007). Isotope and fossil evidence also
indicates that the Qaidam Basin experienced several short dry intervals
during which lake areas diminished (Jia et al., 2012; Rea et al., 1998;
Chang et al., 2008). Desiccated lacustrine sediments exposed during low
lake levels could have contributed dust for eolian deposits (Kapp et al.,
2011; Pullen et al., 2011). During dry intervals at c. 8 Ma, the Qaidam
Basin was covered by sand, and may have been a dust source for red
clay deposited at this time on the CLP; this has been confirmed by detrital
zircon provenance studies (Pullen et al.,, 2011; Nie et al,, 2014).

However, we propose that the Qaidam Basin was not a source of dust
for the Altun Red Clay, for the following reasons. Firstly, as noted above,
the similarity in results for the Altun Red Clay samples of different ages
indicates that it had long-term and continuous dust sources. Despite the
dry events, the Qaidam Basin was mainly controlled by near-continuous
lacustrine deposition during the Neogene (Fang et al., 2007), and there-
fore is unlikely to have acted as a long-term and continuous source of
dust. Secondly, the prevailing winds in the Qaidam Basin are northwest-
erly, and the Qaidam Basin is downwind of the Xorhol Basin, and so
dust entrained from the Qaidam Basin may not have contributed to the
Altun Red Clay. Thirdly, the southern Qaidam Basin is bounded by high
mountains (elevation >4000 m asl) of the southern Altun Shan, and
thermochronology studies indicate that this range was uplifted rapidly
between about 14 and 9 Ma (Chen et al., 2002; Jolivet et al., 2001;
Wang et al.,, 2003). Therefore, dust derived from the Qaidam Basin could
not have been easily transported out of the basin and to the Xorhol region.

4.2. The wind regime during deposition of the Altun Red Clay

Eastern and western China have been dominated by different cli-
mate patterns, westerly winds and monsoons, respectively, since at
least the Miocene (Chen et al., 2008; Guo et al., 2002; Miao et al.,
2004; Qiang et al., 2011; Sun et al., 2010). Different source areas and
wind regimes contributed dust to the eolian red clay deposits in eastern
and western China. Although the material composition of the eastern
and western red clays is quite similar, clear differences in isotopic
characteristics (Sr and Nd isotope results clearly show that the Junggar
eolian deposits and those of the CLP define two distinct groups) reflect
different dust sources (Sun, 2002; Sun et al.,, 2010).

However, which climate pattern, westerly winds or monsoons (or
both), had the most influence on deposition of the Altun Red Clay? To
investigate, we compare the detrital zircon ages (especially the main
component) of the Altun Red Clay with those for the Shilou Red Clay
sequence of the eastern CLP, using coeval samples from the two sections,
with depositional ages of 10.2, 6.4, and 3.4 Ma.

Both the age spectra (Fig. 2) and the MDS diagram (Fig. 3) show
clear differences between the Altun Red Clay and the Shilou Red Clay
samples. The three Altun samples share a uniform age distribution at
560-400 Ma, whereas the Shilou samples are dominated by compo-
nents at 360-200 Ma, and minor components at 500-400 Ma (Fig. 2).
Sample SL_3.4 sample also shows significant peaks of Paleoproterozoic
age (2000-1700 Ma and 2600-2300 Ma). Zircons of these ages are
present in sediment samples from the middle reaches of the Yellow
River (Nie et al., 2015) as well as in basement rock samples of the Liiliang
Shan (Liu et al,, 2011; Zhao et al., 2008). In addition, the mean zircon grain
size in sample SL_3.4 (114 x 67 pm) is greater than in sample SL_6.4
(58 x 37 um) and SL_10.2 sample (59 x 37 um). Considering that the
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Shilou Red Clay section is flanked to the east by the Liiliang Shan, and is
close to the middle reaches of the Yellow River, the Shilou Red Clay may
contain a detrital contribution from the nearby exhumed Liiliang Shan
or Yellow River sediments since late Pliocene (although which source
may be dominant needs further study). However, the similarity of age
spectra (Fig. 2) and the MDS diagram (Fig. 3) indicate a close relationship
between the Shilou Red Clay samples and Junggar Basin and Gobi-Alxa
arid lands samples, which suggests that the desert and arid lands of north-
western China likely served as major source areas for the Shilou Red Clay.

These observations indicate that the Altun and Shilou Red Clays
were likely derived from distinct source areas and transported by differ-
ent wind systems. If the eolian red clay deposits of the CLP were mainly
derived from the desert and Gobi areas of northwest China, transport
was most likely by the East Asian winter monsoon (Lu et al.,, 2001;
Miao et al., 2004; Sun et al., 2010), whereas we have demonstrated
that the dust of the Altun Red Clay was most likely transported by the
westerly wind regime from the Taklimakan Desert.

Furthermore, if the Xorhol area was dominated by monsoon winds,
then the dust in the Altun Red Clay would be expected to have originated
in the Gobi-Alxa arid lands and Junggar Basin, which are located upwind
of the Altun Red Clay. However, our detrital zircon results do not support
these areas as the main sources for the Altun Red Clay, hence the East
Asian winter monsoon is unlikely to have been the dominant transporta-
tion agent of dust to the Altun Red Clay. In addition, Li et al. (2014)
suggested, based on pronounced differences in magnetic susceptibility
between the Altun Red Clay and the CLP deposits, that the summer
monsoon was unable to affect Altun Shan due to blocking by the uplifted
Tibetan Plateau. In summary, we propose that the dust of the Altun
Red Clay was transported by westerly winds and not by the East Asian
MOonsoon.

5. Conclusions

The detrital zircon age spectra of Altun Red Clay samples, deposited
at 10.2, 6.4, and 3.4 Ma are very similar, suggesting long-term, stable
major dust sources. Based on the age spectra and quantitative MDS
analysis, together with climatic and geological evidence, we conclude
that the Taklamakan Desert served as the main source region for the
Altun Red Clay. However, the possibility that other provenance areas
provided eolian materials to the Altun Red Clay cannot entirely be
excluded.

The detrital zircon age spectra of Altun Red Clay samples are quite
different from those of the coeval Shilou Red Clay (SL) samples from
eastern CLP, suggesting that the Altun and Shilou Red Clays were
sourced from different areas, and the material transport was controlled
by different wind regimes. We suggest that the dust in the Altun Red
Clay was transported mainly via westerly winds.
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