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Deciphering the climatic evolution of the Tibetan Plateau region during the Plio-Pleistocene is hampered by the
lack of continuous archives and proxy datasets indicative ofmoisture availability. Herewe assess the suitability of
magnetic susceptibility (χ) measured on lacustrine sediments as a paleohydrological proxy based on material
fromdrill core SG-1 (2.69–0.08Ma) from thewesternQaidamBasin. Our assessment is based on directly compar-
ing χwith the Artemisia/Chenopodiaceae (A/C) pollen ratio, which represents a sensitive, well-established proxy
for moisture changes in arid environments. We find that higher and lower χ values represent drier and less dry
conditions, respectively, for the Late Plio-Pleistocene. Less dry phases were likely caused by transiently increased
influence of the westerlies and/or decreased influence of the Asian winter monsoon on glacial–interglacial time
scales. An exception from this relationship is the interval between ~1.9 and 1.3 Ma, when the SG-1 χ record ex-
hibits a 54 ka cyclicity, which may indicate summer monsoon influence on the Qaidam Basin during that time.
After ~1.3 Ma, the summer monsoon influence may have ceased due to global cooling, with the consequence
that the Asian winter monsoon and the westerlies exerted a stronger control on the hydrology of the Qaidam
Basin.

© 2015 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The Tibetan Plateau (TP) is the largest continental plateau on Earth,
and its topography has a profound impact on the climate system of the
Northern Hemisphere (Harrison et al., 1998; An et al., 2001). The
amount of ice stored on the TP is the third largest on Earth after the Ant-
arctic and Arctic cryospheres (Qiu, 2008). The region directly adjacent
to the TP to the north, including the Tarim Basin, is today largely arid,
and it has undergone increasing aridification during the Late Cenozoic
(Guo et al., 2002; Tang et al., 2011). In this context, a better understand-
ing of the hydrological cycle on the TP and adjacent regions, and notably
its variability through time, is essential for improving predictions of
future climate and ecosystem evolution.

The present-day climate on the TP is affected by the relative influ-
ences of the Indian and East Asian monsoon, the westerlies, and the
Asian winter monsoon (Fig. 1; Bothe et al., 2012; Maussion et al.,
2014; Mölg et al., 2014). The monsoon system is controlled by a pres-
sure gradient in the troposphere and the role of the TP as an orographic
el).
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barrier (Boos and Kuang, 2010;Molnar et al., 2010). Because the plateau
acts as a topographic divide, the westerlies split into a northern and a
southern branch in winter (Wang, 2006). Considerable knowledge of
monsoon dynamics comes from the marine realm, particularly from
well-dated marine drill cores (e.g., Clemens et al., 1991; Zhang et al.,
2009; Ao et al., 2011). However, an increasing number of studies have
focused on monsoon dynamics in Central Asia during the Cenozoic
using terrestrial archives. Among these archives, glaciers (Yao et al.,
2012), lake sediments (Wang et al., 1999; An et al., 2011; Hu et al.,
2015), loess deposits (Bloemendal and Liu, 2005; Sun et al., 2010), and
alluvial records (Licht et al., 2014) have played a prime role in
deciphering the spatiotemporal variability of monsoonal influence on
the TP and its borderlands. Prominent examples come from the Chinese
Loess Plateau (Fig. 1; Sun et al., 2010; Nie et al., 2013) or the Heqing
Basin on the southeastern TP (Fig. 1; An et al., 2011; Hu et al., 2015).
However, continuous records of past environmental change on the TP
and from its surroundings are still scarce, especially on longer time
scales (i.e., millions of years); this holds particularly true for the semi-
arid to arid northern part of the TP.

The Cenozoic drying is a major factor in the climate evolution of
Central Asia (Ramstein et al., 1997; Guo et al., 2002; Tang et al., 2011).
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Figure 1. Tibetan Plateauwith indicated global circulation pattern and the location of the drilling site SG-1. Locations of the proxy data sets mentioned in Fig. 4 are indicated: Indian sum-
mermonsoon (ISM) index from theHeqing Basin (Anet al., 2011), hematite to goethite ratio (Hm/Gt) of ODP Site 1143 (Zhang et al., 2007, 2009; Aoet al., 2011), and thequartzmean grain
size (QGS) from the southern Loess Plateau (Sun et al., 2010) (see also Fig. 4).
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Possible main drivers of this aridification are global cooling, with a
major step being connected to the Eocene–Oligocene transition
(Wang et al., 1999; Guo et al., 2002; Dupont-Nivet et al., 2007) and pro-
gressive cooling starting after the Mid-Miocene Climatic Optimum
(Zachos et al., 2001), the uplift and continuous elevation increase of
the TP (Rowley and Currie, 2006; Dupont-Nivet et al., 2008; Liu and
Dong, 2013), and the retreat of the Paratethys between Late Eocene
and Late Miocene times (Ramstein et al., 1997; Guo et al., 2002;
Dupont-Nivet et al., 2007). A similar mechanismwas proposed recently
by Buggle et al. (2013) for the observed aridification in SE Europe since
the early Middle Pleistocene, i.e., in the region situated at the western
end of the Eurasian steppe belt.

Among the large number of basins on the TP that have ultimately re-
sulted from the India–Asia collision, the Qaidam Basin on the northeast-
ern fringe of the plateau (Fig. 1) is one of themost prominent examples
(Fang et al., 2007; Kapp et al., 2011; Zhang et al., 2013). Due to its
geographical position and geological setting, it is ideally suited for
investigating the long-term paleoclimate evolution of Central Asia.
Firstly, the basin has been a closed system since at least Oligocene
times, and alluvial and fluvio-lacustrine sedimentation was presumably
almost continuous across much of the basin since the Eocene (Wang
et al., 2012; Heermance et al., 2013). Secondly, the basin is located in a
strategic position regarding the interplay between the westerlies, the
Asian winter monsoon, and the Indian and East Asian monsoon;
hence, paleoclimate archives from the basin can be considered to be
particularly sensitive in recording climate change and its imprint on
terrestrial ecosystems.

The present study focuses on the ~940-m-long drill core SG-1
(38°24′35″N, 92°30′33″E) that was drilled in 2008 in the Chahansilatu
sub-basin of the western Qaidam Basin (Fig. 1) within a Sino–German
cooperation project (Wang et al., 2012; Zhang et al., 2012b). A precise
age model for the lacustrine sediments from core SG-1, hereafter
termed ‘SARA’ age model, has been developed by Herb et al. (2015)
based on orbital tuning of the mass-specific magnetic susceptibility
oi.org/10.1016/j.yqres.2015.09.009 Published online by Cambridge University Press
(χ) record, and anchors from magnetostratigraphic (Zhang et al.,
2012b) and optically stimulated luminescence data (Han et al.,
2014b). The time interval spanned by core SG-1 includes the Middle
Pleistocene Transition (MPT) (~1.25–0.7 Ma; Clark et al., 2006),
which denotes a shift from 41-ka obliquity- to 100-ka eccentricity-
dominated climate cycles (Head and Gibbard, 2005; Clark et al., 2006).
The spectral shift of the MPT represents the main characteristic of the
SG-1 χ time-series results (Herb et al., 2013, 2015).

Within the wide range of terrestrial paleoclimate proxies, pollens
have proven to be one of the most useful groups. Their parent plants
are highly responsive to climatic change, and they are abundant in a
wide range of continental sedimentary settings, thus allowing a high
spatio-temporal resolution of climate reconstructions (e.g., Birks and
Birks, 1980; Pross et al., 2000). However, pollen analysis is extremely
time-consuming. In contrast, χ can bemeasured very quickly, therefore
enabling a high temporal resolution throughout a long sequence with a
limited effort. Based on this rationale, Herb et al. (2013) have investigat-
ed the potential link between χ values and the humidity-sensitive
Artemisia/Chenopodiaceae (A/C) pollen ratio across the depth interval
from 403 to 278 m of the SG-1 core (Fig. 2a), which according to the
SARA agemodel spans from 1.23 to 0.76Ma. The A/C ratio is considered
as a reliable proxy for humidityfluctuations in arid regions on the TP, in-
cluding theQaidamBasin, as Artemisia cannot tolerate as dry climates as
Chenopodiaceae (Herzschuh, 2007; Zhao et al., 2012). The high infor-
mative value of the A/C ratio as a moisture indicator has previously
been demonstrated for the Late Plio-Pleistocene of the western Qaidam
Basin (Cai et al., 2012). For the analyzed portions of the SG-1 core (the
125-m-long interval between 403 and 278 m core depth), Herb et al.
(2013) identified a pronounced inverse correlation between χ values
and the A/C ratio.

In the present paper, we assess the pattern of moisture fluctuations
over the entire SG-1 core, thereby extending the comparison of χ
values and the A/C ratio as pioneered by Herb et al. (2013) for the
MPT interval of the core to the entire Late Plio-Pleistocene. The resulting
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Figure 2. Relationship between magnetic susceptibility (χ; data from Zhang et al., 2012c) and the Artemisia/Chenopodiaceae (A/C) ratio, (a) around the MPT (adapted from Herb et al.,
2013) with the smoothed (5-point simple moving average) χ depth series, and (b) for the additional pollen samples along the entire core. For theMPT average in (b), four pairs of values
(small plot in (a)) at depth levels with extreme values of χwere averaged. Black arrows demonstrate a negative correlation of χ and A/C ratio, light blue arrows a positive correlation. In
(c) the χ depth series is shown (11-point simplemoving average; data from Zhang et al., 2012c)with the stratigraphic positions of the samples in the χl (blue) and χh group (red). (d) Core
lithology (from Zhang et al., 2012b).
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newhigh-resolution paleo-moisture dataset spans the entire time inter-
val between 2.69 and 0.08Ma. This dataset now allows us to identify the
chronology of drier and less dry phases in the Qaidam Basin, to analyze
the potential influence of the global climate system on paleo-
precipitation in the Qaidam Basin, and to better understand themecha-
nisms leading to the exsiccation of the formerly extensive Qaidam
paleolake during that time.

Study area

Geological setting

The Qaidam Basin is situated at the northeastern fringe of the TP, be-
tween 36–39°N and 90–98°E (Fig. 1). With an area of ca. 120,000 km2 it
is the largest intermontane basin on the TP, confined by the Qilian Shan
(northeast), Kunlun Shan (south), and Altun Shan (northwest). These
mountain ranges reach altitudes of N5000 m asl; the basin interior is
on average at 2800 m asl. In addition to these topographic boundaries,
the Qaidam Basin is tectonically bounded by the Qilian Shan–Nan
Shan thrust belt (northeast), the eastern Kunlun thrust belt (south),
rg/10.1016/j.yqres.2015.09.009 Published online by Cambridge University Press
and the Altyn Tagh fault (northwest) (Yin et al., 2008). Cenozoic lacus-
trine sediments originating from the surrounding mountains reach a
thickness of N15,000 m in the basin center (Huang et al., 1996; Fang
et al., 2007; Yin et al., 2007); near our study site in the western basin
the lacustrine sediments are up to 6000 m thick (Zhang et al., 2012b,
2012c).

Climatic boundary conditions

The climate in the Qaidam Basin today is marked by hyper-aridity.
The present-day mean annual precipitation over the basin is
b50 mm/yr (Chen and Bowler, 1986) and mainly influenced by the
westerlies (Bothe et al., 2012; Maussion et al., 2014). For the eastern
part of the basin, an influence of the East Asian summer monsoon is
debated (Li et al., 2006; Xu et al., 2011).

The Plio-Pleistocene evolution ofmoisture availability in the Qaidam
Basin and its potential link to the Asian monsoon system has yet
remained limited (e.g., Wang et al., 1999; Fang et al., 2008). The
lacustrine sediment sequence of core SG-1 is well suited for studying
past climate change in that region. The sedimentary sequence of core

https://doi.org/10.1016/j.yqres.2015.09.009
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SG-1 exhibits long-term changes in (a) lithology, such as an increasing
presence of evaporites and a slight grain-size coarsening in the upper
core intervals (Wang et al., 2012), and (b) sediment geochemistry,
such as in Mn, U, and rare earth element concentrations (Yang et al.,
2013a, 2014, 2015). Long-term changes in both the lithological and geo-
chemical compositions of SG-1 suggest a stepwise aridification of the
western Qaidam basin: In particular, lithofacies variations suggest in-
tensification steps in the long-term aridification to have occurred at
2.5, 2.2, 1.6, 1.2, 0.9, 0.6, and 0.1 Ma (Wang et al., 2012); the different
long-term stages of the Qaidam paleolake levels during the time cov-
ered by the SG-1 core as interpreted from lithofacies variation are (i) a
semi-deep fresh to brackish lake between 2.8 and 2.5 Ma, (ii) a shallow
brackish lake between 2.5 and 1.2 Ma, (iii) a shallow perennial saline
lake between 1.2 and 0.6 Ma, and (iv) saline mudflats and playa saline
lakes between 0.6 and 0.1 Ma (Wang et al., 2012). A stepwise
aridification is further supported by variations in phosphorus concen-
tration that indicate a long-term deterioration with increasing
aridification at ~2.5, 1.8, 1.2, and 0.6 Ma (Yang et al., 2013b). Carbon
isotope analyses covering the time span from 1.8 to 0.1 Ma support an
increased drying at 1.2 and 0.6 Ma (Han et al., 2014a). Potential expla-
nations for the enhanced exsiccation process since the Late Pliocene
consider a link to an elevation increase of the TP and global cooling
(Wu et al., 2011; Han et al., 2014a).

Today, gravel deserts, playas, salt lakes, yardangs, and shifting sands
dominate the landscape in the western Qaidam Basin. The vegetation
cover in the western Qaidam Basin consists of typical desert communi-
ties dominated by Chenopodiaceae, whereas the eastern parts of the
basin exhibit a steppe vegetation with a strong presence of Poaceae
(Zhao et al., 2007; Zhao and Herzschuh, 2009). More specifically, the
vegetation in the surroundings of the SG-1 drill site consists predomi-
nantly of Chenopodiaceae; Artemisia, Poaceae, Ephedra, Nitraria,
and Tamarix are also present; at higher altitudes of the surrounding
mountains Pinus, Picea, and Betula occur (Zhao et al., 2007; Zhao and
Herzschuh, 2009; Zhang et al., 2012a). Pollen analyses of Plio-
Pleistocene (3.1–0.01 Ma) lacustrine sediments from the western
Qaidam Basin (~65 km to the west of the SG-1 locality) revealed that
Artemisia and Chenopodiaceae played a major role in vegetation during
that time; compared with shrubs and herbs, tree taxa were of minor
importance (Cai et al., 2012).

Material and methods

Material

The sedimentary succession of core SG-1 comprises predominantly
mudstone and siltstone, salt layers (mainly at depths above ~420 m),
and scattered gypsum crystals (Fig. 2d; compare also Wang et al.,
2012, and Zhang et al., 2012b).

We selected ten pairs of samples from highs (χh group) and lows
(χl group) in the χ variation (for positions in the sequence see Fig. 2c).
In order to check for consistency of the magnetic and palynological re-
sults we investigated duplicate samples close to each other (on average
within 0.3 m in depth). Thus, 40 (2 × 20) samples were investigated in
total.

For a direct comparison of magnetic parameters with palynological
data, pollen assemblages from these 40 samples were determined.
They extend the already existing pollen dataset from the 403–278 m
depth interval as presented by Herb et al. (2013) across the entire
core SG-1. For pollen analysis we took samples that were previously
used for χ measurements.

Methods

Magnetic properties
For the depth levels that were used for pollen analysis, we analyzed

the following previously measured magnetic properties for their
oi.org/10.1016/j.yqres.2015.09.009 Published online by Cambridge University Press
representativeness of the whole-core magnetic signature: mass-
specific and frequency dependence of magnetic susceptibility
(Zhang et al., 2012c), paramagnetic susceptibility (Herb et al.,
2013), hysteresis properties (Herb et al., 2013), mass-specific suscepti-
bility of anhysteretic remanentmagnetization (Zhang et al., 2012c), and
S-ratio (Zhang et al., 2012c). Additionally, we measured first-order
reversal curves (FORCs), thermal demagnetization of saturation iso-
thermal remanent magnetization (SIRM), and thermomagnetic (κ-T)-
curves for each second sample. Hysteresis measurements were
performed with a Micromag2900 AGM (Princeton Measurements
Corporation); thermal demagnetization curves of the SIRM (acquired
at 2.5 T; impartedwith a pulsemagnetizerMMPM9,MagneticMeasure-
ments) was done in 16 steps up to 700°C using a shielded furnace
MMTD (Magnetic Measurements) and using a Minispin magnetometer
(Molspin) for intensity measurement; κ-T-curves were obtained with a
Kappabridge MFK1-FA (AGICO) with an attached CS-3 furnace
(max. 700°C). The determined FORCs include 100 partial hysteresis
curves; the MATLAB code UNIFORC (Winklhofer and Zimanyi, 2006;
Winklhofer et al., 2008; Egli et al., 2010) was used for processing
(using a smoothing factor of 8 for the χl group and of 5 for the χh
group); for samples with low χ FORC diagrams of three sub-samples
were stacked. For detrending the χ time series we applied locally
weighted scatterplot smoothing (LOWESS; Cleveland, 1979; Helsel
et al., 2006).

Palynology
Thepollen sampleswere preparedwith the same techniques as used

by Herb et al. (2013) including freeze drying, weighing, HCl (30%) and
HF (40%) treatment, and sieving (using a 10 μm nylon mesh). At least
300 pollen grains were counted per sample using 400× magnification,
except for four samples that yielded ≤50 pollen grains (at 25.61,
41.29, 187.56, and 681.92 m depth) and were excluded from further
consideration (remaining samples: on average 317 grains counted). A
precondition for using the A/C ratio as a humidity indicator is the
amount of Artemisia and Chenopodiaceae adding up to at least
N40–50% of the total pollen grains (Zhao et al., 2012). Because of this
criterion, one sample had to be excluded from the interpretation
(at 825.16 m depth). Another sample (at 102.30 m depth) was not con-
sidered because of an anomalous magnetic behavior (thermomagnetic
curves of magnetic susceptibility, hysteresis properties, and mass-
specific susceptibility of anhysteretic remanent magnetization).
Nevertheless, at each sampled depth level at least one pollen sample
was provided. For the 14 levels with duplicate results, the values from
both sampleswere averaged. In addition to the newly available 34 sam-
ples, we also included the palynological results of the 41 samples
discussed by Herb et al. (2013) in the short interval along the MPT in
our analysis.

Results

Comparison of χ values and A/C ratio

The χ record features high-amplitude variation in the range of
Milankovitch cycles (Herb et al., 2013, 2015) with the additional influ-
ence of long-term trends (Fig. 2c). Mean χ values of the χl group and
χh group amount to 4.1 × 10−8 m3/kg and 63.0 × 10−8 m3/kg, respec-
tively (Zhang et al., 2012c). In the accepted 34 samples Artemisia and
Chenopodiaceae make up for an average of 57% (minimum: 47%, maxi-
mum: 69%) of total pollen grains. From a palynological perspective, this
suggests the presence of typical desert to steppe vegetation throughout
the Late Plio-Pleistocene. The mean A/C ratio is 1.10 (0.48–2.06; σ =
0.42) for the χl group and 0.83 (0.51–1.28; σ = 0.19) for the χh group
(Fig. 2b). A visual comparison of χ and A/C ratios exhibits an anti-
correlation between both variables, i.e., confirming the observation
along the MPT (Herb et al., 2013). However, linear correlation does
not yield a significant correlation coefficient. For linear correlation

https://doi.org/10.1016/j.yqres.2015.09.009


Figure 3. Artemisia/Chenopodiaceae (A/C) ratio versus magnetic susceptibility (χ; data
from Zhang et al., 2012c) for the samples around the MPT (from Herb et al., 2013) and
additional 34 values along the entire core (stratigraphic positions in Fig. 2c).

461C. Herb et al. / Quaternary Research 84 (2015) 457–466

https://doi.o
analysis three groups are considered: the 34 newly considered samples,
the 41 samples around the MPT (Herb et al., 2013), and both groups
together. A/C ratios and χ values (Fig. 3) show only a weak anti-
correlation for the 34 new samples (Pearson's correlation coefficient
r = −0.34) and for all samples (r = −0.36), and a moderate anti-
correlation for the MPT samples (r = −0.57). This suggests a more
complex relationship between the palynological and the magnetic sig-
nals. A close inspection reveals eight pairs of values from adjacent χl
and χh samples showing an inverse relationship of χ and A/C ratios as
revealed by Herb et al. (2013) for the MPT interval, while one interval
with two pairs of values (at ~460 m and ~540 m) shows a positive
relationship (Fig. 2b).

Magnetic characterization

Themagnetic behavior of the samples in the χl and χh groupwas an-
alyzed to show their representativeness and consistency. In addition to
the previously discussed magnetic results (Zhang et al., 2012c; Herb
et al., 2013), thermal demagnetization behaviors and thermomagnetic
curves of magnetic susceptibility were investigated. We found that the
properties of the samples used in this paper are in good agreement
with previous results of samples with low and high χ values (Zhang
et al., 2012c) and therefore do not present these results here in detail.

Previous observations of the linkage between χ and hysteresis loop
properties revealed wider scattered magnetic grain sizes for lower χ
samples than for higher ones (Zhang et al., 2012c; Herb et al., 2013).
Thus, a wider range of magnetic grain sizes indicates less dry times
(and vice versa) in consideration of the new χ–A/C ratio comparison.
We investigated FORC diagrams for the verification of this linkage in
addition to the previous hysteresis results because these enable an
advanced characterization of magnetic phases in the sediments
(Roberts et al., 2000; Rowan and Roberts, 2006). The new FORC results
(see Supplementary online material) support the previous information
on magnetic mineralogy and grain sizes gathered for core SG-1 (Zhang
et al., 2012c; Herb et al., 2013).

Discussion

Magnetic susceptibility as a paleo-humidity proxy

As already mentioned in the Introduction, higher A/C ratios are
related to less dry intervals and vice versa under such semi-arid to
rg/10.1016/j.yqres.2015.09.009 Published online by Cambridge University Press
arid climate conditions. Values of χ and A/C ratios show an inverse rela-
tionship for the predominant part of core SG-1, covered by the newly
analyzed samples (Fig. 2b). Hence, we conclude that low χ values indi-
cate less dry conditions, whereas higher χ values indicate drier
conditions throughout most of the time span of the SG-1 core.

The FORC results (see Supplementary online material) show a clear
tendency of relatively larger magnetic grain sizes in the χl group (main-
ly multi-domain to pseudo-single-domain behavior) compared with
the χh (mainly single-domain behavior). This is in agreement with
low-temperature oxidation (LTO) as a major factor of weathering caus-
ing the alteration of magnetite to maghemite and finally a transforma-
tion to hematite (Sidhu, 1988; van Velzen and Dekkers, 1999; Buggle
et al., 2014; Ge et al., 2014) as it was concluded by Zhang et al.
(2012c) and Herb et al. (2013). LTO leads to lower χ values by partial
transformation of magnetite/maghemite into hematite. It also explains
the observed widening of the magnetic grain-size range in the χl sedi-
ments because of the predominant alteration of smaller grains because
of their higher surface-to-volume ratios (Haneda and Morrish, 1977;
van Velzen and Dekkers, 1999).When the initially predominant smaller
grains are transformed to hematite, a pre-existing larger grain-size
fraction of magnetite/maghemite naturally appears in the magnetic
characteristics of the analyzed samples. Our new results indicate that
the inverse relationship between χ and A/C values extends through
the major part of core SG-1, but the correlation is weaker for the entire
core than for the much shorter MPT interval. Besides LTO in the catch-
ment area, changes in the source area also contributed to variability in
themagnetic signal (Zhang et al., 2012c; Herb et al., 2013). The LTO sce-
nario implies less dry conditions for phaseswith lower χ values and vice
versa (Zhang et al., 2012c; Herb et al., 2013), but source area changes
can be responsible for long-term biasing of the initial concentration
and grain size of magnetite on which LTO works.

Implications of the χ–A/C relationship

Methodological implications
In light of the A/C ratio representing a reliable humidity proxy in the

study area (Cai et al., 2012; Zhao et al., 2012) and its observed link to χ
(Fig. 2), the variation of χ can be used as a climate proxy for the arid en-
vironment of the investigated region as proposed by Herb et al. (2013)
for the much shorter MPT interval. Eventually, owing to the new χ–A/C
ratio comparison along the entire SG-1 core, χ can be considered as a
first-ordermoisture proxy during persistently dry conditions. However,
such an interpretation is only possible for the shorter-term cycles of χ
and not by a linear correlation on a long-term scale. The relation be-
tween χ and the A/C ratio is complex, as indicated by the relatively
low linear correlation coefficient of the overall sample set, and requires
special attention for its analysis. Across the entire core, the absolute
value of the Pearson's correlation coefficient is clearly lower than for
the much shorter MPT interval alone. Thus, we speculate that the
lower correlation reflects a non-linear magnetic response to climate as-
sociated with local or regional boundary conditions, such as changes in
the catchment area. Variation in climate and lake-system conditions
controlsweathering and leads to different degrees of LTO. This could ex-
plain the inverse relationship of χ and A/C values for the shorter-term χ
variation in the range of Milankovitch cycles. On a longer-term scale we
have to consider changes in the sediment source area, like tectonic ac-
tivity and the ongoing aridification process, which can shift the level
of χ values and downgrading a direct correlation of χ and the A/C ratio
for a whole-core comparison. Such changes of the catchment are poten-
tially evoked by a shrinkage of the lake coming along with a change of
the magnetic signature of the sediment source area. Longer-term influ-
ences by catchment changes become especially clear in the trend of the
χ record (Fig. 4a) indicating an increase in humidity since ~0.8 Ma, but
the opposite is evident from lithological observations (Wang et al.,
2012). For that reason only nearby located pairs of values are observed
in Figure 2b rather than values along the entire core as in Figure 3. The
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Figure 4.Magnetic susceptibility (χ; data from Zhang et al., 2012c) time series (11-pt simple moving average smoothed) using the SARA age model of Herb et al. (2015) for depth-time
transformation; (a) original χ values (trend using locally weighted scatterplot smoothing (LOWESS) indicated by the black line) and (b) after detrending (by LOWESS) and normalizing
(logarithmized and standard scores); dry and less dry phases according to the χ–A/C-ratio comparison (see Fig. 2) are indicated (the gray shaded partmarks the interval with opposite χ–
A/C-ratio relationship; the extent of this interval is determined by mid-point ages to the neighboring samples); (c) insolation curve for 38°N from the numerical solution LA04 by Laskar
et al. (2004) for the summer solstice; (d) stacked benthic δ18O record LR04 (Lisiecki and Raymo, 2005); (e) Indian summermonsoon (ISM) index from the Heqing Basin (SE Tibetan Pla-
teau) (An et al., 2011); (f) ratio between the contents of hematite and goethite (Hm/Gt) of ODP Site 1143 (South China Sea) (Zhang et al., 2007, 2009; Ao et al., 2011); (g) quartz mean
grain size (QGS) from the southern Loess Plateau (Sun et al., 2010). ISM index, Hm/Gt ratio, and QGS are 5-point moving average smoothed. (h) Spectral analysis of χ in sliding window
with lengths of 500 ka in 5-ka resolution, power below red noise in gray (adapted from Herb et al., 2015). The interval with the ‘opposite’ χ–A/C behavior is marked by the gray-shaded
background.
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ambiguous interpretation of absolute χ values becomes clear in theMPT
interval (Fig. 2a) for which we have higher-resolution pollen data. Also
in this interval extreme values of the A/C ratio are represented by highly
differing absolute χ values, but we have a convincing inverse relation-
ship of the principle χ and A/C ratio cycles, without a recognizable
phase shift (Herb et al., 2013).

Kapp et al. (2011) suggested strong wind erosion in the Qaidam
Basin since the Late Pliocene. Such erosion processes likely led to a
change of the sedimentary characteristics, which may explain the
trend in the χ time series since ~0.6 Ma that is opposing the χ–A/C rela-
tionship. During the time interval since 0.6 Ma as covered by core SG-1,
the Qaidampaleolake was exposed to pronounced drying near the SG-1
drilling site, which ismanifested in the formation of playas (Wang et al.,
2012). As a consequence of the playa formation, the source area for the
sediments in core SG-1 likely altered through the erosion of the exposed
material and related transport processes. The sediments delivered to
the SG-1 drilling site by erosion processes likely had a differentmagnet-
ic signature, which might have caused the opposing χ trend since
~0.6 Ma. In addition to the possible alteration of the sedimentary signa-
ture through the erosion of playas, the formation of anticlines in the
oi.org/10.1016/j.yqres.2015.09.009 Published online by Cambridge University Press
basin could have led to an overprint of the sediment properties by caus-
ing a secondary sedimentary source area. The development of anticline
structures is a commonprocess in thewesternQaidambasin due to con-
tinuous tectonic SW–NE compression (Xia et al., 2001; Yin et al., 2008;
Lu et al., 2015). The growth of these anticlines has an impact on the sed-
imentflux in the lake by forming sub-basins and sub-bottom slopes, and
they become exposed to wind erosion when they rise over the lake
level. The influence of a changing sedimentary source area could
have strongly superposed the periodic humidity signal. A possible
consequence for the χ–A/C-ratio behavior is discussed below.

Connection between χ and global climate records
To determine the driving factors of moisture changes in the western

Qaidam Basin, we have compared the χ record with both global climate
records and monsoon records. The χ time series (Fig. 4a) shows a clear
cyclic behavior, with shorter cycles in the obliquity band dominating
from thebottomof the corewell into theMPT interval, and longer cycles
in the eccentricity band dominating afterwards (Herb et al., 2015). As
the MPT is a consistent feature of Quaternary climate records both
from marine and terrestrial archives world-wide (Head and Gibbard,
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2005), the documentation of the MPT in the χ record demonstrates a
connection of the climate in thewestern QaidamBasin to global climate
conditions.

One possible explanation for the MPT is that Northern Hemisphere
ice volume caused a change from linear to non-linear climate forcing
when it exceeded a critical level (Imbrie et al., 1993; Abe-Ouchi et al.,
2013). Following this hypothesis, we might assume that χ is at least
indirectly influenced by ice-sheet dynamics. To potentially quantify
such an influence we carried out a cross-spectral analysis of the SG-1
χ record with the numerically determined insolation (38°N; summer
solstice) LA04 (Laskar et al., 2004; Fig. 4c) and the benthic δ18O stack
LR04 (Lisiecki and Raymo, 2005; Fig. 4d). Significant (95% level) coher-
ence is detected between χ and LA04 for 41-ka obliquity (Fig. 5a). The
54-ka obliquity also shows a coherence peak; nevertheless, this is
below the 95% significance level. A linear relationship between χ and
LR04 in the frequency domain is significant (95% level) for the 41-ka
obliquity, while coherence for the 54-ka cyclicity is slightly shifted to
higher frequencies (Fig. 5b). Precession and eccentricity show less co-
herence in both cases, probably due to the separation of spectral
power of χ into split peaks (Fig. 5). The cross-spectral analysis suggests
a significant influence of insolation (LA04) on χ as well as a link to gla-
cial–interglacial cycles represented by the LR04 stack. However, the ob-
served dry and less dry phases (Fig. 4a, b) do not match chronologically
with the expected glacial–interglacial periods shown by the LR04 stack
(Fig. 4d). The time interval of the SG-1 χ record shown in Figure 4 is
based on the SARA age model as it was developed by Herb et al.
(2015) through orbital tuning of SARs. This tuning can cause shifts of
Figure 5. Cross-spectral analysis of magnetic susceptibility (χ; blue) with (a) LA04 (red;
Laskar et al., 2004) and (b) LR04 (red; Lisiecki and Raymo, 2005), both shown for the
same time span as covered by the SG-1 χ record (see Fig. 4); width of gray vertical bars
reflect 6-dB bandwidth. SPECTRUM software (Schulz and Stattegger, 1997) was used for
calculation after normalizing (log transformation and standard scores).

rg/10.1016/j.yqres.2015.09.009 Published online by Cambridge University Press
the resulting absolute ages on the order of a few 10 ka, which hinders
the direct chronological comparison with the LR04 stack.
‘Anomaly’ of the χ versus A/C-ratio relationship
In the interval between ~1.9 and ~1.3 Ma, two pairs of χ and A/C

values show a positive correlation in contrast to all other samples, for
which an inverse correlation is observed (Fig. 2). The occurrence of
this ‘anomaly’within one interval indicates that it represents a system-
atic difference rather than an effect of scattering. The reason for this
systematic difference is likely a change of the boundary conditions
(like shifts of the catchment area) as discussed above. Based on the pre-
dominantly A/C-ratio-based climate reconstructions for the western
Qaidam Basin as presented by Cai et al. (2012), the anomalous behavior
of the χ versus A/C values falls within an interval of less dry conditions
that lasted from1.8 to 1.2Ma. Therefore, we assume that the anomalous
χ–A/C-ratio behavior is evoked by less dry conditions in that time,
which resulted in a longer-term change of themagnetic signature likely
due to different boundary conditions.

Less dry times in the anomalous interval could be caused by long-
term changes in the precipitation reaching the western Qaidam Basin,
potentially due to tectonic forcing (i.e., uplift and consequently increas-
ing elevation of mountain ranges surrounding the basin; Song et al.,
2005; Yin et al., 2008), shifts of the intertropical convergence zone
(Fleitmann et al., 2007), variations in monsoon intensity (Bolton et al.,
2013), and/or a combination of these factors. In the following, we will
investigate how changes in monsoonal intensity may have affected
the moisture budget in the western Qaidam Basin. Based on lacustrine
sediments from the Heqing Basin, An et al. (2011) quantified the
strength of the Indian summer monsoon (ISM) reaching the southeast-
ern TP for the period from 2.6 to 0.1Ma. Their ISM index (Fig. 4e) shows
an increase in amplitudes at around 1.6 Ma, which coincides with the
middle part of the ‘anomalous’ interval of the SG-1 record as described
above. Moreover, the ‘anomalous’ interval falls within a period of a rel-
atively strong Asian summer monsoon as identified from marine sedi-
ments at ODP Site 1143 in the South China Sea (Fig. 4f; Zhang et al.,
2007, 2009; Ao et al., 2011). Precipitation directly relatedwithmonsoon
circulation seems unlikely in thewestern Qaidam Basin owing to its po-
sition on the northeastern edge of the TP. However, the larger-scale at-
mospheric circulation affecting the Qaidam Basin could be coupled to
the summer monsoon system, at least in certain periods during which
such an influence was supported by the atmospheric circulation pat-
tern. Temporary coupling of the climate in the western Qaidam Basin
with the summer monsoon system could have caused climate condi-
tions that biased the sediment supply to the lake. This may have
changed the magnetic signature generating the contrary χ–A/C-ratio
behavior in the anomalous interval. According to Clemens and Prell
(1991) a potential link between the 54-ka cycles and summermonsoon
strengthmight exist, attributed to feedback effects of the climate system
with the assumption that the 54-ka cyclicity results from a combination
of the primary precession and obliquity cycles. Herb et al. (2015) have
identified the 54-ka cycle as the dominant periodicity in the χ record
of the SG-1 drill core (Fig. 4h) for the period ~2.0–1.3 Ma. This period
coincides with the discussed anomalous interval and thus may support
a coupling of the climate in the western Qaidam Basin to the summer
monsoon system during that time.

Bringingdry airmasses from thenorth and also influencing the sum-
mermonsoon (Chen et al., 2000) thewintermonsoon is another impor-
tant climate feature in Central Asia today. Winter monsoon intensity
was reconstructed for the past 7 Ma on the southern Loess Plateau
(Fig. 4g; Sun et al., 2010) based on the size distribution of quartz grains
(Xiao et al., 1995). For the ‘anomalous’ interval, the grain-size data
indicate a relatively weak winter monsoon with only small-amplitude
variations (Sun et al., 2010). This observation further supports the sce-
nario that less dry conditionsmay have been responsible for the inverse
pattern of the χ and A/C values in the ‘anomalous’ interval.
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The observed ‘anomaly’might also be explained by anticline forma-
tion in the area influencing the sedimentary characteristics of core SG-1,
as already addressed above. In this respect, the Jianshan anticline is of
particular interest as it is only at ~20 km distance to the SG-1 drill site.
The ultimate uplift above lake level occurred at ~1.6 Ma (Zhang et al.,
2014; Lu et al., 2015), i.e., during the phase of the opposite χ–A/C-
ratio (between ~1.9 and ~1.3 Ma); however, a temporary rise above
lake level might have started already earlier. In such a scenario, the sed-
imentary system in the area of the SG-1 drill site likely took some time
to re-equilibrate until humidity fluctuations returned to the primary
influencing factors of the χ variation. Nevertheless, the accordance
with other summer monsoon records (Sun et al., 2010; An et al., 2011;
Ao et al., 2011) and the observation of the 54-ka orbital cycle through-
out the period of the ‘anomaly’ suggest a link of the χ record to the
moisture availability in the Qaidam Basin and the monsoon system
rather than an overlay of the magnetic signal by sediments from the
Jianshan anticline.

Environmental implications
Global cooling presumably caused a strengthening of the Siberian

High (Guo et al., 2004), leading to an increased strength of the dry-
cold winter monsoon, a decrease in the importance of the summer
monsoon for the Qaidam Basin (Fang et al., 1999), and a reduction of
the moisture transported to inner Asia by the westerlies (Yang et al.,
2013b). In addition to these processes, uplift and continuous elevation
increase of the TP may also have led to a stronger winter monsoon
and the enhancement of the westerlies (Ruddiman and Kutzbach,
1989; Fang et al., 1999), thereby contributing to the increasing
aridification since ~1.2 Ma (Fang et al., 1999; Han et al., 2014a). As a re-
sult of a reduced moisture flux into Central Asia, the regional climate in
theQaidamBasin became increasingly separated from the surroundings
since ~1.2 Ma. The basin was closed during that time (Wang et al.,
2012), thus direct outward flow did not take place. Due to the high
mountain ranges surrounding the basin, the transport of water vapor
out of the basin seems also being limited. Therefore, the water cycle in
the basin itself is likely very important. We hypothesize that the
aridification process observed in SG-1 was controlled by regional
water recycling (see next section). In such a scenario, insolation
changes influence the moisture budget in the Qaidam Basin on
glacial–interglacial time scales as documented in the χ record of SG-1
via the occurrence of Milankovitch cycles.

Buggle et al. (2013) discussed an effect of progressive aridification
due to an elevation increase of surrounding mountain belts in basins
of SE Europe since the early Middle Pleistocene. Strong uplift processes
of the NE Tibetan Plateau are assumed for the period around the MPT
(Song et al., 2005; Liu et al., 2010; Zhang et al., 2012b). In the light of
the interpretation of Buggle et al. (2013), the elevation increase of the
surroundingmountain beltsmight also be responsible for the increasing
aridification trend in the Qaidam Basin.

Outlook: aridification and regional water recycling
In the following, we propose a hypothesis that consistently explains

the paleohydrological data represented by χ as well as a potential driv-
ing mechanism of the pronounced drying process in the western
Qaidam Basin since the MPT. The formerly large paleolake in the
Qaidam Basin and the region surrounding the basin may have formed
a long-term, climate-driven closed water cycle, including evapotranspi-
ration, precipitation and surface runoff, with a balance between mois-
ture loss through the atmosphere and external moisture influx from
the westerlies. In such a scenario, glacial and interglacial times will
modulate the water budget by varying the volumes of lake water and
glacier ice, with less precipitation during cooler periods. As long as the
lake surface remained rather constant, such cycling could have been
stable, causing drier or less dry conditions in the catchment area of
the lake on a glacial–interglacial time scale.
oi.org/10.1016/j.yqres.2015.09.009 Published online by Cambridge University Press
As a consequence of stronger eccentricity control after the MPT in
the study region (Fig. 4h; Herb et al., 2015), longer glacial periods
with lengths between ~85 and 90 ka compared with the total 100 ka
(Berger and Loutre, 2010) are expected for the younger half of the
Quaternary. This period is the time span when drying in the Qaidam
Basin intensified strongly (Wang et al., 2012). Therefore, a link between
eccentricity control of humidity in the western Qaidam Basin since the
MPT and the drying process of the Qaidam paleolake might exist.
When water was detracted from the lake for longer times in the glacial
periods since the MPT and the lake surface area was additionally re-
duced by the uplift of anticlines (Xia et al., 2001; Yin et al., 2008), a crit-
ical state could have been reached where the regional water recycling
system collapsed leading to final drying of the paleolake. A similar
process of hydrological water and moisture recycling has been
suggested to explain present observations in the TP region (Chen
et al., 2012; Mölg et al., 2014).
Conclusions

(1) Newpollen results extend the previous comparison of χ and theA/C
pollen ratio around theMPT to the entire core SG-1 (2.69–0.08Ma).
As for the MPT interval, higher χ values represent drier conditions
and vice versa. Only the interval between 1.9 and 1.3 Ma shows
the opposite relationship. Based on our pollen results, predomi-
nantly desert and steppe vegetation dominated the landscape in
the study region during the ~2.61 Ma covered by core SG-1. The
new palynological results as well as the analyzed FORCs verify the
previous assumption that χ variation is based on both low-
temperature oxidation occurring in the catchment and a changing
source region of sediment supply controlling the long-term trends.

(2) Cross-spectral analysis suggests a high influence of insolation on
the observed χ variation and a connection to glacial–interglacial cy-
cles. From spectral analysis of the proposed paleo-humidity proxy χ
we hypothesize that during the eccentricity-dominated glacial/in-
terglacial cycles after the MPT, aridity increased by accumulation
of water in glacier ice, leading to an almost complete exsiccation
of the Qaidam paleolake after a tipping point was reached.

(3) Low intensity of thedrywintermonsoon and evidence ofmonsoon-
influencedmoisture provides evidence for the summermonsoon as
an important factor of climate control in the western Qaidam Basin
during the time period with the opposite χ–A/C-ratio behavior
(1.9–1.3 Ma). Based on the significance of the 54-ka cycle before
1.3 Ma as observed in our χ data, we speculate that fluctuations of
drier and less dry climate in theQaidamBasinwere coupled to sum-
mer monsoon dynamics at least until the MPT.
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