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Abstract The East Asian summermonsoon (EASM) variability on orbital time scale has been extensively
investigated in Quaternary loess and speleothems. However, EASM variability during pre‐Quaternary
time remains poorly understood. Here we report a continuous upper Miocene cyclostratigraphic record from
lake deposits of the Tianshui basin, Northeast Tibet, to reconstruct past variations of the regional
hydrological cycle. Our results, combined with previously published cyclostratigraphic records from
Northeast Tibet, show that regional lake expansion cycles have been consistently dominated by ~100‐kyr
eccentricity forcing over most of the middle to late Miocene. These ~100 kyr cycles corroborate a significant
forcing of the East Asian hydrological cycle by Antarctic ice sheet variations at that time. It is, however,
unclear if this forcing affected EASM intensity or westerly derived moisture supply to the far east. Regardless
of the nature of the main source of precipitation in Northeast Tibet during the Miocene, these results
emphasize the existence of a strong teleconnection between Antarctic ice sheet modulations and the
continental climate of Asia.

1. Introduction

The East Asian SummerMonsoon (EASM) is an important component of the global climate system and deli-
vers abundant moisture from the Pacific Ocean and the South China Sea to East Asia, affecting the economic
development of densely populated areas (Li et al., 2017). During the past few decades, it has attracted
considerable attention from climatologists, geographers, and geologists. Reconstructing the evolution of
monsoonal intensity through time is important to understand howmonsoons have shaped Asian paleoenvir-
onments and to quantitatively constrain the fundamental mechanisms driving Asian atmospheric circula-
tion and related rainfall with the potential to provide insight into the response of Asian monsoons to
future high pCO2 scenarios.

EASM variability on orbital time scales during the Pleistocene period is well documented from the loess‐
paleosol sequences of the Chinese Loess Plateau (e.g., Ding et al., 2002; Sun et al., 2006), speleothem records
(e.g., Caley et al., 2011, 2014; Cheng et al., 2016; Wang et al., 2008), lacustrine deposits (e.g., Ao et al., 2012;
Nakagawa et al., 2008), andmarine records in the South China Sea (e.g., Ao et al., 2011). Grain size andmag-
netic susceptibility (MS) records from loess and fine‐grained lacustrine deposits of North China show domi-
nant obliquity cycles (41 kyr) before ~0.9 Ma and dominant eccentricity (~100 kyr) after ~0.9 Ma, consistent
with benthic δ18O compilations (Lisiecki & Raymo, 2005). In contrast, pedogenic δ18O variations in loess are
dominantly forced by obliquity over most of the Pleistocene (Li et al., 2017). This discrepancy suggests that
the evolution of winter monsoonal intensity‐controlling dust transport—and thus grain size and MS in
floodplain fines in North China—is not impacted by the same processes as the evolution of the summer
monsoonal intensity controlling soil water δ18O values (Li et al., 2017).

In South China, δ18O records from stalagmites are characterized by precession (23 kyr) cyclicity over the past
1.8 Ma (Cheng et al., 2016; Wang et al., 2008); these variations closely follow sea surface temperature (SST)
changes at low latitudes (Caley et al., 2014). The discrepancy in the dominant orbital forcing between North
and South China shows that the penetration of monsoonal moisture into North China is driven by mechan-
isms more complex than changes in the contribution of equatorial moisture sources, likely involving atmo-
spheric teleconnections between ice sheet expansion, westerly winds intensity, and heat transfer at high
latitude (Weber & Tuenter, 2011).
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Deciphering orbital fluctuations of lake expansion in North China in deep time could shed light on the origin
of these teleconnections. Pre‐Quaternary records of orbital climatic variations are unfortunately rare. In the
Chinese Loess Plateau, strong 400‐kyr and weak ~100‐kyr signals in grain size and MS have been reported
for most of the Pliocene: in the Lingtai red clay section (Sun et al., 2006), in the Chaona red clay section
(Nie et al., 2008), and in the Shilou section (Anwar et al., 2015). The origin of this eccentricity forcing is
poorly understood and at odds with the marine record over the period (Lisiecki & Raymo, 2005; Pollard &
DeConto, 2009). Earlier, late Miocene (8.5–7 Ma) lacustrine expansions in the Qaidam basin of North
Tibet have been shown to be mainly controlled by ~100 kyr cycles (Nie et al., 2017). Similarly, middle
Miocene (14–10 Ma) lake expansion in Northeast Tibet displayed cyclic variations following~100 kyr cycles
and weaker ~41 kyr cycles (Wang et al., 2018). In contrast, Heitmann et al. (2017) suggested that obliquity
might have been the main forcing of moisture supply during this period, though this assessment is based
on a thin (12 m thick) outcrop in the Tianshui basin covering just the interval from 13.7 to 13.2 Ma.

This study aims to further document the deep time evolution of the EASM and its orbital controls by provid-
ing additional cyclostratigraphic data from Northeast Tibet and discuss their paleoclimatic implications.
Specifically, we investigate the cyclicity in a ~10.25‐ to 8‐Ma lacustrine record from the Tianshui basin,
NE Tibet, previously dated by magnetostratigraphy (Li et al., 2006). This new record fills the temporal gap
left between the Qaidam and Guide basin records; all together, the combination of these cyclostratigraphic
records allows us to consider the controls on the North China hydrological cycle over a significant part of the
middle and late Miocene.

2. Geological Setting

NE Tibet is today enclosed by numerous mountain ranges: The Qilian Shan to the north, the Kunlun Shan to
the south, the Altyn Tagh to the west, and the Liupan Shan to the east (Lease et al., 2012; Figure 1a). This
region contains numerous Cenozoic sedimentary basins, including the Qaidam, Gonghe, Xining, Guide,

Figure 1. (a) Locations of the Tianshui Basin and tectonic setting of the northern Tibetan plateau (modified fromWang et al., 2011). HTTL=Huaitoutala section in
the Qaidam basin (Nie et al., 2017); ASG =Ashigong section in the Guide basin (Wang et al., 2018); YD = Yaodian section in the Tianshui basin (this study) (b) Map
showing the Tianshui basin and the sampling location. (c) Lithological distribution in the Tianshui basin (modified from Wang et al., 2017).
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Xunhua, Linxia, Lanzhou, and Tianshui basins. Basin partitioning has been shown to be mostly Neogene in
age (Lease, 2014) in response to mountain uplifts: Laji Shan (22 Ma; Lease et al., 2012), Jishi Shan (13 Ma;
Lease et al., 2012), Riyue Shan (9 Ma; Lease et al., 2007); Gonghe Nan Shan (7–10 Ma; Craddock et al.,
2011); Liupan Shan (8 Ma; Zheng et al., 2006); and Qinghai Nan Shan (6 Ma; Zhang et al., 2012).

The Tianshui basin is enclosed by the West Qinling Shan to the south, the Huajia Mountains to the north,
and the Liupan Shan to the east (Figure 1c). Cenozoic deposits in Tianshui basin are divided into the
Paleogene Guyuan Group and the Neogene Gansu Group on the basis of lithofacies and paleontology (Li
et al., 2006; Qu & Cai, 1984). An unconformity between these groups can be widely observed (Li et al.,
2006). The Paleogene Guyuan Group is dominated by massive conglomerates and sandstones with thick-
nesses varying from several tens of meters in the north to hundreds of meters in the south (Wang et al.,
2017; Yuan et al., 2007). The Neogene Gansu Group includes eolian red clay‐paleosol sequences, reworked
loess deposits, fluvial deposits, and lacustrine deposits (Li et al., 2006; Wang et al., 2017). In this study, we
investigate in detail the cyclostratigraphic record of the Yaodian section from the Gansu Group (105°55′E,
34°38′N, near Yaodian village). The section was previously dated by Li et al. (2006) using a combination
of biostratigraphic and magnetostratigraphic proxies. Abundant fossil material including specimens of
Hipparion weihoense, Cervavitus novorossiae, and Ictitherium so constrains the base of the section to the
late‐middle Miocene. Magnetostratigraphic analysis constrains the entire section to the 12.4‐ to 6.5‐Ma inter-
val (Figure 2, Li et al., 2006). Deposits spanning this interval consist of three main sedimentary facies: fossil‐
rich sandstone beds interpreted as fluvial channel deposits, pedogenized red mudstones interpreted as
reflecting a floodplain environment, and calcareous gray‐green mudstones reflecting as lacustrine phase
(Li et al., 2006). Overall, the sequence is interpreted as reflecting a fluvio‐lacustrine system with cyclic
lake‐expansion episodes (Figure 2).

3. Methods

One thousand eight hundred fifty rock samples were collected along a 92.5‐m thick continuous part of the
Tianshui section, with a sampling interval of ~5 cm. Our sampling profile starts at the top of the first thick
sandstone layer in the log of Li et al. (2006, Figure 2), which is dated to ~10.3 Ma by magnetostratigraphy.
Our sampling profile ends in the middle of a thick lacustrine member (about 80‐m height in the log of Li
et al., 2006), dated ~8 Ma by Li et al. (2006). This would give a ~4.0‐cm/kyr average accumulation rate for
our 92.5‐m sampled interval. To investigate cyclicity in the section, we focused on two proxies: MS and
Rb/Sr ratios.

MS (quantified by κ; the volume susceptibility) of powdered samples was measured using a Bartington MS3
Magnetic Susceptibility System. The abundance of rubidium (Rb) and strontium (Sr) were measured with a
Thermo Scientific Niton XL3t Handheld XRF (X‐ray fluorescence) analyzer used in geochemistrymode (50‐
and 10‐kV bean energies). The measurement time for each sample analysis was at least 50 s. Both instru-
ments are housed in the State Key Laboratory of Biogeology and Environmental Geology, China
University of Geosciences (Wuhan).

MS and Rb/Sr data series were prewhitened in Kaleidagraph software by subtracting 15% weighted averages
in order to remove long‐term trends. Then, a continuous wavelet transform was carried out using wavelet
analysis (using a Morlet mother wavelet) to identify potential orbital cycles (see Torrence & Compo, 1998
for wavelet analysis method). Based on evaluation of average accumulation rates and the expected ratios
of Milankovitch frequencies, the dominant spectral components (eccentricity, obliquity, and precession
cycles) in the data were extracted by using Gaussian band‐pass filtering with AnalySeries 2.0.8 software
(Paillard et al., 1996). The power spectra of the unturned (depth domain) and tuned (time domain) data were
analyzed by the 2π‐MultiTaper Method using the Singular Spectrum Analysis‐MultiTaper Method Toolkit
with robust red noise models used to ascertain the mean, 90, 95, and 99% confidence levels (Mann &
Lees, 1996).

4. Results

The evolution of MS and Rb/Sr data in the studied succession is strongly correlated with lithological varia-
tions (Figure 2). High values of MS and Rb/Sr correspond to red‐brownmudstone layers, whereas low values
correspond to grayish‐green/gray‐black mudstone, sandstone, and siltstone layers (Figure 2).
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The power spectrum of the Rb/Sr log series of the Tianshui basin shows significant peaks at ~6.3‐, 4.5‐, 3.5‐,
2.5‐, 1.9‐ and 0.95‐m wavelengths for our entire 92.5‐m section (Figure 3a). Based on the paleomagnetic age
constraints of Li et al. (2006) and evaluation of average accumulation rates (Figure 2), the ~6.3–4.5 and 1.9
cycles can be assigned to short eccentricity and obliquity, respectively (Figure 3c). The MS series (0–92.5 m)
show a similar set of significant peaks at ~6.9–4.5, 2.1, and 0.85 m (Figure 3b). Similar to the Rb/Sr series,
these cycles can be assigned to short eccentricity, obliquity, and precession, respectively (Figure 3d). We
tuned the Rb/Sr and MS series to the ~100‐kyr short‐eccentricity cycles based on the recognition of ~6.3–
4.5, and ~6.9–4.5 m cycles, respectively (Figure 3). Depth domain filtering of Rb/Sr at ~6.3–4.5 m and MS
at ~6.9–4.5 m is visible in the supporting information (see Figure DR2 in the supporting information).
These depth cycles were then converted into time cycles to build an astronomical time scale based on the
age boundaries of our sampling profile provided by Li et al. (2006). In total, we recognized twenty‐two
~100‐kyr cycles for each record, covering the time window from ~10.25 to 8 Ma (Figure 4). This tuned age
of ~10.25–8 Ma is in line with the paleomagnetic correlations of Li et al. (2006), with both our astronomical
time scale and Li et al.'s magnetostratigraphic time scale dating the transition from sandy fluvio‐lacustrine
deposits to calcareous lake beds at ~9.5 Ma (Figure 2).

5. Discussion
5.1. Synthesis

In lacustrine layers, magnetic mineral dissolution can result in significant decreases in MS (Ao et al.,
2010). MS orbital variations in our studied section can be interpreted as reflecting a balance between

Figure 2. (a) Lithology and magnetic stratigraphy of the Yaodian section, Tianshui basin (from Li et al., 2006; Liu et al.,
2016). (b) Magnetic susceptibility (MS), Rb/Sr ratios, Rb, and Sr content of the middle part in Yaodian site, with sampling
resolution ~5 cm. The difference in sampling depth between Li et al. (2006) and our study is likely due to our more
precise logging resolution (0.05 m).
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pedogenesis intensity (High MS, in paleosols) and dissolution (low MS, in lake beds). The behavior of the
Rb/Sr ratio has also been previously documented in Chinese Loess. Rb is a relatively stable element
poorly affected by weather, whereas Sr is much more mobile and displays a strong affinity for carbonates
(e.g., An et al., 2001); paleosols are leached in Sr by weathering processes and get much higher Rb/Sr
ratios, whereas calcareous lake beds are enriched in Sr and display lower Rb/Sr ratios (Figure 2).
Collectively, both the variations of MS and Rb/Sr values record lake level changes, linked to the regional
hydrological cycle.

The reconstructed lake level fluctuations in the Tianshui basin covering the interval ~10.25–8 Ma fill an
important temporal gap in our knowledge of East Asian orbital forcing between the cyclostratigraphic data
of NE Tibet from lacustrine deposits in the Guide basin (14–10 Ma, Wang et al., 2018) and the Qaidam basin
(8.5–7 Ma, Nie et al., 2017). Our record, combined with these others two, demonstrates the continuous pro-
minence of ~100‐kyr eccentricity forcing on lake expansion in NE Tibet for the interval 14–7 Ma. We do not
reject the conclusion of Heitmann et al. (2017) suggesting that ~41‐kyr obliquity forcing could have played a
role during the late Miocene, but we argue that their study on a 12‐m thick outcrop may not have had the
resolution to capture the signal from longer, eccentricity cycles. A minor ~41‐kyr obliquity forcing was also
recorded in the record of the Guide basin (Wang et al., 2018), and is also present in our record, though con-
siderably weaker than eccentricity (Figures 3a and 3b).

There are two main sources of atmospheric moisture that contribute to the hydrological budget of NE Tibet:
winter, westerly derived rainfall, and the summer monsoon (Caves et al., 2015). Today, summer monsoonal
rainfall contributes up to 60% of the hydrological budget, but the contribution of westerly derived moisture
could have been more substantial in the past. Summer monsoonal rainfall intensity appears mainly con-
trolled by 41‐kyr obliquity cycles in Quaternary loess (Li et al., 2017). Westerly derived moisture penetration
through time is poorly documented, but grain size and magnetic susceptibility studies in loess suggest that
winter wind intensity is mainly controlled by alternating 400‐, ~100‐, and 41‐kyr orbital controls over the
Plio‐Quaternary (Anwar et al., 2015; Ao et al., 2012; Li et al., 2017; Sun et al., 2006).

The dominant ~100‐kyr eccentricity control on lake expansion in NE Tibet for the 14–7Ma interval is at odds
with the dominant ~41‐kyr obliquity forcing observed on summer rainfall intensity recorded in Quaternary
loess (Li et al., 2017). This prompts two potential explanations: (1) either summer monsoonal penetration in
North China was controlled by significantly different climatic mechanisms during the Miocene; (2) or this

Figure 3. Spectral results of the measured MS and Rb/Sr ratios in Yaodian site, Tianshui basin. (a–d) The 2πMultiTaper
Method power spectrum of the Rb/Sr and MS series in the depth and time domain after subtracting a 15% weighted
average with robust red noise modeling, respectively. MS = magnetic susceptibility.
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~100‐kyr eccentricity control reflects a bigger penetration of westerly derived moisture into North China
during the period. In the following two subsections, we explore these alternative explanations.

5.2. A Different Control on Summer Monsoonal Intensity?

The 13.9‐ to 7‐Ma interval is a period of long‐term cooling during which the Northern Hemisphere was
mostly free of ice, and the Antarctic ice sheet was smaller but more dynamic than today and experienced reg-
ular episodes of expansion and waning (de Vleeschouwer et al., 2017; Herbert et al., 2016). Nie et al. (2017)
linked the dominant ~100 kyr cycles recorded in the Miocene Qaidam basin lake expansion record to
insolation‐driven Antarctic ice sheet forcing on monsoonal intensity and proposed two potential mechan-
isms: (1) periodic advances and retreats of East Asian coastlines associated with significant eustatic varia-
tions driven by the waning and waxing of ice sheets could have impacted the availability of moisture
along the pathway of EASM winds; (2) periodic expansion of the Antarctic ice sheet reduced SST in tropical
Pacific Ocean and could have impacted evaporation and moisture availability in the equatorial Pacific and
weakened cross‐equatorial pressure gradient and amount of latent heat release, resulting in a dampening
of monsoonal intensity and moisture transport (Ao et al., 2016; Clemens et al., 2008).

The teleconnection between Antarctic ice sheet expansion and equatorial Pacific temperatures is not
straightforward. The expansion of Antarctica ice sheets after 13.9 Ma (Holbourn et al., 2005) might have
resulted in enhanced variability in intermediate and deep water production in the Southern Ocean and
generally improved the Pacific ventilation that would have caused a strengthening of the Pacific

Figure 4. (a) Tuned Rb/Sr series after subtracting a 15% weighted average with its ~100‐kyr filter output (red curve, 0.01 ±
0.003 cycles/kyr). (b) Wavelet analysis of the tuned Rb/Sr series. (c) The tuned MS series after subtracting a 15%
weighted average with its ~100‐kyr filter output (red curve, 0.01 ± 0.003 cycles/kyr). (d) Wavelet analysis of the tuned MS
series. e = short eccentricity; MS = magnetic susceptibility.
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meridional overturning circulation (Holbourn, Kuhnt, Frank, et al., 2013). Strengthened Pacific meridional
overturning circulation would have increased upwelling in the North Pacific, resulting in lower SSTs and
reduced air temperatures and precipitation rates over adjacent land masses (Melles et al., 2012). This
ocean circulation response to Antarctica ice sheet could have been the main driver of monsoonal intensity
during this period.

Spectral analysis of benthic foraminifer oxygen isotope records in the South China Sea, close to the source of
EASM moisture sources, shows dominant ~100‐kyr eccentricity cycles from 15 to 5.5 Ma, except for very
short intervals showing the prominent obliquity cycles (~14.6–14.1, ~9.8–9.2, and ~7.7–7.2 Ma; Holbourn,
Kuhnt, Clemens, et al., 2013; Holbourn et al., 2018). Our spectral analysis of MS and Rb/Sr also show a rela-
tively low strength of eccentricity from ~9.8 to 9.2 Ma, in agreement with the South China Sea record
(Figure 5). A similar forcing is found in the hematite/goethite ratio in the South China Sea (Clift, 2006;
Figure 5f). These records show a dominant ~100‐kyr eccentricity forcing on regional climate in the moisture
source areas of the EASM and suggest that the forcing observed in Miocene Chinese lake expansions could
be directly related to EASM variations.

5.3. Higher Westerly Derived Moisture Penetration During the Miocene?

The Qaidam, Guide, and Tuanshui basins are today all located on the pathway of winter westerlies (Caves
et al., 2015; Figure 1). East of the Qaidam basin, climatic model studies reveal that more than 60% of

Figure 5. Spectral analysis from the Tianshui basin in NE Tibet (this study), and comparison with other climatic records
over the interval 10.25–8 Ma. (a) Calculated eccentricity curve (Laskar et al., 2004). (b) MS data in Tianshui basin with
its 100‐kyr filter output (red curve, 0.01 ± 0.003 cycles/kyr). (c) Rb/Sr data in Tianshui basin with its 100‐kyr filter
(red curve, 0.01 ± 0.003 cycles/kyr). (d) Benthic foraminifer oxygen isotope records from the ODP Site 1146 in South China
Sea with its 100‐kyr filter (red curve, 0.01 ± 0.003 cycles/kyr; Holbourn et al., 2018). (e) Benthic foraminifer oxygen
isotope records from the ODP Site 1085 in SE Atlantic with its 100‐kyr filter (red curve, 0.01 ± 0.003 cycles/kyr;Westerhold
et al., 2005). (f) Hematite/goethite ratios from the ODP Site 1148 in the northern South China Sea with its 100‐kyr filter
(red curve, 0.01 ± 0.003 cycles/kyr; Clift, 2006). MS = magnetic susceptibility.
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moisture that reaches Central Asia today is transported by the westerlies (Sato et al., 2007; Yatagai &
Yasunari, 1998). During past intervals of weaker monsoon activity, westerly derived moisture from the
Northern Atlantic Ocean and the Mediterranean Sea may have been a more important source of the pre-
cipitation in NE Tibet (Caves et al., 2015). Bougeois et al. (2018) have suggested that the uplift of the
Tianshan and Pamir plateau after 25 Ma was important enough to shield moisture transportation by wes-
terlies into central Asia. However, a narrow water‐vapor channel between the Tianshan and Pamir high-
lands might have persisted until ~7 Ma (Sun et al., 2017), enhancing moisture transport from the
Paratethys region and the Atlantic Ocean to the Tarim basin, and potentially reaching North Tibet
(Chang et al., 2013). Northeastern Tibetan basins might have been shielded from dominant westerly
brought moisture only recently, after late Miocene uplift episodes of the numerous local mountain ranges
(Lease et al., 2012).

Middle Miocene lake expansions in southeast Kazakhstan, on the westerly wind pathway and beyond the
EASM effect, have been shown to be dominantly controlled by eccentricity (Voigt et al., 2017). Similarly,
middle‐late Miocene lacustrine expansions in the circum‐Mediterranean region have been shown to corre-
late with ~100‐ and 400‐kyr eccentricity maxima (Abels et al., 2010; Valero et al., 2014). The similarity
between these records and our results suggests that westerly derived moisture supply could have been the
dominant player in middle to late Miocene lake expansions in North Tibet. Orbital changes in the strength
of the westerly winds are commonly related to the meridional temperature gradient and variations of the
Atlantic meridional overturning circulation (Holbourn, Kuhnt, Frank, et al., 2013; Sun et al., 2011). A
~100‐kyr eccentricity control on Atlantic temperature (Figure 5e) and the Atlantic meridional overturning
circulation during this period also require important climatic teleconnections between the Southern
Hemisphere and the Northern Hemisphere, because very little ice existed in the Northern Hemisphere
before 7 Ma (Stein et al., 2016). The same mechanisms that affected SST in the equatorial Pacific might have
been at play in the Atlantic Ocean.

6. Conclusion

NewMS and Rb/Sr data from a high‐resolution lacustrine record of the Tianshui basin, combined with pre-
viously published cyclostratigraphic records fromNorth Tibet, show that regional lake expansion cycles over
the 14‐ to 7‐Ma interval have been consistently dominated by ~100‐kyr orbital forcing. Evidence for strong
~100 kyr cycles emphasizes a significant forcing of the North China hydrological cycle by Antarctic ice sheet
variations during the middle to late Miocene. It is yet unclear if this forcing operated via modulation of
EASM intensity or modulation of westerly derived moisture supply. Regardless of the exact nature of the
main source of precipitation in North Tibet at that time, these results highlight the existence of a strong tele-
connection between Antarctic ice sheet spreading and Northern Hemisphere climate, affecting the most
continental areas of central Asia.
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