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G E O L O G Y

Eccentricity-paced monsoon variability 
on the northeastern Tibetan Plateau in the  
Late Oligocene high CO2 world
Hong Ao1,2*, Diederik Liebrand3,4, Mark J. Dekkers5, Peng Zhang1,2, Yougui Song1,2, 
Qingsong Liu6, Tara N. Jonell7, Qiang Sun8, Xinzhou Li1,2, Xinxia Li9,  
Xiaoke Qiang1, Zhisheng An1,2

Constraining monsoon variability and dynamics in the warm unipolar icehouse world of the Late Oligocene can 
provide important clues to future climate responses to global warming. Here, we present a ~4-thousand year (ka) 
resolution rubidium-to-strontium ratio and magnetic susceptibility records between 28.1 and 24.1 million years 
ago from a distal alluvial sedimentary sequence in the Lanzhou Basin (China) on the northeastern Tibetan Plateau 
margin. These Asian monsoon precipitation records exhibit prominent short (~110-ka) and long (405-ka) eccen-
tricity cycles throughout the Late Oligocene, with a weak expression of obliquity (41-ka) and precession (19-ka and 
23-ka) cycles. We conclude that a combination of eccentricity-modulated low-latitude summer insolation and 
glacial-interglacial Antarctic Ice Sheet fluctuations drove the eccentricity-paced precipitation variability on the 
northeastern Tibetan Plateau in the Late Oligocene high CO2 world by governing regional temperatures, water 
vapor loading in the western Pacific and Indian Oceans, and the Asian monsoon intensity and displacement.

INTRODUCTION
Earth experienced sustained cooling since the Early Eocene Climate 
Optimum and shifted, at the Eocene-Oligocene transition [EOT; 
~34 million years (Ma) before present (BP)], from a warm green-
house state without permanent ice sheets on both poles to a cooler, 
but still substantially warmer than today, unipolar icehouse state 
with the sole continental-scale ice sheet on Antarctica (1). The 
Oligocene (23.03 to 33.9 Ma BP) is the first epoch in the newly 
established unipolar icehouse world. This unipolar glacial state per-
sisted until the Pliocene-Pleistocene transition when the perma-
nent establishment of the Greenland Ice Sheet marked the transition 
to a bipolar glacial state (1–3). Average global deep ocean and sea 
surface temperature were ~3° and >8°C higher than today during 
the Oligocene, respectively (1, 4). Oligocene proxy records (5–8) sug-
gest that atmospheric CO2 concentrations were between ~400 and 
~800 parts per million (ppm) before ~24.5 Ma BP, embracing the 
present-day and projected values for the year 2100 (9). At ~24.5 Ma 
BP, atmospheric CO2 concentrations fell to near preindustrial levels 
of ~300 ppm. Present-day atmospheric CO2 values (420 ppm) have thus 
exceeded simulated thresholds (~280 ppm) for Northern Hemisphere 
deglaciation (10), which raises the possibility that Earth will return to a 
unipolar icehouse state with a near-to-complete loss of the Greenland 
Ice Sheet, in addition to a collapse of the West Antarctic Ice Sheet. 
Thus, investigation into Oligocene climate–cryosphere interactions 

can provide crucial insight into such a future world and help constrain 
model simulations of regional responses to future global warming.

The Asian monsoon is the largest monsoon system on Earth; it 
governs moisture supply over a vast area, extending from the 
low-latitude western Pacific and Indian Oceans to mid-latitude 
East Asia (Fig.  1A) (11–13). The Tibetan Plateau is the world’s 
highest topographic feature, extending over a vast region from ~70°E 
to ~105°E and from ~20°N to ~45°N (Fig. 1A). Since its forma-
tion, climate to the south and east of the plateau has been strongly 
affected by the Asian monsoon (14). The Lanzhou Basin, which is 
situated on the northeastern (NE) margin of the Tibetan Plateau 
(Fig. 1A), contains well-exposed Oligocene red mudstones that 
originated primarily from the surrounding mountains (15–17). 
The regional hydroclimate is strongly controlled by the Asian 
summer monsoon. A recently obtained magnetostratigraphic age 
model, supported by mammal and pollen biostratigraphy, demon-
strates that a particular red mudstone sequence, exposed at the 
Duitinggou section (36°13′N, 103°37′E; 1800-m elevation) in the 
central Lanzhou Basin (Fig. 1, B and C), spans a (near-) continuous 
time interval between 28.1 and 24.1 Ma BP (15, 16, 18, 19). Here, 
we use elemental and environmental magnetic records from this 
terrestrial sequence, which are related to regional hydroclimate 
fluctuations in the Lanzhou Basin (20, 21), to provide insight to 
orbital variability and dynamics of monsoon precipitation on the NE 
Tibetan Plateau margin in the Late Oligocene high CO2 world. Our 
results represent the first ~4-thousand year (ka) resolution Late 
Oligocene monsoon records from the Tibetan Plateau and thereby 
help fill a gap in our understanding of the orbital Asian monsoon 
variability and forcing dynamics in a unipolar icehouse state.

RESULTS AND DISCUSSION
High-resolution Late Oligocene NE Tibetan Plateau 
hydroclimate records
The Lanzhou Basin is situated in a semi-arid region of central China, 
where regional precipitation is predominantly delivered by the 
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lower-tropospheric Asian summer monsoon moisture with a smaller 
additional contribution from the upper-tropospheric westerlies 
(Fig. 1A) (22). In a more regional geological context, the Lanzhou 
Basin is surrounded by the East Qilian Shan in the west and north, 
the West Qinling mountains in the south, and the Liupan Shan ridge 
in the east (Fig. 1B). The Late Oligocene red mudstone sequence from 
the Duitinggou section has a stratigraphic thickness of 105 m. It is 
highly expanded, contains no stratification, and has a homogeneous 
red color (Fig. 1C), which all indicate a stable deposition condition in 
a distal alluvial environment (21, 23, 24). The red color is consistent 
with frequent subaerial exposure leading to pedogenesis. The ab-
sence of carbonate, color mottling, and gley features indicates that the 
pedogenic weathering was not as intense as that in the more humid 
South China during the Late Oligocene. This lithological observation 
is consistent with a much lower regional precipitation on the north-
western margin of the summer monsoon realm. The red mudstone 
sequence is underlain and overlain by grayish white sandstone pack-
ages (Fig. 1C), reflective of high-gradient and more energetic fluvial 
deposition. The 105-m-thick red mudstone section records a contin-
uous paleomagnetic polarity sequence from C10n.1n to C7n.2n (15), 
consistent with the Late Oligocene pollen and faunal assemblage ob-
tained from this sequence (16, 18, 19). An age model was constructed 
for the period between 28.1 and 24.1 Ma BP via linear interpolation 
between subsequent tie points using 10 geomagnetic polarity reversals 
identified in the section (15), which were assigned the most recent 
astronomically calibrated ages (1). This paleomagnetic chronology 
resulted in constant sedimentation rates between reversals, which 
varied between 1 and 6 cm/ka throughout the study interval.

We measured hydroclimate proxies, i.e., rubidium-to-strontium 
ratio (Rb/Sr) and low-field magnetic susceptibility (lf), at 10-cm 
stratigraphic intervals (corresponding to a ~4-ka time spacing) from 
the Late Oligocene red mudstones at the Duitinggou section (Fig. 2). 
The Rb/Sr record of Early Miocene red mudstones and sandstones 
in the Lanzhou Basin has been suggested to be sensitive to subtle 

pedogenic weathering variability (20), despite the prevailing low 
precipitation and weathering intensity. In general, higher precipita-
tion causes stronger pedogenic weathering of the red mudstone, which 
depletes mobile Sr and enriches insoluble Rb, leading to higher Rb/Sr 
values (20). In addition to local magnetic mineral formation during 
pedogenic weathering, higher precipitation and associated stronger 
stream flow dynamics increases erosion and facilitates more mag-
netic materials to be eroded and transported from the surrounding 
mountains and catchment area to the deposition site. Thus, higher 
Rb/Sr intervals generally correlate to higher magnetic mineral con-
centration intervals that are marked by higher lf values in the Late 
Oligocene Duitinggou mudstone sequence (Fig. 2, B and C) and are 
linked to periods with higher precipitation.

In contrast to the homogenous red color observed with the naked 
eye in the field (Fig. 1C), the 105-m-thick (4-Ma duration) Rb/Sr 
and lf records from the Lanzhou Basin are characterized by dis-
tinct large-amplitude quasi-regular cycles (Fig. 2, A  to C). We 
interpret these cycles in our hydroclimate proxy records as orbitally 
paced precipitation variability over the NE Tibetan Plateau during the 
Late Oligocene. Wavelet analyses of the Rb/Sr and lf records on the 
paleomagnetic age model suggest distinct short (~110-ka) and long 
(405-ka) eccentricity cycles in the time series between 28.1 and 
24.1 Ma BP throughout the Late Oligocene (Fig. 3, A and B). Obliquity 
(41-ka) and precession (19- and 23-ka) cycles are only weakly ex-
pressed (Fig. 3, A and B). Even in intervals with high sedimenta-
tion rates, such as between ~24.9 and ~26 Ma BP (254- to 290-m 
stratigraphic level) and between ~27.4 and ~27.9 Ma BP (314- to 
332-m stratigraphic level) (Fig. 2), where higher frequencies are 
more prone to being preserved in principle, the eccentricity cycles 
are still substantially stronger compared to the obliquity and pre-
cession cycles. Orbital expression is broadly consistent between 
Rb/Sr and lf records (Figs. 2 and 3), with a few relatively small 
differences that are possibly related to variable sensitivity of different 
proxy records to hydroclimate change.
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Fig. 1. Site location map and photographs. (A) Topographic map of Asia with schematic summer monsoon, westerlies, and summer intertropical convergence zone 
(ITCZ) at present (11) and with the Late Oligocene proto-Paratethys Sea that was located west of the Tibetan Plateau (26). (B) Topographic map of the Lanzhou Basin and 
surrounding mountains with the location of the studied Duitinggou section (red solid circle). (C) Field photograph of the tilted to the west (~30°) Duitinggou section. The 
left-hand side (west) is younger than the right-hand side (east). Photo credit: Hong Ao, Institute of Earth Environment, Chinese Academy of Sciences.
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Orbital Asian summer monsoon variability during 
the Late Oligocene
Pollen analysis of samples taken from our studied section suggests 
that the Lanzhou Basin had a monsoonal climate during the Late 
Oligocene, similar to today’s subtropical moist climate prevailing in 
Southeast China (16). These paleoclimatic conditions were marked 
by >800 mm mean annual precipitation, >140 mm mean precipitation 
in the warmest month, >4 mm precipitation in the coldest month, 

>10°C mean annual temperature, >23°C mean temperature in the 
warmest month, and >0°C mean temperature in the coldest month 
(16). Temporal and spatial distributions of carbonate 18O and 13C 
across Asia support the notion that, during the Oligocene, regional 
moisture in the Lanzhou Basin was predominantly transported by 
the Asian summer monsoon from the western Pacific and Northern 
Indian Oceans, with a smaller additional winter moisture trans-
port by the westerlies from the shallow proto-Paratethys Sea (25), 
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which was located to the west of the Tibetan Plateau (Fig. 1A) 
(26). Thus, the high-resolution Rb/Sr and lf records from the 
Lanzhou Basin, which reflect regional pedogenesis and magnetic 
mineral transport, were predominantly controlled by changes in 

summer monsoon precipitation on orbital time scales. We realize, 
however, that additional secondary influences of temperature, 
winter precipitation, and seasonality cannot be fully excluded. These 
records offer an important opportunity to explore the dynamics of 
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orbital-scale Asian summer monsoon variability during the early 
stage of a newly established unipolar icehouse state that followed the 
initial Antarctic glaciation across the EOT. Consistent with the 
Lanzhou Basin records, the summer monsoon proxy records from 
Late Oligocene lacustrine sequences in the Jianghan and Bohai Bay 
Basins, East China (27, 28), also show distinct short and long 
eccentricity cycles, with a weaker expression of obliquity and preces-
sion (Figs. 2, D and E, and 3, C and D). The consistent expression of 
prominent eccentricity cycles in the various Late Oligocene mon-
soon proxy records suggests that the eccentricity variability was a 
widespread phenomenon of Asian monsoon during the warmer-
than-present unipolar icehouse period. In addition, prominent 
short and long eccentricity cycles are also recognized in hydrolog-
ical records from the Miocene fluviolacustrine sequence in the Qa-
idam Basin, NE Tibetan Plateau (29), the Late Miocene–Pliocene 
fluviolacustrine sequence in the Weihe Basin, Central China (30), 
the Late Oligocene lacustrine sequence in the Ebro Basin, NE Spain 
(31), and the Late Oligocene–Early Miocene marine sequence from 
Ceará Rise, Atlantic Ocean (32). Thus, eccentricity-paced hydrocli-
mate changes were possibly a widespread, perhaps global, phenome-
non during both the Oligocene and Neogene unipolar icehouse states.

Paleoclimatic interpretations based on, among other datasets, a 
marine benthic foraminiferal 18O record from Ocean Drilling Pro-
gram (ODP) Site 1264 suggest that a large continental-scale ice sheet 
already existed on Antarctica throughout the Late Oligocene (33). 
Detailed astrochronology together with wavelet analysis indicate that 
this ice sheet responded in phase lock with eccentricity (Figs. 2, F 
and H, and 3, E to G) (33). The influence of eccentricity on summer 
insolation is too feeble to force the climate-cryosphere system di-
rectly (Fig. 2H) (34), thereby invoking the need for a nonlinear re-
sponse mechanism to eccentricity modulation of precession, the 
largest contributor to mid- to low-latitude summer insolation vari-
ability (Figs. 2H and 3, F and G) (33). Like the Lanzhou Basin Rb/Sr 
and lf records, the ODP Site 1264 benthic 18O record has a much 
weaker obliquity expression compared to the short and long eccen-
tricity cycles (Fig. 3E). The precession periodicity is only observed 
in a few, relatively short-lasting intervals (Fig. 3E). The broadly con-
sistent prevalence of prominent eccentricity cycles in both monsoon 
and deep-ocean temperature/Antarctic cryosphere proxy records 
suggests teleconnections among astronomical forcing (i.e., insola-
tion), the mid- to low-latitude monsoon dynamics over Asian con-
tinent, and the waxing and waning of the Antarctic Ice Sheet in the 
warmer-than-present unipolar icehouse world of the Late Oligo-
cene. Potentially, these climate-cryosphere systems were amplified 
by atmospheric CO2 concentrations fluctuating between ~400 and 
~800 ppm (Fig. 2G) (5–8).

Three interconnected processes related to Antarctic Ice Sheet fluc-
tuations could have affected moisture transport to the Lanzhou Basin 
on eccentricity time scales during the Oligocene. First, eccentricity-
paced glacial-interglacial Antarctic Ice Sheet fluctuations were gen-
erally associated with large-amplitude global temperature changes 
on eccentricity time scales, which, in turn, would have had a pro-
found influence on the Asian monsoon moisture transport. In this 
scenario, lower temperatures during Antarctic glacial periods, which 
are concurrent with eccentricity minima, would have reduced the 
capacity of the Asian monsoon to transport moisture due to weak-
ening of summer monsoon circulation and decreased moisture avail-
ability due to reduction in latent heat flux, moisture evaporation, and 
lower-tropospheric water vapor loading in the western Pacific and 

Indian Oceans. Second, lower temperatures during glacial inter-
vals would have displaced the intertropical convergence zone (ITCZ) 
and summer monsoon southward and the Pacific Walker Cell east-
ward (12), again leading to lower precipitation in the Lanzhou basin. 
Third, sea level fluctuations during the Late Oligocene Antarctic 
glacial-interglacial cycles could have driven changes in the mon-
soonal moisture transport pathway from the western Pacific Ocean to 
the Lanzhou Basin, leading yet again to variable monsoon precipi-
tation. Higher (lower) sea level resulted in shorter (longer) monsoon 
moisture transport pathways and higher (lower) precipitation in the 
Lanzhou Basin (12). However, Late Oligocene Antarctic glacial-
interglacial cycles resulted in approximately 40-m sea level fluctua-
tions (35), which may have been too small to exert a major influence 
on the precipitation over the Lanzhou Basin. Global temperature 
fluctuations, driven by glacial-interglacial Antarctic Ice Sheet changes, 
may have a more profound influence on monsoon precipitation 
than ice sheet–induced sea level fluctuations.

In addition to the Antarctic Ice Sheet forcing, the prominent 
eccentricity variability of Asian summer monsoon could also stem 
directly from eccentricity modulation of low-latitude summer in-
solation through a nonlinear interaction with the carbon cycle (36). 
Wavelet analysis of the eccentricity solution depicts the variable am-
plitude and near-continuous presence of the ~110- and 405-ka cycles 
throughout the Late Oligocene, broadly consistent with the observed 
major orbital periodicities in the Asian summer monsoon records 
(Fig. 3). In contrast to obliquity that predominantly influences tem-
peratures at high latitudes, eccentricity modulates summer insolation 
through its effect on precession (Fig. 2H), which affects temperature 
and seasonality at mid- to low latitudes (37). While low-latitude sum-
mer insolation is dominated by precession cycles, direct forcing by short 
and long eccentricity cycles is negligible (Figs. 2H and 3, F and G). 
Therefore, it is possible that eccentricity modulation of precession-
dominated low-latitude summer insolation caused the Asian monsoon 
response on eccentricity time scales through nonlinear interactions 
with the global carbon cycle (36). This may have led to a transfer of the 
eccentricity signal into the Asian monsoon system, with distinct co-
existing short and long eccentricity cycles as expressed in our Late 
Oligocene monsoon records from the Lanzhou Basin. Many orbital 
forcing hypotheses suggest such a low-latitude origin for eccentricity 
signals in global climate records, including those based on Ceno-
zoic benthic foraminiferal 18O records (33, 38, 39). By invoking a 
nonlinear response of the global carbon cycle to precession-dominated 
insolation forcing at the lower latitudes, we can explain the eccen-
tricity pacing of monsoon variability. Because of the long residence 
time of carbon in the ocean, the eccentricity periodicities are ampli-
fied (36).

At first glance, the prominent short eccentricity cyclicity of the 
summer monsoon during the Late Oligocene is quite similar to 
observations from Quaternary Chinese Loess Plateau and Nihewan 
Basin (North China) monsoon records spanning the last ~1 Ma 
(40, 41). However, younger Quaternary scenarios are suggested to 
stem predominantly from mid- to high-latitude atmospheric pro-
cesses forced by the nearby (relative to Antarctic Ice Sheet) Northern 
Hemisphere ice sheet forcing (40, 41), which contrast with mid- to 
low-latitude processes induced by low-latitude “eccentricity forcing” 
and their resonance with the remote Antarctic Ice Sheet during 
the much warmer Oligocene epoch. In addition, the same oceanic 
and atmospheric circulation patterns responsible for the Asian 
summer monsoon intensity and displacements may have also 
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redirected the poleward atmospheric heat and moisture transport 
and westerlies in the Southern Hemisphere during the Late Oligocene, 
which is crucial for Antarctic Ice Sheet growth. It is thus possible 
that orbitally paced monsoon variability also facilitated glacial-
interglacial cycles of the early Antarctic Ice Sheet.

Our sampling resolution of ~4 ka is above the Nyquist frequency 
of obliquity (42), but both Rb/Sr and lf records only contain weak 
obliquity signals (Fig. 3, A and B). Monsoon records from the Jianghan 
and Bohai Bay Basins (East China) have a similar weak obliquity 
expression, although the Bohai Bay Basin record, which is from higher 
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latitudes and closer to the western Pacific Ocean, has a stronger obliq-
uity signal than the records from the Lanzhou and Jianghan Basins 
(Fig. 3) (27, 28). A weaker expression of obliquity than eccentric-
ity might be related to insufficiently large polar ice sheets during the 
warmer Late Oligocene. The absence of a well-established Northern 
Hemisphere ice sheet and insufficient extension of Antarctic Ice Sheet 
into marine environments would have muted climate response to 
the obliquity forcing (1, 43).

Despite prominent eccentricity cycles, the precession expression 
is weak in the Rb/Sr and lf records from the Lanzhou Basin, gamma 
ray data from the Jianghan (27) and Bohai Bay Basins (8), and in ODP 
Site 1264 benthic 18O data (33). This may be explained in several 
ways. First, larger-amplitude and longer periodicities, particularly 
the prominent short and long eccentricity periodicities, tend to over-
print the smaller-amplitude precession signal. Support of this infer-
ence is the clear precession expression in spectral analyses of the 
Late Oligocene Rb/Sr and lf data from the Lanzhou Basin, gamma 
ray data from the Jianghan (27) and Bohai Bay Basins (8), and ODP 
Site 1264 benthic 18O data (33) after removal of the longer (>40-ka) 
periodicities (Fig. 4). Furthermore, large age uncertainties in the 
untuned paleomagnetic age model may attenuate true precession 
signals in the data. In addition, low sedimentation rates, insufficient 
sampling resolution, and/or strong smoothing effects related to 
post-depositional diagenesis and biological disturbance have been 
shown to affect higher frequency signals (precession) in pre-Qua-
ternary records (29, 44).

To summarise, the ~4-Ma-long high-resolution Lanzhou Basin 
precipitation proxy records provide a unique perspective on orbital-
scale Asian monsoon variability on the NE Tibetan Plateau during 
the Late Oligocene (28.1 to 24.1 Ma BP). This Late Oligocene 
world was marked by a well-developed monsoonal system that 
operated under high CO2 and warm conditions, similar to climate 
model projections of the near future. The records show dominant 
short and long eccentricity periodicities with weaker obliquity and 
precession periodicities, which are broadly in pace with eccentricity 
and Antarctic Ice Sheet fluctuations. We argue that, in the absence 
of large Northern Hemisphere ice sheets, changes in atmospheric 
and oceanic circulation patterns drove Asian summer monsoon 
variability on orbital time scales. These orbital-scale changes were 
induced by eccentricity-modulated variations in low-latitude sum-
mer insolation and occurred in unison with Antarctic Ice Sheet 
oscillations. Our comprehensive analyses suggest that the prevalent 
eccentricity pacing of the Late Oligocene Antarctic Ice Sheet was not 
an isolated cryospheric phenomenon, but that it was coupled to 
low-latitude climate systems that also fluctuated over eccentricity 
cycles, probably through interaction with the global carbon cycle. 
This finding offers a global perspective on interactions between 
mid- to low-latitude monsoon systems and high-latitude Antarctic 
ice volume oscillations. The prevalence of prominent eccentricity 
cyclicity in both Asian monsoon and Antarctic ice volume during 
the Late Oligocene, a time of elevated atmospheric CO2 concentra-
tions relative to preindustrial values, highlights that this orbital 
response may be more ubiquitous in various paleoclimate systems 
than previously thought, particularly during warmer periods when 
the Northern Hemisphere was ice free. These results may be also 
helpful to future studies that aim to better understand the underlying 
mechanisms for the mid-Pleistocene transition that marks a major 
transition of glacial cycles from predominantly lower-amplitude 
obliquity to larger-amplitude short eccentricity cycles between ~1.25 

and 0.6 Ma BP. During this much younger Quaternary period, perma-
nent ice sheets were present in the Northern Hemisphere, but the 
interplay between low-latitude monsoon systems and high-latitude 
ice sheets over orbital time scales remains enigmatic.

MATERIALS AND METHODS
After removal of the weathered outcrop surface (at least the topmost 
30 cm), we collected 937 samples at ~10-cm intervals for Rb/Sr and 
lf measurements in the laboratory at the Institute of Earth Environ-
ment, Chinese Academy of Sciences, Xi’an, China. About 5 g of each 
sample was ground to <38 m (passing a 200-mesh sieve) with an ag-
ate mortar and pestle. Powders were then used to determine Rb and 
Sr concentrations with an Innov-X Systems X-ray fluorescence spec-
trometer in soil mode using a tantalum X-ray tube operated at 50 kV 
in beam I, 40 kV in beam II, and 15 kV in beam III. The measurement 
time for each sample was at least 60 s. About 10 g of each sample 
was powdered and were then packed into nonmagnetic cubic boxes 
(2 cm  ×  2 cm  ×  2 cm) for low-field magnetic susceptibility (lf) 
measurement with a Bartington Instruments MS2 magnetic suscep-
tibility meter at 470 Hz.

Rb/Sr and lf records from the Lanzhou Basin, gamma ray 
records from the Jianghan (27) and Bohai Bay Basins (8), and ODP 
Site 1264 benthic foraminiferal 18O record (33) were all subjected 
to spectral analysis to evaluate the robustness of their potential 
orbital signature. First, to obtain evenly spaced data series for spectral 
analyses, we used the interpolating function in the Acycle software 
(45) to conservatively resample the Rb/Sr and lf records at a 3-ka 
interval, the Jianghan and Bohai Bay Basins gamma ray record at a 
1-ka interval, and the ODP Site 1264 benthic 18O record at a 2-ka 
interval. These resampled data series, without detrending, were sub-
sequently used to calculate the wavelet power spectral evolution 
and global wavelet power spectra using the Acycle software (45). 
The wavelet power spectral evolution was calculated with the fol-
lowing parameters: one-dimensional continuous wavelet transfor-
mation with optional significance testing, Morlet wavelet (k0 = 6), test 
periods ranging from 2 to 1000 ka with a discrete scale spacing of 
0.1, and cone of influence [as defined by Torrence and Compo 
(46)] = 2^(1/2) × scale. The global wavelet power spectra were calcu-
lated with the fast Fourier transform (46), with the 95% significance 
level being calculated using the 2 multi-taper method with the 
classic first-order autoregressive AR(1) model (47).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk2318
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