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Abstract. A recent study suggests that the precipitation
records of the western Qaidam Basin during the middle Pia-
cenzian warm period (mPWP, 3.264–3.025 Ma) are broadly
consistent with those of the monsoon-influenced regions, and
are highly sensitive to 20 kyr precessional cycles, implying
that the East Asian summer monsoon (EASM) precipitation
intensified and penetrated farther westward into the Asian
interior during this warm interval. However, it remains un-
clear whether such a precession-dominated pattern persisted
throughout the Late Pliocene or was restricted to specific in-
tervals. To address this question, we present new magnetic
parameter and median grain-size records from the Gansen
section for ∼ 3.6–3.25 Ma and 2.95–∼ 1.8 Ma, and inte-
grate them with the previously published records for 3.25–
2.95 Ma to assess orbital-scale precipitation variations in the
western Qaidam Basin during the Late Pliocene. The re-
sults suggest that EASM-related summer moisture reached
the western Qaidam Basin during ∼ 3.6–3.25 Ma, although
the associated precipitation was weaker than during 3.25–
2.95 Ma. Spectral analysis further reveals that precipitation
variations during ∼ 3.6–3.3 Ma were characterized mainly
by eccentricity-scale (∼ 100–125 kyr) variability rather than
the previously reported precession-dominated pattern during
3.25–2.95 Ma, which may reflect a nonlinear response to in-
solation forcing. This contrast indicates that the precession-

dominated pattern was not a persistent feature throughout the
Late Pliocene in the western Qaidam Basin. Instead, our re-
sults suggest that under different climatic background states,
the dominant processes influencing the westward penetra-
tion of summer moisture into the western Qaidam Basin
were also different, and that the 20 kyr precessional signal
and eccentricity-scale variability mainly reflect these differ-
ences in forcing response. In addition, the broad correspon-
dence between these precipitation records and the benthic
δ18O stack at the 40 kyr band suggests that high-latitude ice-
volume variability, potentially including Antarctic ice-sheet
variability, may also have modulated precipitation variations
in the basin during ∼ 3.6–3.3 Ma. These findings provide
new insight into how background climate conditions may
shape orbital-scale hydroclimatic responses in the Asian in-
terior during the Late Pliocene.

1 Introduction

With continued global warming, knowledge of climate vari-
ations during past warm periods has major implications for
understanding future climate change. The middle Piacen-
zian warm period (mPWP: 3.264–3.025 Ma), a particularly
well-documented warm interval during the Late Pliocene,
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has long been considered an ideal geological analog for in-
terpreting the path of future anthropogenic warming (Ravelo
et al., 2004; Raymo et al., 2006; Dowsett et al., 2010; Salz-
mann et al., 2011; Haywood et al., 2011; Lunt et al., 2012;
Burke et al., 2018; Su et al., 2024; Luo et al., 2021, 2024;
Zhou and Liu, 2025). Compared to the present, this interval
was characterized by similar orbital configurations and ge-
ographic boundary conditions (Haywood et al., 2011; Su et
al., 2024), higher atmospheric carbon dioxide concentrations
(400–450 ppmv) (Bartoli et al., 2011; Badger et al., 2013;
Haywood et al., 2016), small Arctic ice sheets (Brigham-
Grette et al., 2013; Rahaman et al., 2020), elevated global
temperatures (Burke et al., 2018), and increased sea levels
(Hearty et al., 2020). Over the past two decades, numerous
studies based on proxy reconstructions from loess deposits,
lake sediments, and marine sediments, together with climate
model simulations, have suggested that the mid-Piacenzian
world was not only warmer but also wetter on most con-
tinents than today (Reguero et al., 2007; Salzmann et al.,
2008, 2011; Brigham-Grette et al., 2013; Herbert et al., 2016;
Yang et al., 2018; Vieira et al., 2018; Zhou and Liu, 2025).
Similarly, in the Asian interior, the extent of arid regions
decreased during the mPWP. For example, arid conditions
in the Qaidam Basin, an important part of the Asian inte-
rior, were alleviated during the mPWP, contributing to a re-
gional contraction of the inland arid zone (Koutsodendris et
al., 2019; Huang et al., 2019; Schwarz et al., 2022; Su et
al., 2024). This occurred because the influence of the East
Asian summer monsoon (EASM) extended westward toward
the western Qaidam Basin, bringing relatively more water
vapor to this area and changing the local moisture conditions
(Huang et al., 2019, 2021; Schwarz et al., 2022).

At the orbital timescale, recent precipitation records from
the Gansen (GS) section of the western Qaidam Basin re-
veal dominant 20 kyr precessional cycles during the mPWP
(Luo et al., 2024). These cycles are consistent with records
from the Chinese Loess Plateau and the South China Sea
(Wehausen and Brumsack, 2002; Wan et al., 2010; Luo et
al., 2021), further indicating that the EASM strongly in-
fluenced precipitation in the western Qaidam Basin during
this warm interval. However, EASM influence has also been
suggested for other intervals of the Late Pliocene. For ex-
ample, pollen records from the SG-1b core in the western
Qaidam Basin show that annual mean precipitation during
3.5–3.0 Ma was about ten times higher than today and was
associated with EASM (Koutsodendris et al., 2019; Schwarz
et al., 2022). Hematite-content records from the HTG section
of the western Qaidam Basin also suggest that the EASM af-
fected precipitation variations in this region during the Late
Pliocene (Su et al., 2024). These studies, however, inferred
different dominant orbital periodicities, with Schwarz et al.
(2022) arguing for dominant 100 kyr eccentricity cycles and
Su et al. (2024) proposing dominant 40 kyr obliquity cycles.
Consequently, it remains unclear whether the precession-
dominated precipitation pattern identified during the mPWP

was restricted to that interval or persisted throughout the Late
Pliocene. Resolving this question requires additional high-
resolution precipitation records from other intervals of the
Late Pliocene.

To address this issue, we present new magnetic parame-
ter and median grain-size records from the GS section in
the western Qaidam Basin for ∼ 3.6–3.25 Ma and 2.95–
∼ 1.8 Ma. By integrating these new data with the previously
published records for 3.25–2.95 Ma, we construct a longer
precipitation record spanning ∼ 3.6–∼ 1.8 Ma and compare
the orbital-scale characteristics of precipitation across differ-
ent Late Pliocene intervals.

2 Geologic setting

The Qaidam Basin is located in the northeastern part of the
Qinghai-Tibet Plateau, extending approximately from 35.9°
to 39.3° N and from 90.3° to 99.3° E (Fig. 1). It is surrounded
by several mountain ranges, including the Kunlun Mountains
to the south, the Altyn Tagh Mountains to the northwest, the
Qilian Mountains to the northeast, and the Ela Mountains to
the east (Fig. 1b). This mountain-surrounding geographical
pattern renders the Qaidam Basin relatively enclosed, form-
ing a unique climate and ecological environment. Because
the basin is far from major moisture sources and lies in the
rain shadow of the Tibetan Plateau, mean annual precipita-
tion is very low, ranging from only 50 to 200 mm, whereas
mean annual evaporation is as high as ∼ 3000 mm (Cai et
al., 2012; Wang et al., 2013; Yang et al., 2020; Luo et al.,
2024). As a result, the Qaidam Basin is characterized by a
hyper-arid climate, with widespread deposition of evaporite
minerals such as halite, carbonates, and gypsum (Li et al.,
2010; Wang et al., 2013; Luo et al., 2018, 2024).

The studied GS section (37.717° N, 92.38° E to 37.73° N,
92.41° E) lies on the southern flank of the anticline which
is close to Jianshi Shan on the northwestern margin of the
Qaidam Basin (Fig. 1b). Owing to the presence of thick
salt and weathering crusts in the upper part of the section,
only the lower 478 m was sampled. However, because the
GS section is a composite stratigraphic succession composed
of lower and upper segments that overlap between 201 and
226 m, the effective stratigraphic thickness is 453 m (Fig. 1c).
The strata consist mainly of massive and laminated siltstone,
interbedded with gypsum-rich siltstone and occasional sand-
stone beds (Fig. 2). Gypsum layers occur throughout the se-
quence, whereas halite layers are confined to the intervals
between 0 and 95 m and between 244 and 453 m (Fig. 2).
Previous paleomagnetic analyses indicate that the sampled
0–453 m interval of the GS section spans ∼ 3.6–∼ 1.8 Ma
(Luo et al., 2024).
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Figure 1. Locations of the study GS site. (a) The modern summer atmospheric circulation pattern of Asia and the location of the GS section
labeled with a red spot. ISM: Indian summer monsoon. EASM: East Asian summer monsoon. (b) Detailed geological map of the Qaidam
Basin and the location of the GS section in the Qaidam Basin. ATF: Altyn Tagh fault, KLF: Kunlun fault, NQF: North Qaidam fault. This
figure is modified after Bush et al. (2016). (c) A closer look at the GS section with a satellite image showing the sample locations and their
distribution between the lower segment (0–226 m in stratigraphic height) and the upper segment (201–478 m in stratigraphic height) of the
stratigraphic section.

3 Materials and methods

3.1 Chronology of the GS section

The chronology of the GS section is based on the previously
published paleomagnetic framework of Luo et al. (2024). In
that study, the observed polarity sequence of the sampled 0–
453 m interval was well correlated with the geomagnetic po-
larity time scale (GPTS), and 10 paleomagnetic age control
points were used to establish the age model for the section
(Table S1, Fig. S1a in the Supplement), indicating that the
sampled interval spans ∼ 3.6–∼ 1.8 Ma (Luo et al., 2024).
Ages between adjacent paleomagnetic tie points were ob-
tained by linear interpolation, and the sedimentation rates
calculated between adjacent tie points indicate non-uniform
sedimentation throughout the GS section (Table S1, Fig.

S1b). Because the age model is constrained by discrete pale-
omagnetic tie points, some uncertainty remains in the inter-
polated ages between adjacent control points. Nevertheless,
the paleomagnetic chronology is broadly consistent with the
Plio-Quaternary age assignment of the GS strata on the re-
gional geological map (Luo et al., 2024), providing an inde-
pendent geological framework for the studied interval. Fur-
thermore, the same paleomagnetic framework has success-
fully resolved significant orbital cycles in the previously pub-
lished high-resolution GS record for 3.25–2.95 Ma (Luo et
al., 2024), supporting the use of this chronology for orbital-
scale analysis in the studied interval.
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Figure 2. Lithology, age model and representative sediments in the GS section.

3.2 Environmental magnetic and grain-size
measurements

For magnetic measurements, low-frequency and high-
frequency magnetic susceptibility (χ ) of the 149 samples
were measured at 976 and 15 616 Hz, respectively, using
the AGICO multifunction spinner Kappabridge (MFK1-FA).
Frequency-dependent magnetic susceptibility (χfd) was cal-
culated as χfd = χ976 Hz−χ15 616 Hz. Isothermal remanent
magnetization (IRM) was then acquired in applied fields
of 1.2 and −0.3 T, respectively. Hard isothermal rema-
nent magnetization (HIRM) was subsequently calculated as
(IRM1.2 T+IRM−0.3 T)/2. Finally, the χfd /HIRM (the ratio
of the frequency-dependent magnetic susceptibility to the
intensity of the isothermal remanent magnetization) values
of the 149 samples were calculated. All magnetic measure-
ments were carried out at the Paleomagnetism Laboratory of
the China University of Geosciences, Beijing, China.

For grain-size analysis, all 149 samples were pretreated
before measurement. Approximately 0.3 g of each bulk sam-
ple was first treated with 10 mL of 30 % H2O2 to remove
organic matter and then with 10 mL of 10 % HCl to re-
move carbonates. The samples were subsequently immersed
in distilled water for 12 h. After removal of the supernatant,
the samples were ultrasonically dispersed in 10 mL of 10 %

(NaPO3)6 solution for 10 min. Grain-size distributions were
then measured using a Malvern Mastersizer 2000 laser grain-
size analyzer. These measurements were conducted at the
Key Laboratory of Western China’s Environmental Systems,
Lanzhou University.

3.3 Spectral analysis

The average temporal spacing between samples is ∼ 4 kyr
for the ∼ 3.6–3.3 Ma interval and ∼ 18 kyr for the 2.95–
∼ 1.8 Ma interval. These values describe the spacing of the
analyzed samples, rather than the chronological resolution
or precision of the paleomagnetic age model. Because ages
between adjacent paleomagnetic tie points were obtained by
linear interpolation, chronological uncertainty between tie
points may exceed the average sample spacing and may have
a greater influence on the interpretation of the shorter 20
and 40 kyr components than on eccentricity-scale variabil-
ity. Therefore, the spectral analysis was focused mainly on
the densely sampled ∼ 3.6–3.3 Ma interval. For this inter-
val, the χfd /HIRM and median grain-size records were first
converted from stratigraphic height to time based on the pa-
leomagnetic age model of the GS section and then interpo-
lated to evenly spaced 1 kyr time series. The 1 kyr interpo-
lation was used only to regularize the time spacing of the
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records for spectral analysis and band-pass filtering, and does
not add independent temporal information. Power spectra
were calculated using the REDFIT procedure implemented
in PAST 3 software, which estimates the red-noise back-
ground and tests spectral peaks against an AR(1) red-noise
null model. Spectral peaks exceeding the 90 % red-noise con-
fidence level were regarded as statistically significant. No ad-
ditional detrending was applied prior to the REDFIT analy-
sis. To test whether the main eccentricity-scale spectral result
was sensitive to the interpolation procedure, we repeated the
REDFIT analysis using a 2 kyr interpolation time step. The
eccentricity-scale (∼ 100–125 kyr) variability remained evi-
dent in both proxy records, indicating that this feature is not
an artifact of the 1 kyr interpolation (Fig. S2).

Band-pass filtering was further applied to extract the 20,
40, and 100 kyr components. The central frequencies and
bandwidths used for filtering were 0.05 and 0.012 kyr−1 for
the 20 kyr band, 0.024 and 0.004 kyr−1 for the 40 kyr band,
and 0.01 and 0.002 kyr−1 for the 100 kyr band, respectively.
The filtered GS records were then compared with the corre-
sponding filtered insolation, eccentricity, and benthic δ18O
stack.

4 Results

Because the χfd /HIRM and median grain-size records for
3.25–2.95 Ma have been previously published (Luo et al.,
2024), the present study focuses on the newly generated
data for ∼ 3.6–3.25 and 2.95–∼ 1.8 Ma and integrates them
with the published 3.25–2.95 Ma records to construct an
integrated record spanning ∼ 3.6–∼ 1.8 Ma. The combined
χfd /HIRM and median grain-size records are shown in Fig.
3.

Based on lithology and the variation patterns of the
χfd /HIRM and median grain-size records, the paleoclimatic
sequence can be divided into three phases (Fig. 3). During
∼ 3.6–3.25 Ma (0–117 m; Phase I), χfd /HIRM values show
large-amplitude fluctuations, ranging from 9.2× 10−6 to
105× 10−6 A m−1, with an average of 38.3× 10−6 A m−1.
Median grain-size values range from 8.3 to 12.4 µm, with an
average of 10.48 µm. These two records display similar varia-
tion trends. In addition, the three thick halite layers observed
in the stratigraphic sequence correspond well to three low-
value intervals in both the χfd /HIRM and median grain-size
records. During 3.25–2.95 Ma (117–220 m; Phase II), the
published χfd /HIRM record exhibits high-frequency fluc-
tuations, with an average of 52.6× 10−6 A m−1. The pub-
lished median grain-size record shows similar fluctuations,
with an average of 11.2 µm. No thick halite layers occur in
the stratigraphic sequence during this interval. During 2.95–
∼ 1.8 Ma (220–453 m; Phase III), χfd /HIRM values range
from 16.6× 10−6 to 68× 10−6 A m−1, with an average of
35× 10−6 A m−1. Median grain-size values range from 5.2
to 13.5 µm, with an average of 8.37 µm. Lithological observa-

Figure 3. Variation trends of the χfd /HIRM and median grain-
size records during ∼ 3.6–∼ 1.8 Ma. The blue rectangles represent
the halite layers.

tions indicate that halite layers occur more frequently during
2.95–∼ 1.8 Ma than during ∼ 3.6–3.25 Ma.

Spectral analysis shows that the strongest peak in
the χfd /HIRM record occurs at ∼ 100 kyr, whereas the
strongest peak in the median grain-size record occurs
closer to ∼ 125 kyr (Fig. 4). These results indicate promi-
nent eccentricity-scale (∼ 100–125 kyr) variability during
∼ 3.6–3.3 Ma, accompanied by weaker ∼ 40 and ∼ 23 kyr
components. In addition, several periodicities, including
∼ 30 kyr and semiprecessional (∼ 12 kyr) components, are
also present and may reflect beats or harmonics of primary
orbital cycles (Fig. 4). A sensitivity test based on a 2 kyr in-
terpolation time step yielded similar eccentricity-scale spec-
tral peaks in both proxy records, further supporting that the
main eccentricity-scale variability is not caused by the 1 kyr
interpolation procedure (Fig. S2).

The eccentricity-scale (∼ 100–125 kyr) variability in the
χfd /HIRM and median grain-size records during ∼ 3.6–
3.3 Ma differs from the previously reported precession-
dominated pattern during 3.25–2.95 Ma (Fig. 4). Compari-
son with eccentricity (Laskar et al., 2004) shows that high-
eccentricity intervals broadly correspond to peak intervals
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Figure 4. Results of spectral analyses of the reconstructed χfd /HIRM and median grain-size records during∼ 3.6–3.3 Ma and the published
χfd /HIRM and median grain-size records during 3.25–2.95 Ma. Spectral analysis was performed on the interpolated 1 kyr time series using
the REDFIT procedure in PAST 3 software. The spectral analysis for ∼ 3.6–3.3 Ma is based on the newly generated records, whereas those
for 3.25–2.95 Ma are from Luo et al. (2024). The red-noise background and the 90 % red-noise confidence level are shown, and spectral
peaks above the 90 % confidence level are considered significant.

in both records between ∼ 3.6 and 3.3 Ma (Fig. 5), consis-
tent with an eccentricity-scale signal during this interval.
This interpretation is further supported by broadly similar
filtered variations between eccentricity and both records in
the eccentricity band (Fig. 6a, e). In contrast, most high-
insolation intervals shown by the June insolation gradient
(30° N to 30° S) do not correspond to peak values in either
record between ∼ 3.6 and 3.3 Ma (Fig. 5), unlike the rela-
tionship observed during 3.25–2.95 Ma (Luo et al., 2024).
This mismatch, together with the weak 20 kyr signal (Fig.
6d, h), suggests that insolation did not directly force GS pa-
leoclimatic variations during ∼ 3.6–3.3 Ma. In addition, five
high-value intervals in the χfd /HIRM and median grain-size
records broadly correspond to those in the benthic δ18O stack
(Lisiecki and Raymo, 2005), similar to the relationship ob-
served during 3.25–2.95 Ma (Fig. 5). Both records also show
similar filtered variations to the benthic δ18O stack at the
40 kyr band (Fig. 6b, f), but do not show a clear correspon-
dence with insolation at the same band (Fig. 6c, g), suggest-
ing that the 40 kyr signal in the GS χfd /HIRM and median
grain-size records was more closely linked to high-latitude
ice-volume variability than to insolation forcing.

5 Discussion

5.1 Late Pliocene-Early Pleistocene precipitation
variations in the western Qaidam Basin

The χfd /HIRM proxy has been shown to be sensitive to pre-
cipitation variations in arid to semiarid environments because
χfd reflects pedogenic nanometer-scale ferrimagnetic grains,
whereas HIRM mainly reflects hematite formed under rel-
atively dry conditions (Nie et al., 2017; Luo et al., 2024).
Therefore, their ratio records the relative balance between

wetter and drier weathering conditions. However, to interpret
χfd /HIRM as a precipitation proxy in the GS section, poten-
tial non-climatic influences, including post-depositional dis-
solution, evaporite dilution, and changes in sediment source,
need to be considered. First, thermal demagnetization results
reported by Luo et al. (2024) for the GS section indicate the
preservation of magnetite-bearing remanence carriers, sug-
gesting that pervasive post-depositional reductive dissolution
was unlikely to have dominated the magnetic signal. Pre-
vious studies from Qaidam fluvial-lacustrine sediments fur-
ther support the applicability of χfd /HIRM as a precipitation
proxy in settings where magnetic minerals were not signifi-
cantly dissolved after deposition (Nie et al., 2017; Su et al.,
2019; Ren et al., 2020). Second, although evaporite-bearing
lithologies occur in the section, the χfd /HIRM variations
are difficult to explain by simple evaporite dilution alone,
given their broad consistency with the median grain-size
record (Fig. 5). Third, the GS section is dominated mainly
by fine-grained lacustrine deposits with relatively uniform
lithology, suggesting that major changes in sediment prove-
nance were unlikely to be the primary driver of the ob-
served χfd /HIRM variations. These considerations support
the use of χfd /HIRM as a precipitation-sensitive proxy in
the GS section, although minor sedimentological or post-
depositional influences, including selective alteration of fine
magnetic particles, evaporite dilution, and small provenance
changes, cannot be entirely excluded. Median grain size can
also serve as an indirect precipitation proxy because the grain
size of fluvial, deltaic or nearshore lacustrine sediments is
closely related to hydrodynamic conditions, which, in turn,
are strongly influenced by runoff and precipitation. In the
Qaidam Basin, coarser particles in closed and shallow lacus-
trine settings generally reflect stronger hydrodynamic condi-
tions associated with increased runoff and precipitation (Su
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Figure 5. Comparison of the GS χfd /HIRM and median grain-size records with insolation, eccentricity and benthic δ18O stack during
∼ 3.6–2.95 Ma. (a) June insolation gradient (Laskar et al., 2004). (b) GS χfd /HIRM. (c) GS median grain-size. (d) Eccentricity (Laskar et
al., 2004). (e) Benthic δ18O stack (Lisiecki and Raymo, 2005). The χfd /HIRM and median grain-size data during 3.25–2.95 Ma have been
published by Luo et al. (2024). The green, gray and pink bands emphasize the potential corresponding relationships between χfd /HIRM,
median grain-size, benthic δ18O stack, eccentricity and insolation.

et al., 2019; Yang et al., 2020; Luo et al., 2024). We there-
fore interpret χfd /HIRM and median grain size primarily as
proxies for precipitation variations in the GS section.

The deposition of halite is generally associated with in-
tensified aridity in arid regions (Song et al., 2013; Zhang et
al., 2013; Gu et al., 2015; Luo et al., 2018). Therefore, the
absence of halite layers likely reflects relatively wetter con-
ditions during 3.25–2.95 Ma. This interpretation is consistent
with paleoclimatic records from the HTG section in the west-
ern Qaidam Basin, which also indicate climatic wetting dur-
ing the mPWP (Su et al., 2024). The χfd /HIRM and me-

dian grain-size records reported here, together with the pre-
viously published GS records (Luo et al., 2024), further show
that precipitation during 3.25–2.95 Ma was higher than dur-
ing ∼ 3.6–3.25 and 2.95–∼ 1.8 Ma. These observations sug-
gest that the relatively wet climate recorded in the GS section
during the mPWP was likely associated with enhanced pre-
cipitation under a strengthened EASM. Previously published
records from the GS section further indicate that precipita-
tion variations there were significantly influenced by the in-
tensified EASM during the mPWP (Luo et al., 2024). A pos-
sible mechanism for this monsoon intensification is the in-
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Figure 6. Comparison of the filtered χfd /HIRM and median grain-size records from the GS section with the eccentricity, the filtered June
insolation gradient and the filtered benthic δ18O stack during ∼ 3.6–3.3 Ma. (a, e) χfd /HIRM and median grain-size records at the 100 kyr
band with eccentricity. (b, f) χfd /HIRM, median grain-size and benthic δ18O stack at the filtered 40 kyr band. (c, g) χfd /HIRM, median
grain-size and June insolation gradient at the filtered 40 kyr band. (d, h) χfd /HIRM, median grain-size and June insolation gradient at the fil-
tered 20 kyr band. The 20 kyr central frequency= 0.05 kyr−1, and the bandwidth= 0.012 kyr−1. The 40 kyr central frequency= 0.024 kyr−1,
and the bandwidth= 0.004 kyr−1. The 100 kyr central frequency= 0.01 kyr−1, and the bandwidth= 0.002 kyr−1.

tensification and westward extension of the western Pacific
subtropical high (Huang et al., 2019). Climate model simu-
lations suggest that enhanced land-sea thermal contrast be-
tween the East Asian continent and the equatorial western
Pacific during the mPWP may have promoted the intensifi-
cation and westward expansion of the western Pacific sub-
tropical high, thereby enhancing the EASM (Huang et al.,
2019). This inference may further imply that, under con-
tinued global warming, the Qaidam Basin could receive in-
creased summer moisture, potentially associated with a west-
ward extension of the western Pacific subtropical high that
favors a northwestward shift in EASM precipitation.

The precipitation variations in the GS section during
∼ 3.6–2.95 Ma are similar to those recorded in the Chinese
Loess Plateau and the SG-1b core from the western Qaidam
Basin, both of which were influenced by the EASM (Fig. 7).
This similarity suggests that EASM-related summer mois-
ture likely also reached the GS section, at least during∼ 3.6–
3.25 Ma. From 2.95–∼ 1.8 Ma, however, the relatively large
temporal spacing between samples precludes identification
of clear temporal trends in the precipitation records (Fig. 3)
and prevents detailed comparison with precipitation records
from the monsoon region. Nevertheless, the more frequent
occurrence of halite layers suggests intensified aridification
during this interval (Fig. 3). Other paleoclimatic records from
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the western Qaidam Basin support this interpretation. Pollen
records from the SG-3 core suggest that the Qaidam Basin
was a drier environment no later than ∼ 3 Ma (Miao et al.,
2013), and oxygen isotope records from the HTG section
indicate a generally drier climate in the basin since 2.9 Ma
(Su et al., 2024). Overall, this evidence suggests enhanced
aridification in the western Qaidam Basin following the Late
Pliocene warmth.

5.2 Nonlinear response of precipitation to insolation
forcing during ∼3.6–3.3 Ma

The published GS records show that precipitation in the west-
ern Qaidam Basin was dominated by the 20 kyr precessional
cycles during the mPWP, and suggest that the June insola-
tion gradient (30° N minus 30° S) directly forced precipita-
tion variations in the Qaidam Basin during this interval (Luo
et al., 2024). In contrast, the reconstructed GS records indi-
cate prominent eccentricity-scale (∼ 100–125 kyr) variabil-
ity during∼ 3.6–3.3 Ma. Although the∼ 3.6–3.3 Ma interval
spans only∼ 0.3 Myr and therefore contains only about three
eccentricity-scale cycles (Fig. 5), both χfd /HIRM and me-
dian grain-size records show their strongest spectral power in
the eccentricity band, with the χfd /HIRM peak at ∼ 100 kyr
and the median grain-size peak closer to ∼ 125 kyr (Fig. 4).
This interpretation is further supported by the similar long-
term variations in the two precipitation records and by the
broadly similar patterns of their filtered eccentricity-scale
components (Figs. 3 and 6).

It is widely believed that the insolation variations associ-
ated with the eccentricity signal of the Earth are much weaker
than those associated with the precession and obliquity sig-
nals, although eccentricity can affect the insolation variations
through the modulation of precession (Luo et al., 2018; Wang
et al., 2023). Therefore, the eccentricity-scale variability dur-
ing∼ 3.6–3.3 Ma may reflect a nonlinear response of precip-
itation to insolation forcing. This interpretation is in line with
the magnetic susceptibility records from the YZ01 borehole
in the Xinding Basin, Shanxi Graben, North China, revealing
that precipitation was dominated by the 100 kyr eccentricity
cycles before 3.3 Ma, and constituted a nonlinear response
to insolation (Wang et al., 2023). Moreover, a similar non-
linear response to insolation was found in the Rb/Sr records
from the Huangdigou section in the Sanmenxia Basin, North
China (Zhang et al., 2022). In the western Qaidam Basin,
the pollen records from the SG-1b core reveal that there was
a strong link between the 100 kyr cycles in the precipita-
tion records and the eccentricity forcing during 3.5–3.0 Ma
(Schwarz et al., 2022).

Interestingly, precipitation was stronger during intervals
dominated by a 20 kyr precessional signal, whereas it was
relatively weaker during intervals characterized mainly by
eccentricity-scale variability. However, this contrast does not
simply reflect differences in precipitation intensity itself.
Rather, it suggests that the dominant processes controlling

the westward penetration of summer moisture into the west-
ern Qaidam Basin varied under different climatic background
states. During the wetter interval of 3.25–2.95 Ma, summer
moisture associated with the EASM could penetrate farther
inland, allowing precipitation to respond more directly to
insolation forcing. By contrast, during ∼ 3.6–3.3 Ma, when
precipitation was weaker, the eccentricity-scale variability
suggests that summer moisture delivery was influenced more
indirectly by changes in large-scale boundary conditions.
This indirect control may reflect several plausible mecha-
nisms through which eccentricity-scale forcing influenced
precipitation in the GS section during ∼ 3.6–3.3 Ma. One
possible explanation is that eccentricity-scale forcing may
have modulated high-latitude ice-volume variability, includ-
ing Antarctic ice-sheet variability, in a nonlinear way, and
that these changes may in turn have influenced EASM inten-
sity through changes in the thermal contrast between Eurasia
and the surrounding oceans and/or through changes in Pa-
cific and Atlantic meridional overturning circulation (Zhang
et al., 2022; Wang et al., 2023). Because the Arctic ice sheets
did not develop on a large scale before ∼ 2.7 Ma (Brigham-
Grette et al., 2013; Rahaman et al., 2020; Bridges et al.,
2023), Antarctic ice-sheet variability was likely an impor-
tant component of high-latitude ice-volume changes dur-
ing the Late Pliocene. Thus, in the eccentricity band, the
broadly similar variations between the two GS precipitation
records, eccentricity, and the benthic δ18O stack are consis-
tent with the hypothesis that eccentricity-paced high-latitude
ice-volume variability, potentially involving Antarctic ice-
sheet changes, contributed to the observed eccentricity-scale
signal in the GS section (Fig. 8). Another possibility is that
the eccentricity-scale variability in the precipitation records
could have been linked to annual insolation instead of sum-
mer insolation. Because the annual insolation integrates
seasonal insolation variations caused by precession, it has
stronger power in the eccentricity band and weaker power
in the precession band (Laskar et al., 2004). However, more
investigations are needed to validate this hypothesis.

Additionally, at the 40 kyr band, our precipitation records
show similar filtered variations to the benthic δ18O stack,
suggesting that high-latitude ice-volume variability, poten-
tially including Antarctic ice-sheet variability, may have con-
tributed to precipitation changes in the Qaidam Basin during
∼ 3.6–3.3 Ma. This inference is consistent with the published
GS precipitation records for 3.25–2.95 Ma (Luo et al., 2024).
Together, these results suggest that high-latitude ice-volume
variability, potentially including Antarctic ice-sheet variabil-
ity, may have acted as an important background modulator of
precipitation in the Qaidam Basin during the Late Pliocene.

6 Conclusions

Integrated χfd /HIRM and median grain-size records from
the GS section provide an extended reconstruction of precip-
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Figure 7. Comparison of the GS χfd /HIRM and median grain-size records with the paleoclimatic records affected by the EASM precipi-
tation during ∼ 3.6–2.95 Ma. (a) Magnetic susceptibility at low frequency (χlf) from the Chaona section (Song et al., 2001). (b) Magnetic
susceptibility at low frequency (χlf) from the Shilou section (Ao et al., 2016). (c) The ratio of free iron (Fe2O3(f)) to total iron (Fe2O3(t))
content of the Pianguan section (Yang et al., 2018). (d) GS χfd /HIRM. (e) GS median grain-size. (f) Annual mean precipitation variations
based on the pollen records from the SG-1b core (Schwarz et al., 2022).

Figure 8. Comparison of the χfd /HIRM and median grain-size records with the eccentricity and benthic δ18O stack data. The χfd /HIRM,
median grain-size and benthic δ18O stack data were filtered at the 100 kyr band.

itation variability in the western Qaidam Basin during∼ 3.6–
∼ 1.8 Ma. The combined record shows that precipitation dur-
ing 3.25–2.95 Ma was higher than during ∼ 3.6–3.25 and
2.95–∼ 1.8 Ma, supporting the interpretation of relatively
wetter conditions in the western Qaidam Basin during the
mPWP. Comparison with previously published regional pre-
cipitation records further suggests that EASM-related sum-
mer moisture continued to reach the western Qaidam Basin
during ∼ 3.6–3.25 Ma, although the associated precipitation
was weaker than that during 3.25–2.95 Ma.

At the orbital timescale, precipitation variations during
∼ 3.6–3.3 Ma were characterized mainly by eccentricity-

scale (∼ 100–125 kyr) variability, in contrast to the previ-
ously reported precession-dominated pattern during 3.25–
2.95 Ma. This shift indicates that the precession-dominated
pattern was not persistent throughout the Late Pliocene in
the western Qaidam Basin. Instead, the dominant periodic-
ity of precipitation changed through time, implying that the
processes controlling the westward penetration of summer
moisture into the basin varied under different climatic back-
ground states. In particular, the stronger 20 kyr signal during
3.25–2.95 Ma likely reflects a more direct response of precip-
itation to precessional insolation forcing under wetter con-
ditions, whereas the eccentricity-scale (∼ 100–125 kyr) vari-
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ability during ∼ 3.6–3.3 Ma suggests a more indirect forcing
response under relatively drier conditions. In addition, the
broad correspondence between the precipitation proxies and
the benthic δ18O stack at the 40 kyr band suggests that high-
latitude ice-volume variability, potentially including Antarc-
tic ice-sheet variability, may also have modulated precipi-
tation variations in the basin. Overall, these findings high-
light that Late Pliocene precipitation variations in the western
Qaidam Basin were shaped not only by changes in moisture
availability, but also by shifts in the dominant climatic pro-
cesses governing inland penetration of EASM-related sum-
mer moisture.
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