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Abstract. The Indian summer monsoon (ISM) is strongly influenced by orbital forcing. However, the dominant cycles are

different in various paleoclimate indicators. This has limited our understanding of the dynamics of the ISM. Here we present10
a high-resolution ISM record spanning ~184-25 ka by magnetic parameters (ARM, χ, SIRM, and χfd%) and geochemical

indicators (Rb/Sr and Ti) from lacustrine sediments in the Heqing Basin, southwestern China. In the PT2 core, ARM shows

the clearest precession-scale (~20 ka) variability, likely reflecting its strong sensitivity to precipitation-driven changes in fine

magnetic particle input. In contrast, Rb/Sr is dominated by glacial-interglacial (~100 ka) variability, probably because it

responds to slower catchment-scale processes, such as chemical weathering and sediment redistribution. During MIS 5, low15
detrital input and a relative enrichment of fine magnetic grains likely shifted ARM toward stronger grain-size control rather

than concentration control. This may have allowed the precession-scale signal to be expressed more clearly. Reductive

dissolution likely modulated the amplitude of magnetic parameters, but did not fundamentally erase their primary orbital-

scale signals. Our results highlight the importance of proxy-specific interpretation and demonstrate the value of ARM for

reconstructing precession-paced ISM variability in southwestern China.20

1 Introduction

The Indian Summer Monsoon (ISM) is one of the most critical ocean-atmosphere circulation systems (An et al., 2011;

Kathayat et al., 2016). By seasonally transporting large amounts of moisture and heat from the Indian Ocean, the ISM

governs rainfall over the Indian subcontinent, much of Southeast Asia, and southern China, including southwest China and

the southeastern Tibetan Plateau, and also modulates conditions over the adjacent Arabian Sea and Bay of Bengal (Wang et25
al., 2021). Dynamically, the monsoon is driven primarily by the land-sea thermal contrast and is modulated by the position

of the westerlies and by latitudinal insolation gradients (Li et al., 2017; Zhang et al., 2025). These controls are influenced by

orbital forcing (precession, obliquity, and eccentricity), which modulates the seasonal and latitudinal distribution of

insolation (Berger, 1978; Milankovitch, 1941). Precession (23 ka and 19 ka, often merged into a single peak near ~20 ka)

primarily drive climate variability at low latitudes (Li et al., 2024; Wu et al., 2025). In contrast, the ~41 ka obliquity cycle30
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has a stronger influence on high-latitude climate. By changing Earth’s axial tilt, obliquity affects the amplitude of seasonal

temperature contrasts and polar insolation, thereby favoring conditions for ice-sheet growth or retreat through feedbacks

involving albedo, sea level and greenhouse gases (Bajo et al., 2020). The ~100-ka eccentricity band has only a weak direct

effect on insolation and therefore the prominent ~100-ka signal in geological records largely reflects internal climate

feedbacks associated with glacial-interglacial ice-volume changes (Laskar et al., 2004; Van Peer et al., 2024). Ice-sheet35
growth and retreat then influence global climate indirectly by changing surface albedo, altering atmospheric CO2

concentrations, adjusting sea level, and modifying large-scale temperature gradients (Van Peer et al., 2024).

Within the ISM influence zone, SW China’s lake and stalagmite archives offer good records of monsoon change, and are

therefore well suited for examining ISM dynamics (An et al., 2011; Cai et al., 2015; Sandeep et al., 2017; Xu et al., 2024;

Zhang et al., 2023). However, climate proxies may respond differently to orbital forcing, as demonstrated by multiple lines40
of evidence from southwest China (An et al., 2011; Zhang et al., 2023; Xu et al., 2025). For example, Sr/Ca and Mg/Ca

ratios from the Pleistocene Heqing paleolake sediments record glacial-interglacial ISM cycles within the lake’s lifecycle

(Yang et al., 2024). Pollen records from the same basin indicate that the regional climate and ISM variability are influenced

by both the ~100 ka cycle and other major orbital and sub-orbital cycles, including ~400 ka, obliquity (41 ka and 29 ka

cycles), 23 ka precession, and ~10 ka cycles (Xiao et al., 2010). In contrast, the δ¹⁸O record from the Zada Basin in45
southwestern Tibet exhibits cycles of ~100 ka and ~20 ka. However, its high-frequency environmental variations are

primarily driven by solar radiation (dominated by precession and modulated by eccentricity), rather than directly by global

ice volume changes (Saadeh et al., 2020). Speleothem δ¹⁸O records from Bittoo cave, Northern India, also suggest that the

ISM may be driven by precession-induced Northern Hemisphere summer insolation (NHSI) changes (Kathayat et al., 2016).

In addition, regional comparison studies frequently rely on varying indicators. δ¹⁸O values are widely used in paleoclimate50
reconstruction because they are often negatively correlated with regional precipitation (Cheng et al., 2016; Zhang et al.,

2025). However, they can also be influenced by moisture source, seasonal and trajectory changes in moisture transport, and

the amount effect (Li et al., 2019). Pollen proxies are susceptible to basin-scale vegetation succession, human activities, and

land-use changes, which may obscure or alter climate-driven vegetation signals (Hicks, 2006; Li et al., 2014). Geochemical

indicators such as the Chemical Index of Alteration (CIA) and Rb/Sr ratios are affected by basin weathering-erosion55
processes, runoff variations, and lake sedimentary dynamics, reflecting the integrated weathering history of the basin (Guo et

al., 2018; Li and Yang, 2010; Jin et al., 2020). As crucial indicators for recording paleoclimate changes in lake sediments,

magnetic proxies such as ARM exhibit marked sensitivity to orbital-scale variability and reliably record the signatures of

precession, obliquity, and eccentricity (Huang et al., 2015; Li et al., 2024; Su et al., 2019). However, their interpretation can

be ambiguous due to influences from redox processes and local environmental factors (Liu et al., 2012; Roberts, 2015).60
Climate proxies often register signals in distinct ways, relying on a single indicator can lead to biased or incomplete

reconstructions. Therefore, we present magnetic and geochemical high-resolution records from lacustrine sediments in the

Heqing Basin spanning ~184-25 ka. This study aims to explore the orbital periodicity of the ISM using a multi-proxy
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approach, examining the differences in responses across various orbital scales among different proxies and the underlying

reasons.65

2 Study areas and methods

2.1 Study areas

The Heqing Basin is located in southwest China, on the southeastern margin of the Tibetan Plateau (Fig. 1). It is situated at

the intersection of the northward extension of the Red River Fault and the Jinsha River Fault, within the Hengduan

Mountains of northwestern Yunnan. The basin has an average elevation ranging from 2193 to 2240 meters above sea level70
(Fang et al., 2007). The climate of the Heqing Basin is strongly influenced by ISM, with summer precipitation accounting

for over 80% of the annual rainfall.

The Pengtun section is located in Pengtun Village, Caohai Town, Heqing County. In 2009, a 33.9-meter-long sediment core

(PT2) was extracted from the Pengtun No. 2 core (26°35′24.0″N, 100°11′08.2″E, 2188 m), located 2 kilometers from Heqing

County. The core PT2 has been stored at the Core Repository of Continental Environmental Science, Institute of Earth75
Environment, Chinese Academy of Sciences. The lithology of the borehole primarily consists of laminated greyish-green

and greyish-yellow calcareous clays and silty clays.

Figure 1: Location of the PT2 drill core (red triangle) in southwestern China. The sites mentioned in the text, such as Bittoo,
Sanbao, and Xiaobailong caves and marine sediments (core MD90963) from the Indian Ocean, are shown as black triangles.80
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2.2 Environmental magnetism experiments

Approximately 10 g of bulk sample was dried at 35 °C, then magnetic susceptibility was measured at low (470 Hz) and high

(4700 Hz) frequencies using a Bartington MS2 magnetic susceptibility instrument. After normalizing by mass, yielded low-

frequency (χlf) and high-frequency (χhf) magnetic susceptibility. χ, denoting low-frequency magnetic susceptibility, is

commonly used to indicate the concentration of ferrimagnetic minerals. The frequency-dependent susceptibility (χfd%,85
χfd%= 100% × (χlf - χhf)/ χlf) can be used to show the absolute concentration of superparamagnetic particles (SP).

Anhysteretic Remanent Magnetization (ARM) and Isothermal Remanent Magnetization (IRM) were measured using the 2G-

755R. ARM was obtained under a constant direct current (DC) field of 0.05 mT and an alternating field (peak field of 80

mT). The Saturated Isothermal Remanent Magnetization (SIRM) was imparted at a magnetic field of 1 T. ARM is sensitive

to single-domain (SD) grains and finer vortex-state particles, and the ARM/SIRM ratio can reflect grain size (Liu et al., 2012;90
Zhang et al., 2019).

Based on the peaks and troughs of the χ curves, 22 samples were selected for detailed rock magnetic measurements.

Temperature-dependent magnetic susceptibility (χ-T) was measured using an MFK1FA Kappabridge in an argon atmosphere.

A CS-3 high-temperature furnace was used for heating over a temperature range of 40°C to 700°C. Different magnetic

components display characteristic responses on the χ-T curves, allowing them to be identified. First-order reversal curves95
(FORC) were measured using a 3900 vibrating sample magnetometer (VSM). Different magnetic domain states of

ferrimagnetic minerals, as well as varying interaction strengths, produce distinct distributions on FORC diagrams. The above

experiments were performed in the Laboratory of Environmental Magnetism, Institute of Earth Environment, Chinese

Academy of Sciences (Xi'an, China).

2.3 Geochemical analysis100

Geochemical elements Rb, Sr, and Ti were analyzed at 5cm intervals using an Axios advanced wavelength dispersive X-ray

fluorescence spectrometer (XRF). Titanium (Ti) is essentially insoluble and exhibits very limited mobility during weathering

and transport. Therefore, it is commonly used as an indicator of terrigenous abundance in sediments. During chemical

weathering, rubidium (Rb) is relatively immobile, whereas strontium (Sr) is readily leached. Consequently, the Rb/Sr ratio is

widely used as an indicator of chemical weathering intensity (Jin et al., 2006; Perri, 2018). Reduced Rb/Sr ratios indicate105
increased chemical weathering, suggesting periods of stronger monsoon precipitation (Liu et al., 2023).

2.4 Spectral analysis

Xu et al. (2024) estimated the bottom age of the PT2 lacustrine sequence at ~184 ka; the sequence was time-calibrated using

a paleomagnetic age-depth model. The series was then resampled to a uniform 1 ka grid and linearly detrended in Past 3.0

(Hammer and Harper, 2001). To extract Milankovitch and sub-Milankovitch signals, we applied Gaussian band-pass filters110
(Paillard et al., 1996). Frequency spectra information of the magnetic and geochemical proxies in core PT2 was obtained by
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applying Welch’s method to the evenly spaced data using the REDFIT spectrum program (Schulz and Mudelsee, 2002). The

spectrum of Rb/Sr and ARM variations along the core was examined using continuous wavelet transforms in MATLAB

(Torrence and Compo, 1998).

3 Results115

3.1 Magnetic and geochemical proxies

The limited aeolian origin in Southwest China, together with surface soil studies (Hu et al., 2015), indicates that the primary

sediment source of the Heqing Basin is fluvial transport within the catchment. The consistency of the magnetic proxies in

our study further supports this interpretation (Fig. 2). The χ-T curves of all samples rapidly decrease around 580°C, and do

not reach their minimum at 600°C (Fig. 3). Some samples from MIS 5 and MIS 6 also show a decline in the 300-400°C120
range (Fig. 3c, d). These observations suggest that the samples are primarily composed of magnetite and hematite, with some

also containing maghemite (Deng et al., 2001; Shen et al., 2020). The FORC diagrams show low coercivity, suggesting that

authigenic iron sulfides, such as greigite, are not formed (Chang et al., 2014; Qiang et al., 2018). The amplitudes and trends

of magnetic and geochemical proxies vary across different MIS stages. Therefore, a correlation analysis was conducted (Fig.

4). ARM shows weaker correlations with some proxies. However, it remains correlated with χ (R = 0.47) and SIRM (R =125
0.71) (Fig. 4), suggesting the SD grain signal plays a prominent role in ferrimagnetic minerals in core PT2. The FORC

diagrams provide further evidence. Strongly magnetic samples display pronounced SD grain signals. In contrast, weakly

magnetic samples show reduced SD signals together with enhanced SP signals (Liu et al., 2012). This highlights the

significant contribution of SD grains to the lake sediments of core PT2. Moreover, the good correspondence between

magnetic and geochemical proxies at peaks and troughs indicates that geochemical indicators also respond to ISM variability.130
The positive correlation between Ti and Rb/Sr values reflects a strong link between Rb/Sr ratios and terrigenous input, while

also indicating an inverse relationship between physical and chemical weathering processes (Xu et al., 2010).
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Figure 2: Magnetic and geochemical records from the PT2 drill core.

135
Figure 3: χ-T curves and FORC diagrams of representative samples from the PT2 lacustrine core during MIS 3-6: (a)
magnetically weak and strong samples from MIS3; (b) magnetically weak samples from MIS4; (c) magnetically weak and strong
samples from MIS5; (d) magnetically weak and strong samples from MIS6.
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Figure 4: Statistical correlation between magnetic and geochemical proxies in PT2.140

p≤0.05(*), p≤0.01(**)

3.2 Spectral analysis

Spectral and wavelet analyses show that ARM in the PT2 core is dominated by a significant ~20 ka cycle (Fig. 5, 6). The

band-pass filtering results further demonstrate a close correspondence between ARM and precession (Fig. 7). This dominant

precessional signal is consistent with speleothem δ¹⁸O records from Xiaobailong Cave (XBL, 24°12′N, 103°21′E) (Cheng et145
al., 2016), Bittoo Cave (30°47′N, 77°46′E) (Kathayat et al., 2016), and Sanbao Caves (SBD, 31°40′N, 110°26′E) (Wang et

al., 2008) (Fig. 8). Among the magnetic proxies, ARM shows the strongest precession-scale signal, whereas ARM/SIRM and

χfd% display more pronounced glacial–interglacial variability. χ and SIRM preserve both precession and glacial–interglacial

variability (Fig. 5). Spectral and wavelet analyses of Rb/Sr likewise identify a significant ~100 ka periodicity (Figs. 5, 6),

and the band-pass filtering results show that Rb/Sr closely tracks glacial–interglacial variability (Fig. 7). More broadly, the150
PT2 proxy records correspond well with the Greenland Ice-Core Project (GRIP) δ¹⁸O record (Dansgaard et al., 1993), the

Antarctic Temperature Stack (ATS) (Frédéric Parrenin et al., 2013), and the Indian Ocean sea-surface temperature record

from core MD90963 (Bassinot et al., 1994), all of which are characterized by pronounced glacial–interglacial variability

over 184–25 ka (Fig. 8).
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155
Figure 5: Spectral analysis results performed on ARM, SIRM, χ, ARM/SIRM, χfd%, and Rb/Sr data from core PT2. Orange, gray,
yellow, and blue lines represent theoretical red noise, 80%, 90%, and 95% false-alarm levels, respectively. The analysis was
performed using the REDFIT spectral analysis program. The age range of the precession cycle (~20 ka) and glacial-interglacial
cycle (~100 ka) has also been marked.
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160
Figure 6: Comparison of continuous wavelet analysis results of ARM and Rb/Sr records during 184-25 ka B.P. Cool-to-warm
colors indicate low-to-high wavelet modulus strength at different scales. Black dashed lines mark the precession cycles (~20 ka)
and the glacial-interglacial cycles (~100 ka).

Figure 7: Time series of magnetic and geochemical records of core PT2. (a) Time series of the SIRM (purple, left scale) and ARM165
(blue, right scale) records of core PT2. (b) Precession cycle filter for the SIRM (purple, left scale) and ARM (blue, right scale)
records of core PT2. (c) is the same as (b) but for the glacial-interglacial cycles filter. (d) Time series of the Ti (red, left scale) and
Rb/Sr (orange, right scale) records of core PT2. (e) Precession cycle filter for Ti and Rb/Sr records of core PT2. (f) is the same as (e)
but for the glacial-interglacial cycles filter. The green line in (a), (d) is for NHSI at 30°N, in (b), (e) is for the precession parameter,
while in (c), (f) is for the glacial-interglacial cycles.170
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Figure 8: Comparisons among the magnetic and geochemical records of core PT2 and other global climatic records during 184-25
ka. (a) 30°N Summer Insolation; (b) eccentricity cycle; (c) δ¹⁸O records in Greenland Ice-Core Project (GRIP) ice core(Dansgaard
et al., 1993); (d) Antarctic Temperature Stack (ATS) records(F. Parrenin et al., 2013); (e) SST variations in the Indian
Ocean(Bassinot et al., 1994); (f) Lake Tengchongqinghai (TCQH) MAAT record(Zhao et al., 2021); (g) and (h) Rb/Sr and ARM175
records of core PT2; (i) Bittoo δ¹⁸O records(Kathayat et al., 2016); (j) XBL δ¹⁸O record(Cheng et al., 2016); (k) SBD δ¹⁸O
records(Wang et al., 2008).
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4 Discussion

In southwestern China, moisture is delivered mainly by the ISM, which transports water vapor from the Indian Ocean,

including the Arabian Sea and the Bay of Bengal (Cai et al., 2015; Zhang, 2020). The Heqing Basin lies on the southeastern180
margin of the Tibetan Plateau, within a climatically sensitive transition zone where the ISM interacts with the East Asian

summer monsoon (EASM) (Hu et al., 2015; Xu et al., 2020). Previous studies suggest that the magnetic minerals in Heqing

lacustrine sediments are derived mainly from catchment detrital input (Hu et al., 2015; Xu et al., 2024). Under stronger ISM

conditions in the Heqing Basin, denser catchment vegetation tends to reduce physical erosion and the delivery of coarse

detrital material to the lake, while wetter conditions enhance chemical weathering (Mishra et al., 2019; Wang et al., 2020).185
These changes lead to lower detrital input and lower concentrations of magnetic minerals, reflected by reduced Ti, χ, ARM,

and SIRM values. At the same time, the magnetic grain-size distribution shifts toward finer fractions, increasing the relative

abundance of fine SD/SP particles, as indicated by higher ARM/SIRM and χfd% values (Su et al., 2019; Tan et al., 2020).

Conversely, weaker ISM intervals are characterized by stronger physical erosion, greater input of coarser detrital material,

higher concentration-dependent parameters, and lower fine-grain-sensitive ratios. These magnetic parameters do not record190
precipitation directly, but can serve as indirect proxies for ISM-related hydroclimatic variability by tracking changes in

catchment weathering, erosion, and the flux and grain size of detrital material delivered to the lake (Hu et al., 2015; Wang et

al., 2021). However, individual magnetic parameters differ in sensitivity and reliability, so it is necessary to identify the most

suitable proxy for the PT2 core.

ARM has been widely applied in lake sediment paleoclimate studies as an indicator of the content of fine ferrimagnetic195
grains, owing to its sensitivity to SD particles (Liu et al., 2012). Ratios such as ARM/SIRM and ARM/χ are commonly used

to assess variations in the concentration of fine-grained magnetic particles. In environmental magnetic studies of loess,

alluvial, and lacustrine sediments, ARM and its derived ratios often show significant correlations with annual precipitation

and soil moisture (Hu et al., 2015; Nie et al., 2016; Zan et al., 2018). Therefore，it was employed as monsoon intensity and

precipitation proxy (Basavaiah et al., 2014; King et al., 1983). By contrast, χ can be affected by post-depositional alteration,200
including the dissolution of fine magnetic minerals, which may weaken the environmental signal it records (Liu et al., 2012;

Snowball, 1993). Moreover, where χ exhibits only limited variability, its usefulness for quantitative and spectral analyses is

reduced (Schulz and Mudelsee, 2002; Weedon, 2022). In the PT2 core, rock magnetic results indicate a substantial

contribution from SD particles, and ARM covaries closely with χ and SIRM. These observations suggest that ARM reliably

tracks changes in magnetic mineral input and grain size. In addition, the close correspondence between ARM and the δ¹⁸O205
records from XBL, SBD, and Bittoo caves indicates that ARM captures hydroclimatic variability closely linked to ISM

change. During precession-index minima, when perihelion coincides with boreal summer, Northern Hemisphere summer

insolation increases, strengthening monsoon circulation and shifting the ITCZ northward (Cai et al., 2015; Cheng et al., 2021;

Dong et al., 2025; Tabor et al., 2018). This enhances moisture transport to southwestern China and increases regional

precipitation (Wen et al., 2022; Zhang et al., 2023). In the PT2 core, these wetter conditions are associated with lower210
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magnetic mineral concentrations and reduced ARM values (Fig. 8). These results suggest that ARM may be the most

suitable magnetic proxy for reconstructing monsoon- and precipitation-related environmental changes in the PT2 core.

However, the paleoclimate indicators in the PT2 core respond differently to orbital forcing: ARM is dominated by a

precession-scale (~20 ka) cycle, whereas Rb/Sr shows stronger glacial–interglacial (~100 ka) variability (Fig. 5, 6). This

contrast likely reflects differences in their environmental significance, sensitivity, and recording mechanisms. Previous215
studies have shown that fine-grained magnetic proxies, especially ARM and related ratios, can display clear precessional

variability in ISM records (Chen et al., 2022; Xu et al., 2025). ARM is particularly sensitive to SD particles and therefore

responds readily to changes in the abundance and grain size of fine magnetic particles (Egli and Lowrie, 2002; Liu et al.,

2012). In ISM settings, runoff, erosion, and sediment transport strongly influence the flux and grain-size distribution of

catchment-derived fine detritus delivered to lakes. ARM can therefore more readily capture precession-paced hydroclimatic220
variability through changes in the input of fine magnetic particles (Xu et al., 2025; Zhong et al., 2018). Rb/Sr, in contrast,

reflects more integrated catchment processes, including chemical weathering intensity, sediment source composition, and

catchment denudation (Liu et al., 2023; Xu et al., 2010). Because these processes evolve over longer timescales and involve

substantial storage and mixing within the catchment, Rb/Sr tends to emphasize low-frequency glacial–interglacial variability.

Precession-scale variability may still be present in the Rb/Sr record, but it is likely much weaker than the dominant low-225
frequency signal. Moreover, the close correspondence of Rb/Sr with the Lake Tengchongqinghai (TCQH) MAAT record

(Zhao et al., 2021), the Antarctic Temperature Stack (ATS) records (F. Parrenin et al., 2013), and Indian Ocean SST records

(Bassinot et al., 1994) suggests that Rb/Sr was more sensitive to the slowly varying glacial–interglacial background state

than to precession-paced monsoon forcing(An et al., 2011; Jin et al., 2006). As glacial–interglacial conditions changed,

moisture availability, vegetation cover, weathering intensity, and erosion regime also shifted systematically. These changes230
likely enhanced the glacial–interglacial variability of Rb/Sr. During glacial periods, expanded ice sheets and lower sea level

weakened the ISM and reduced moisture delivery to southwest China, resulting in colder and drier catchment conditions.

Under these conditions, chemical weathering was suppressed, whereas physical erosion and terrigenous detrital input became

relatively more important, leading to elevated Rb/Sr ratios (Liu et al., 2023; Xu et al., 2010). During interglacial periods, by

contrast, a stronger ISM would have increased regional effective moisture and promoted warmer and more humid conditions235
in the basin. These conditions favored more intense chemical weathering and enhanced Sr mobilization from source

materials, leading to lower Rb/Sr ratios (An et al., 2011; Clemens et al., 2021).

Such proxy-dependent differences are also observed within the magnetic record (Fig. 5). During MIS 5, when χ and SIRM

show relatively limited variability, whereas ARM exhibits more pronounced changes (Fig. 2). Ti values are markedly low

during this interval (Fig. 2), and the FORC diagrams show pronounced SD characteristics (Fig. 3c), indicating persistently240
low detrital input and a relative enrichment of fine magnetic grains. In this setting, ARM becomes more closely associated

with fine-grained magnetic indicators such as χfd% and ARM/SIRM, rather than with χ and SIRM as in most other intervals.

This difference likely reflects the contrasting sensitivities of these proxies: χ and SIRM mainly track bulk magnetic mineral

concentration, whereas ARM is more sensitive to stable single-domain (SSD) grains and small vortex-state particles (Liu et
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al., 2012). As a result, ARM during MIS 5 was likely influenced more by magnetic grain-size variations than by245
concentration alone, which may explain why it preserves a stronger precession-scale signal than the other magnetic proxies

(Kanu et al., 2019; Liu et al., 2012; Zhang et al., 2025).

In addition to climatic forcing, post-depositional processes may also have contributed to the orbital-scale differences

between ARM and Rb/Sr. Alternatively, reductive dissolution is likely to have been particularly important, given its

widespread occurrence in lacustrine sediments of the Heqing Basin (Hu et al., 2015; Snowball, 1993; Zan et al., 2018; Zhang250
et al., 2012). Under anoxic conditions, maghemite is more susceptible to dissolution than magnetite (Wang et al., 2021;

Williamson et al., 1998; Xu et al., 2020; Zan et al., 2018). In the PT2 core, samples from MIS 5 and MIS 6 show a decrease

in χ between 300 and 400°C on the χ-T curves, consistent with the presence of maghemite (Deng et al., 2000), whereas this

feature is absent in samples from MIS 3 and MIS 4. This pattern suggests that maghemite was better preserved during MIS

5–6, but more extensively dissolved during MIS 3–4. Reductive dissolution likely modulated the amplitude and variability of255
some magnetic parameters, especially those sensitive to fine ferrimagnetic grains, such as ARM/SIRM and χfd%, but did not

fundamentally erase their orbital-scale signal. The broad agreement among magnetic proxies, and their overall consistency

with geochemical records, indicates that the main climatic signal remains preserved. Magnetic proxies such as ARM

therefore remain useful for reconstructing monsoon-related environmental change, although interpretations are more robust

when supported by multiproxy comparisons.260

5 Conclusions

In the PT2 core from the Heqing Basin, magnetic and geochemical proxies record coherent environmental changes from 25

to 184 ka. Rock-magnetic results suggest that SD and small vortex-state particles are the dominant magnetic domain states in

the sediments. The close covariation of ARM with χ and SIRM further supports the use of ARM as the most suitable

magnetic proxy for reconstructing environmental change. Among the measured proxies, ARM exhibits the clearest265
precession-scale variability (~20 ka), consistent with the δ¹⁸O records from XBL, Bittoo, and SBD Cave. By contrast, Rb/Sr

is dominated by glacial–interglacial variability and shows closer agreement with the TCQH MAAT, ATS, and Indian Ocean

SST records. These contrasting orbital periodicities likely reflect differences in proxy sensitivity and recording mechanisms.

ARM mainly responds to relatively rapid hydroclimatic processes associated with precipitation-driven erosion and fine-

particle transport, whereas Rb/Sr more strongly reflects slower changes in weathering and catchment response. The contrast270
among magnetic proxies is especially evident during MIS 5. During this interval, low detrital input and a relative enrichment

of fine magnetic grains likely caused ARM to be influenced more by magnetic grain-size variations than by concentration

alone, allowing a clearer precession-scale signal to be preserved. Although reductive dissolution likely modified the

amplitude of some magnetic parameters, it did not fundamentally overprint the primary orbital-scale structure of the record.

These results highlight the value of ARM as a robust proxy for precession-paced monsoon variability in the Heqing Basin275
and emphasize the importance of multiproxy comparisons for interpreting orbital-scale environmental change.
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