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One of the most challenging problems in paleoclimate research is how orbital cyclicities forced Earth’s
climate variations during the late Quaternary. To address this issue, we investigated the differences in
silicate weathering, a sensitive climate indicator, at different latitudes on orbital timescales by
examining geochemical and clay mineral data from the mid-latitude Sea of Okhotsk and integrating
published weathering records from low to high latitudes. Results show that silicate weathering in the
mid-latitude Sea of Okhotsk responded sensitively to both temperature and rainfall, indicating the
combined influence of ice sheets and low-latitude monsoons. However, silicate weathering is more
sensitive to temperature in high-latitude regions, and to rainfall in tropical areas. Therefore, ice sheets
primarily control silicate weathering at high latitudes, whereas monsoon rainfall has greater influences

in tropical areas. These findings seem to support the “Milankovitch-Kutzbach” hypothesis, which
proposes that ice sheets and monsoons together control orbital-scale climate variations of Earth.

The widely accepted “Milankovitch theory” argues that the Northern
Hemisphere (NH) 65°N summer insolation induces the waxing and waning
of ice sheets and affects the global climate on orbital timescales', and this
theory has been corroborated by numerous studies on marine’™, ice core’,
loess®, and lake records’. However, this theory does not adequately explain
many paleoclimate records in low-latitude regions®’. In the vast low-latitude
region (~30°N to ~30°S), which covers half of the Earth’s surface, the
amount of solar energy received is an order of magnitude greater than that
received above 65°N”". Low-latitude interhemispheric insolation gradients
have been proposed to drive global monsoon rainfall patterns and have
resulted in many paleoclimate records (e.g., speleothem §'®0, Loess "Be
flux, and so on) related to hydrological cycles in low-latitude regions that
exhibit clear precession cycles (23-kyr), independent of high-latitude ice
sheet changes (characterized by dominant 100-kyr cycles)*”'*">. Moreover,
Cheng et al.” recently proposed a novel perspective on climate changes
occurring on orbital timescales, known as the “Milankovitch-Kutzbach”
hypothesis. This hypothesis suggests that Earth’s climate variations on
orbital scales are primarily driven by the combination of ice sheets at high

latitudes and monsoon systems at low latitudes. However, which mechan-
ism could better explain climate variations on the orbital scale—namely,
high-latitude ice sheets, low-latitude monsoons, or a combination of high-
latitude ice sheets and low-latitude monsoons—deserves further study.
Silicate weathering, an essential process that occurs at the Earth’s
surface, is highly sensitive to climate change'*'*. Modern observations of
surface soils and river sediments have confirmed a linear relationship
between climate parameters (e.g., temperature and rainfall) and weathering
intensity""". A warm and wet climate promotes chemical weathering and
causes the leaching and mobilization of mobile elements (e.g., Na, K, Ca, and
Mg), as well as the transformation of primary minerals into secondary
mineral phases'®. Consequently, the accumulation and preservation of
weathering products have been utilized to investigate weathering processes
associated with climate change on tectonic'”"’, orbital**’, and millennial
timescales”™”. On orbital timescales, the influences of high-latitude ice
sheets and low-latitude monsoons on climate systems are markedly
disparate’. High-latitude ice sheets drive global temperature variations fol-
lowing similar patterns on the glacial-interglacial scale”, which are
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characterized by 100-kyr cycles, whereas low-latitude monsoons mainly
regulate the tropical hydrological cycle, which is characterized by 23-kyr
cycles™. Given the sensitivity of silicate weathering to fluctuations in
temperature and rainfall, the dominant periods observed in weathering
records can illuminate key climatic driving mechanisms. Specifically, the
primary 100-kyr cycles suggest that silicate weathering is strongly modu-
lated by high-latitude ice sheet dynamics (temperature-driven), and the
dominant 23-kyr precession signal implies a central role for monsoon
rainfall in regulating weathering rates. The co-occurrence of both 100- and
23-kyr cycles in weathering records points to dual control by high-latitude
ice sheets and low-latitude monsoons. Hence, by analyzing latitudinal
variations in silicate weathering and their linkages to temperature and
rainfall, we can disentangle the relative contributions of high-latitude ice
sheets and low-latitude hydroclimate to weathering feedback, which offers a
framework to unravel the orbital-scale climate variations of Earth.
Various proxies have been used to evaluate the intensity of chemical
weathering in source regions™ . Among these proxies, clay mineralogy and
geochemical signatures have proven to be the most effective in evaluating
weathering patterns and investigating spatial and temporal climate change
across extensive continental regions™”. In this study, we utilized element

proxies (chemical index of alteration (CIA), modified CIA (CIX), and K/Al)
and a mineral proxy (smectite/illite) at Site LV55-38-3 (48°40'N, 146°57E,
water depth: 1026 m) in the Sea of Okhotsk (Figs. 1 and S1) to reconstruct
the weathering intensity in mid-latitude sediment sources (Supplementary
Text S1 and Figs. S2-59). We also compiled published weathering records
from other regions, including K/Ti ratios from the high-latitude Bering Sea,
K/Al ratios from the low-latitude Gulf of Guinea, and smectite/(illite +
chlorite) ratios from the low-latitude Bay of Bengal”***~* (Supplementary
Text S2 and Fig. S10). These weathering records span wide geographic
coverage from low to high latitudes (Fig. 1) and provide insights into climate
evolution and its driving mechanisms on orbital timescales.

Results and discussion

Heterogeneity in silicate weathering records from high to low
latitudes

Overall, there are obvious discrepancies in the weathering records from
high to low-latitude regions on orbital timescales (Fig. 2). In the mid-
latitude Sea of Okhotsk, the weathering records at Site LV55-38-3 have
clear glacial-interglacial cycles, with notable 100- and 41-kyr periods
(Figs. 2d, e and S11). Glacial intervals are characterized by reduced
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Fig. 1| Present-day precipitation between 30°S and 70°N. Maps showing the mean
(1981-2010) CMAP global precipitation rates during July (a) and January (b). The
precipitation distribution reflects monsoon development. The red stars represent the
proxy records generated in this study. The red circles represent proxy records col-
lected from previous studies. The precipitation data are available from https://psl.
noaa.gov/data/gridded/data.cmap.html. The maps were produced using Panoply
(source: https://www.giss.nasa.gov/tools/panoply/). We also chose four regions to
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simulate the rainfall variability over the past 240 ka, and these four regions were
considered the sediment sources for the study sites. Northeast Russia (NER,
60-65°N, 160-180°E), Northeast China (NEC, 46-53°N, 120-140°E), South Asia
(SA, 15-30°N, 75-100°E), and Central West Africa (CWA, 10°S-10°N, 5-25°E).
Additionally, we chose the 3 months with the highest rainfall during the year to
reflect rainfall variability in the study region.
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Fig. 2 | Weathering records from high to low latitudes and their corresponding
spectral analysis results (right). a 57 stacked, globally distributed benthic §"*O
records (LRO4 stack)’, (b) K/Ti ratio (XRF) from Site SO201-2-101KL", (c) K/Ti
ratio (XRF) from Site SO201-2-85KL", (d) Smectite/illite ratio from Site LV55-38-3
(this study), (e) K/Al ratio from Site LV55-38-3 (this study), (f) Smectite/(illite +

chlorite) ratio from Site U1445”', (g) Smectite/(illite + chlorite) ratio from Site
MD77-171%, (h) Smectite/(illite + chlorite) ratio from Site MD77-169", (i) K/Al
ratio from Site GeoB 4901-8”, (j) K/Al ratio from Site GeoB1008-3*, (k) June 21
insolation differential between 30°N and 30°S". Notes: In the spectral analysis, the
red dotted lines indicate the 90% significance level.

smectite/illite ratios, lower CIA and CIX values, and elevated K/Al ratios,
whereas interglacial periods have significantly increased smectite/illite
ratios, higher CIA and CIX values, and decreased K/Al ratios. These
trends reflect intensified mineral transformation and enhanced leaching
of mobile elements during interglacials, indicating higher weathering
rates in mid-latitude regions under warmer conditions. In particular,
beyond glacial-interglacial variability, the Site LV55-38-3 weathering

records also display pronounced precession-driven cycles (23-kyr, Figs.
2d, e and S11), which closely align with low-latitude summer insolation.
In the high-latitude Bering Sea, the weathering proxy K/Ti ratio at two
sites (SO201-2-85KL and SO201-2-101KL) also shows distinct glacial-
interglacial cycles but with weaker 23-kyr cycles (Fig. 2b, c). Glacial
periods show elevated K/Ti ratios reflecting reduced weathering inten-
sity, contrasting with lower ratios during interglacial periods that indicate
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enhanced weathering. Here, owing to the relatively short timescales
covered by the two Bering Sea cores, spectral analysis of K/Ti ratios
shows no significant power at 100-kyr cycles, with prominent power only
at the 41-kyr band. In contrast to the marked glacial-interglacial fluc-
tuations observed at middle and high latitudes, weathering records from
the Bay of Bengal and the Gulf of Guinea at low latitudes show stronger
23-kyr precession signals that closely track the pattern of low-latitude
insolation (Fig. 2f-j). Although spectral analysis also reveals 100-kyr
cycles in the weathering records (smectite/(illite + chlorite)) from the
Bay of Bengal, it seems like these records exhibit a more pronounced
precession-band (23-kyr) signal, particularly during glacial intervals (Fig.
2f-h). This demonstrates that silicate weathering in the low-latitude Bay
of Bengal was primarily governed by precession forcing. Overall, our
results demonstrate that weathering records in middle latitudes exhibit
not only pronounced glacial-interglacial variability (100-kyr cycles) but
also distinct precession (23-kyr) cycles. In contrast, high-latitude
weathering records are dominated by strong glacial-interglacial fluctua-
tions, whereas low-latitude weathering records primarily reflect robust
23-kyr cycles. Notably, the intensity of the 23-kyr signal in weathering
records progressively increases from high to low latitudes, whereas the
strength of the 100-kyr signal systematically decreases (Fig. 2).

Forcing mechanism of silicate weathering from high to low
latitudes

Mid-latitude regions. Previous studies have systematically analyzed the
factors influencing silicate weathering, including lithology, topography,
and climate (temperature and rainfall (related to runoff))**. Among
them, runoff and lithology have been identified as the strongest pre-
dictors of chemical weathering rates”**. Increased rainfall typically leads
to higher runoff, which enhances water-rock interactions through both
increased contact time and greater availability of acidic solutions, thereby
accelerating mineral dissolution*~**. The sediments at Site LV55-38-3 are
predominantly derived from the Amur River (Supplementary Text S1
and Figs. S4 and S7), which is situated in Northeast China. This region lies
within the marginal zone of the East Asian Summer Monsoon (EASM)”,
and the pronounced variations in EASM intensity over the past 200 kyr
would have substantially influenced regional rainfall patterns, thereby
affecting silicate weathering. Furthermore, mafic rocks such as basalt,
which are rich in soluble minerals, present weathering rates that are 5-10
times higher than those of granitic rocks*, whereas quartz-rich rocks
such as sandstone present much lower rates because of the resistance of
quartz to weathering™. However, provenance analysis of Site LV55-38-3
revealed no substantial changes in sediment sources over the past 200 kyr,
with the Amur River remaining the dominant contributor (Figs. S4,
S6 and S7), suggesting that lithological effects on silicate weathering may
have been negligible in our study. Moreover, a recent global compilation
of modern sediment datasets revealed that as temperature decreases
because of increasing latitude, silicate weathering intensity significantly
weakens, highlighting the crucial role of temperature on silicate
weathering*'. Notably, we collected sea surface temperatures (SST) in the
mid-to high-latitude regions of the NH*"* (~30~60°N, Fig. $12), and the
temperature variability could reach 8-12°C across glacial-interglacial
cycles (Figs. 3g and S13). Therefore, the potential influence of tempera-
ture on silicate weathering can not be overlooked in the mid-latitude
regions. As mentioned above, temperature variability is primarily driven
by high-latitude ice sheet dynamics, and rainfall is strongly influenced by
low-latitude monsoon systems. Our study area lies at the confluence of ice
sheets and monsoon influences. Therefore, the analysis of weathering
records in the context of temperature and rainfall variability will yield
critical insights into how ice sheet dynamics and monsoon systems
regulate mid-latitude weathering processes.

Asillustrated in Figs. 3g and S13, the compiled average SST of the mid-
to high- latitude regions of the NH exhibits pronounced glacial-interglacial
cycles, dominated by 100-kyr periodicity. These variations align closely with
the weathering records at Site LV55-38-3 (Fig. 3e). During interglacial

periods, elevated SST coincides with markedly increased weathering rates,
whereas glacial intervals show suppressed weathering under cooler condi-
tions. Cross-spectral analysis further confirmed strong coherence between
SST and weathering proxies in the 100-kyr band (Fig. S14). Critically,
interglacial SST at middle to high latitudes was approximately 8-12°C
higher than those recorded during glacial periods (Figs. 3g and S13)—a
magnitude of temperature change that, based on modern sediment data
across latitudes*', would drive substantial shifts in weathering intensity. Our
results thus demonstrate that mid-latitude silicate weathering is sensitive to
temperature variability at glacial-interglacial timescales.

Notably, the weathering proxies at Site LV55-38-3 also display sig-
nificant precession cycles (23-kyr; Figs. 3e and S11), which are weakly
observed in the SST records (Fig. 3g). Precession signals appear mainly in
low-latitude monsoon records and are closely related to the water vapor
cycle atlow latitudes®™**"". Asillustrated in Fig. 3¢, d, both simulated rainfall
in Northeast China (sediment source of the Sea of Okhotsk) and East Asian
rainfall reconstructions derived from Chinese speleothem §'°O exhibit
pronounced precession cycles (23-kyr). Within this band, weathering
proxies display a robust positive correlation with rainfall variability, with
elevated rainfall consistently corresponding to enhanced silicate weathering
(Fig. S15). Cross-spectral and cross-wavelet analyses further confirmed their
in-phase coupling, underscoring a tight link between hydroclimate
dynamics and weathering rates (Figs. S14 and S16). Mechanistically,
intensified EASM facilitates the transport of more moisture from the tro-
pical Pacific Ocean to the interior of East Asia, increasing regional rainfall.
This elevated rainfall accelerates the process of mineral dissolution by
transporting large amounts of gases (e.g., oxygen (O,) and carbon dioxide
(CO,)) and compounds (e.g., acids, bases, and salts), resulting in enhanced
silicate weathering’”**. Thus, silicate weathering in mid-latitude regions
may also respond sensitively to rainfall variability, and these results further
support previous studies that identified rainfall as the primary control of
silicate weathering in mid-latitude regions™*".

Some modern observational studies have shown that rainfall not only
increases weathering intensity by supplying fluid for chemical reactions*
but also weakens it by driving erosion, such as storm-triggered mass wasting,
thereby decreasing the soil residence time available for chemical
reactions*"*’. Therefore, these observations suggest that there is no obvious
linear relationship between rainfall and weathering intensity. However,
erosion occurs mainly in limited areas and for short periods. The weathered
products observed in the marginal sea are transported over long periods by
large rivers before finally being deposited, and large rivers generally have
large-scale areas of alluvial plains and sedimentary basins, which provide
sufficient time for chemical reactions to occur in detrital material produced
by physical denudation. Accordingly, increased rainfall generally enhances
chemical weathering in large river basins.

Overall, silicate weathering in the mid-latitude regions responded
sensitively to both temperature and rainfall variability on orbital timescales.
Here, the temperature variability in mid- to high-latitude regions was in
phase with the dynamics of high-latitude ice sheets, whereas the rainfall
variability was mainly modulated by low-latitude monsoon systems’. As a
result, the multiple evolution periods of the weathering records at Site LV55-
38-3 indicate that the weathering process in mid-latitude regions was
modulated jointly by both high-latitude ice sheets and low-latitude mon-
soons. Moreover, the §"°C record of loess carbonates from mid-latitude
Chinese Loess Plateau (Jing Yuan, 36°20'N, 104°37’E, 2210 m above sea
level) also has a relatively strong power of combined 100-, 41-, and 23-kyr
cycles during the late Quaternary’®” (Figs. 3f and S12). The §”C values of
loess carbonates mainly reflect terrestrial vegetation changes and are also
closely related to temperature and rainfall variability, similar to the silicate
weathering process. In this record, the §”°C values were low during inter-
glacials and high during glacials (Fig. 3f), clearly following the variation in
SST at middle and high latitudes. Similarly, in the precession band, lower
8"C values correspond to increased rainfall periods (Fig. S15), paralleling
the weathering records in the Sea of Okhotsk. Therefore, loess 8"C records
also reflect the combined influence of high-latitude ice sheets and low-
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Fig. 3 | Comparison of weathering records in mid-to high-latitude regions with
mid-to high-latitude temperatures, nearby simulated rainfall records, and
paleoenvironment records from the Chinese Loess Plateau (CLP), as well as their
corresponding spectral analysis results (right). a Simulated rainfall
(July-August-September (JAS) average) in Northeast Russia (sediment source of the
Bering Sea), (b) K/Ti ratios (XRF) from Site SO201-2-85KL* and smectite/

(illite + chlorite) ratios from Site U1340%, (c) Chinese speleothem §'°O record from

Sanbao, Hulu and Dongge caves®, (d) Simulated rainfall (June-July-August (JJA)
average) in Northeast China (sediment source of the Sea of Okhotsk), (e) Smectite/
illite ratios of Site LV55-38-3 (this study), (f) §"°C values of loess carbonate™, (g)
Averaged sea surface temperature (SST) in mid- to high-latitude regions*™*, (h) 57
stacked, globally distributed benthic §'O records (LR04 Stack)’. Notes: In the
spectral analysis, the red dotted lines indicate the 90% significance level.

latitude monsoon systems on climate variations in the middle latitudes (East
Asian monsoon region).

High-latitude regions. Similar to observations in the Sea of Okhotsk, the
K/Ti weathering proxies from two sites (§0201-2-85KL and SO201-2-
101KL) in the high-latitude Bering Sea exhibit distinct glacial-interglacial
cycles” (Fig. 3b). These variations closely track the SST pattern observed
in mid-to high- latitude regions of the NH (Fig. 3g), showing reduced K/
Ti ratios during interglacial periods and elevated ratios during glacial
intervals. Both study sites, located in the western Bering Sea, receive
sediments primarily from the adjacent Northeast Russian continental
margin (Supplementary Text S2), suggesting that temperature variability

exerts a dominant control on silicate weathering in this high-latitude
region of Northeast Russia. For rainfall variability, simulated rainfall
records from high-latitude Northeast Russia display significant 23-kyr
cycles (Fig. 3a), analogous to those observed in mid-latitude Northeast
China. However, the 23-kyr cycles are weak in the weathering records of
the Bering Sea. Hence, the influence of rainfall variability on silicate
weathering is negligible in high-latitude regions. Compared with
Northeast China, Northeast Russia is closer to ice sheets, and the
dynamics of ice sheets could drive significant temperature fluctuations
during glacial-interglacial periods, ultimately impacting silicate weath-
ering processes in this region®. Collectively, the evident glacial-
interglacial cycles of the weathering records in the Bering Sea indicate
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Fig. 4 | Comparison of weathering records in tropical regions (Central West
Africa and South Asia) with tropical temperature and nearby simulated rainfall
records, as well as their corresponding spectral analysis results (right). a Indian
summer rainfall record reconstructed from the Bittoo Cave speleothem (black line)**
and June 21 insolation differential between 30°N and 30°S (sky blue line)"’.

b Simulated rainfall (July-August-September (JAS) average) in South Asia

(sediment source of the Bay of Bengal), (c) Smectite/(illite + chlorite) ratios from
Site MD77-169%, (d) Simulated rainfall (August-September-October (ASO) aver-
age) in Central West Africa (sediment source of the Gulf of Guinea), (e) K/Al ratios
from Site GeoB1008-3", (f) Average sea surface temperature (SST) in tropical
regions®*, (g) 57 stacked, globally distributed benthic §°O records (LR04 stack)’.
Note: In the spectral analysis, the red dotted lines indicate the 90% significance level.

that silicate weathering at high latitudes was primarily influenced by
high-latitude ice sheets.

The low-resolution smectite/(illite 4 chlorite) record at Site U1340
(53°24'N, 179°31'W; water depth: 1295 m, Fig. S12) in the Bering Sea also
shows distinct glacial-interglacial cycles, with high values during interglacials
and low values during glacials™ (Fig. 3b). In the Bering Sea, smectite mainly
originates from the rapid chemical weathering of basic volcanic rocks in the
Aleutian Island arc, whereas illite and chlorite are mainly formed by the
physical weathering of rocks from the surrounding continents™*. Therefore,
the smectite/(illite + chlorite) ratio at Site U1340 serves as a reliable proxy
for silicate weathering intensity in the continental regions surrounding the
Bering Sea™. The strong covariation between the smectite/(illite + chlorite)
ratios and mid-to high-latitude SST records implies that silicate weathering
in high-latitude regions is mechanistically linked to ice sheet dynamics.

Low-latitude regions. At low latitudes, it is evident that the weathering
proxies in the Gulf of Guinea near Central West Africa and the Bay of

Bengal near South Asia display notable 23-kyr cycles (Supplementary
Text S2 and Fig. 4c, e). The two Gulf of Guinea sites GeoB4901-8 and
GeoB1008-3 are located in the estuaries of the Niger River and Congo
River, respectively’>*, and receive substantial amounts of sediment from
the Niger River and Congo River Basins under the influence of the
African monsoons. Many records (e.g., dust flux™, lake level®, and
freshwater discharge®’) show that African monsoon rainfall is controlled
by the north-south displacement of the Intertropical Convergence Zone
(ITCZ) under the influence of low-latitude solar radiation, which dom-
inantly exhibits precession (23-kyr) cycles'**>***’ (Fig. S17). Similarly, the
simulated rainfall over Central West Africa exhibits pronounced 23-kyr
cycles. Cross-spectral and wavelet analyses reveal that in the precession
band, weathering proxies correlate well with simulated rainfall (Figs.
S18 and S19), where increased rainfall coincides with enhanced silicate
weathering. Therefore, silicate weathering in the Gulf of Guinea region is
closely related to rainfall variability. Furthermore, modern observations
show that increased rainfall always leads to high output of kaolinite, a
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product of intense weathering, in the rivers in Central West Africa. This
finding reinforces the notion that weathering processes are highly sen-
sitive to monsoon rainfall in low-latitude Africa®".

In addition, three sites (U1425, MD77-169, and MD77-171) in the Bay
of Bengal receive considerable sediment from South Asia under the influ-
ence of Indian summer monsoon rainfall’"”?. Similar to records in Central
West Africa, the simulated and reconstructed (i.e., speleothem §"0) rainfall
records in South Asia exhibit strong 23-kyr cycles during the late Qua-
ternary (Fig. 4a, b). In the precession band, the smectite/(illite + chlorite)
ratio correlates closely with oxygen isotopic compositions from Bittoo Cave
and with simulated rainfall records in South Asia, the main sediment source
for the Bay of Bengal” (Fig. 4a—c). As rainfall intensifies (reflected by
decreased speleothem §'°0 values and elevated simulated rainfall), the
smectite/(illite + chlorite) ratio increases, indicating enhanced silicate
weathering in the South Asia sediment source region**’"*. This covariation
is further supported by cross-spectral and wavelet analyses, which reveal
coherent periodicities between weathering records and simulated rainfall at
23-kyr cycles (Figs. S19 and S20). Consequently, silicate weathering in South
Asia is highly sensitive to rainfall variability in the precession band.

The influence of temperature on silicate weathering also requires
consideration. Similar to the SST at middle and high latitudes, the compiled
average SST in tropical regions also displays distinct glacial-interglacial
cycles (dominated by 100-kyr cycles; Figs. 4f and S21). However, weathering
proxies in the Gulf of Guinea do not have significant correlations with
tropical SST in the 100-kyr band (Fig. S18). SST variability in low-latitude
areas is only 2-3 °C over glacial-interglacial cycles”*** (Fig. S21), which is
substantially lower than that in mid- and high-latitude areas (8-12 °C).
Therefore, low SST variability may lead to the negligible influence of tem-
perature on silicate weathering in low-latitude Central West Africa. Con-
sidering the presence of 100-kyr cycles in the K/Al ratio observed at Site
GeoB4901-8, we speculate that other factors, such as sea level and ocean
currents, may exert potential influences.

Whereas the weathering records (smectite/(illite + chlorite)) in the Bay
of Bengal have obvious glacial-interglacial cycles, and there are strong cor-
relations between the smectite/(illite + chlorite) ratios (Sites U1445 and
MD?77-169) and tropical SST over the 100-kyr band (Fig. S20). As shown in
Fig. 4c, f, elevated SST during interglacial periods correspond to increased
smectite/(illite + chlorite) ratios, whereas glacial intervals characterized by
decreased SST exhibit significantly lower smectite/(illite 4 chlorite) ratios.
Provenance analyses confirm that Bay of Bengal sediments are derived
primarily from high-elevation Himalayan regions™"*. According to mod-
ern observations, because of the increasing diabatic processes in the middle
and high troposphere resulting from cloud condensation, there are greater
temperature fluctuations in high-elevation regions than in low-elevation
regions®®. Consequently, although located in low-latitude regions, these
high-elevation Himalayan terrains experienced substantial temperature
variability during glacial-interglacial cycles. This implies that temperature
also exerts a significant influence on silicate weathering in South Asia.
However, compared with those in the mid-and high-latitude regions, the Bay
of Bengal weathering proxies show more pronounced 23-kyr fluctuations
and stronger correlations with rainfall variability in the precessional band
(Fig. 4b, c). These findings suggest that rainfall plays a more important role
in regulating silicate weathering in South Asia than temperature does.

In summary, silicate weathering records in low-latitude regions show
clear 23-kyr cycles and are more sensitive to rainfall variability than to
temperature fluctuations. At low latitudes, rainfall is the main characteristic
of low-latitude monsoons and is regulated by tropical solar radiation’. These
observations establish monsoon rainfall as the dominant control of orbital-
scale silicate weathering in low-latitude regions. In contrast, the distinct 100-
kyr cycles in the Bay of Bengal weathering record are primarily linked to
high-elevation sediment sources in South Asia. High-elevation regions
exhibit considerable temperature variability during glacial-interglacial
cycles, which may have a significant influence on weathering processes
across this region. Here, temperature records from both the NH and
Southern Hemisphere (SH) show patterns that are broadly similar to the

records of ice volume and Antarctic temperature, which are modulated by
high-latitude ice sheets’. Therefore, clear 100-kyr cycles in the low-latitude
weathering records imply that silicate weathering was also regulated by
high-latitude ice sheets, but this influence seems to be mainly limited to
high-elevation areas. This pattern is confirmed by the lacustrine record from
Lake Junin (11°S, 76°W, 4100 m above sea level, Fig. S12) in the uppermost
Amazon basin”. Lithogenic proxies sensitive to tropical glaciation in Lake
Junin show clear 100-kyr cycles over the last 700 ka, indicating that the ice
sheets influence tropical Andean glaciers through interhemispheric climatic
teleconnections®.

Implications

In conclusion, there are obvious differences in the response of silicate
weathering to temperature and rainfall variability at different latitudes. In
mid-latitude regions (Sea of Okhotsk), silicate weathering (with strong 100-,
41-and 23-kyr cycles) shows heightened sensitivity to both temperature and
rainfall variability, reflecting the combined impact of high-latitude ice sheets
and low-latitude monsoon rainfall on this process. Conversely, in high-
latitude regions, silicate weathering (with strong 100-kyr cycles) responds
more strongly to temperature fluctuations, demonstrating predominant
high-latitude ice sheets influence. In tropical regions, silicate weathering
(with strong 23-kyr cycles) is more responsive to rainfall variability, high-
lighting primary modulation by low-latitude monsoons.

Therefore, the heterogeneous responses of silicate weathering to tem-
perature and rainfall variations indicate that neither low-latitude monsoon
systems nor high-latitude ice sheet dynamics alone can fully explain
weathering rate fluctuations on orbital timescales. A synergistic interplay
between these two mechanisms appears necessary to provide a more robust
and comprehensive interpretation of the observed weathering patterns.
Cheng et al.” recently proposed a new orbital hypothesis related to climate
change that seeks to expand upon the classical Milankovitch theory.
According to their hypothesis, the dominant factor in global climate change
on the orbital timescale should not be limited to ice sheets driven by high-
latitude summer solar radiation. Instead, low-latitude monsoon variability,
driven by tropical summer insolation (i.e., the Kutzbach orbital-monsoon
hypothesis), also plays a crucial role in the climate system. This new fra-
mework incorporates changes in ice sheets due to high-latitude solar
radiation and their global effects (e.g., temperature variations), alongside
alterations in the global monsoon system (particularly the low-latitude
hydrological cycle) resulting from solar insolation differences at low lati-
tudes (~30°N to ~30°S). This comprehensive approach offers a more
complete understanding of the evolution of global climate systems. Here,
silicate weathering was shown to respond more sensitively to rainfall
variability in low-latitude regions, to temperature variability in high-latitude
regions, and to both temperature and rainfall in mid-latitude regions, which
corresponds well to the “Milankovitch-Kutzbach” hypothesis, suggesting
that high-latitude ice sheets and low-latitude monsoons may jointly control
global-scale climate change. Collectively, our findings advance the under-
standing of the mechanism of climate change on orbital timescales, pro-
viding key insights into Earth’s surface climate evolution.

Nevertheless, relying solely on silicate weathering records from dis-
parate latitudinal regions to investigate orbital-scale variations and their
linkages with temperature/rainfall—and by extension, the governing
mechanisms of the climate system—remains insufficient. Future studies
should integrate broader geological proxies and advanced statistics to
achieve a more holistic understanding of Earth’s climate system evolution
on orbital timescales.

Materials and methods

Materials and age model

The sediment core LV55-38-3 (48°40'N, 146°57'E) was collected off the
southeastern Sakhalin Island in the western Sea of Okhotsk at a water depth
of 1026 m (Fig. S1), and retrieved using a gravity corer aboard R/V Aka-
demik Lavrentiev during the 2011 joint Chinese-Russian expeditions
(Cruise LV55). The sediments in core LV55-38-3 are mainly composed of
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silty sand and silty clay with dispersed gravel. The core was subsampled at
2 cmintervals. Additionally, 30 surface sediment samples from cruises LV55
and LV87 in the Sea of Okhotsk were selected for sediment provenance
analysis (Fig. S1).

The LV55-38-3 age model was established based on a combination of
radiocarbon dating (AMS"C) and high-resolution X-ray fluorescence
(XRF) data correlated with the global composite benthic foraminiferal
oxygen isotope curves (LR04 stack; detailed information on AMS"C dating
and XRF analysis is provided in Supplementary Text S3 and Table S1).

High-resolution XRF records of log(Si/Al), Ba/Al ratios, as well as
element Al counts and Ti counts from LV55-38-3, show coherent patterns
with clear glacial-interglacial cycles (Fig. S22). XRF data were validated by
lower-resolution ICP-OES/MS measurements (Fig. S22). In the subarctic
Pacific and its marginal sea, Ba and Si track surface productivity’***®,
whereas elevated Al and Ti indicate increased terrigenous input’. As pre-
viously discussed, subarctic Pacific export productivity covaries with the
global climate, with higher values during interglacial periods and lower
values during glacial intervals™**®. Fluctuations in sea level also modulated
the input of terrigenous sediments, with greater input during glacial periods
when the sea level was low”". As a result, both productivity (e.g., Ba/Al and
Si/Al ratios) and detrital (e.g., Al and Ti counts) proxies in core LV55-38-3
show clear glacial-interglacial variations and could be correlated with the
LR04 stack (Fig. S22). Age-depth data are provided in the Table S2.

To validate the chronological data of Site LV55-38-3, we carried out a
comparative analysis of the total organic matter (TOC) and total nitrogen
(TN) contents based on the newly established age model with the LR04 stack
and the TOC contents from Sites MR0604-PC-7R and MD01-2415 in the
Sea of Okhotsk, both of which have credible age-depth models (Fig. S1)"""~.
In the Subarctic Pacific, TOC and TN are closely correlated with biological
productivity and can be correlated with the LR04 stack”. As shown in Fig,
$23, both TOC and TN contents at Site LV55-38-3 reveal clear glacial-
interglacial cycles, which are in excellent agreement with the TOC records
from sites MR0604-PC-7R and MD01-2415. This consistency validates the
LV55-38-3 chronology.

Clay minerals

Sediment samples were first treated with acetic acid (15%) and hydrogen
peroxide (30%) to remove carbonate and organic matter, respectively. The
residual detritus was used for clay-sized separation. Particles <2 um were
separated according to Stoke’s settling velocity principle®. The extracted
clay fractions were smeared onto glass slides and dried at room temperature.
Clay mineral analysis was conducted by X-ray diffraction (XRD) using a D8
ADVANCE diffractometer with CuKa (alpha) radiation (40 kV, 40 mA) at
the Institute of Oceanology, Chinese Academy of Sciences (IOCAS)”™. The
peak areas of the basal reflections for the main clay mineral groups
(smectite-17 A, illite-10 A, and kaolinite/chlorite-7 A) were estimated based
on diffractograms of ethylene-glycolate samples using Topas 2 P software.
Relative abundances were calculated through peak area multiplication with
empirical factors”. The relative error was less than 5% for the replicate
analysis of selected samples. A total of 187 samples from core LV55-38-3
were used for clay mineral analyses.

Major and trace element analysis

A total of 96 samples from core LV55-38-3 and 30 surface sediment samples
were subjected to major and trace element analyses (<2 um). The <2 pum
siliciclastic sediments for major and trace element analyses were extracted
using the same procedures as those used for clay mineral analysis”. The
samples were dried and ground to less than 200 mesh, and approximately
50.00 mg of powder sample was weighed into Teflon containers. A mixture
of double-distilled HF and HNOj; (1:1) was subsequently added to com-
pletely digest the samples (at 190 °C for 48 h). The samples were then dried
and placed in a known volume of 2% HNO;. Major and trace element
content was measured using ICP-OES and ICP-MS, respectively. These
measurements were conducted at the Key Laboratory of Marine Geology
and Metallogeny, First Institute of Oceanography, Ministry of Natural

Resources. The national reference material, GWB07309 (GSD-9), a blank
sample, and replicate samples were used to monitor the analytical process.
The repeated measurements and GSD-9 standard sample analysis results
revealed that the relative standard deviation of major elements was less than
3%, and the error for trace elements and rare earth elements was less than
6%. To verify the reliability of elements Al, Ti, and Ba measurements
obtained by XRF, we also analyzed low-resolution major and trace elements
in 95 bulk sediment samples from Site LV55-38-3 using ICP-OES and ICP-
MS, using methods similar to those applied to clay-sized sediments.

Compilation of existing silicate weathering records

Silicate weathering data from various geographical regions were compiled,
including two high-latitude sites in the Bering Sea (Sites SO201-2-85KL
(57°30'N, 170°24’E, water depth: 968 m) and SO201-2-101KL (58°52'N,
170°41’E, water depth: 630 m)) and five low-latitude sites (Fig. 1). Sites
GeoB4901-8 (02°40'N, 06°43'E, water depth: 2184 m) and GeoB1008-3
(06°35'S, 10°19'E, water depth: 3124 m) are located in the Gulf of Guinea
near Central West Africa®™, while Sites U1445 (17°44'N, 84°47'E, water
depth: 2513 m), MD77-169 (10°12'N, 95°03'E, water depth: 2360 m), and
MD77-171 (11°45'N, 94°09'E, water depth: 1760) are located in the Bay of
Bengal near South Asia’>"*”. Common weathering proxies, such as the K/Al
ratio, K/Ti ratio, and smectite/(illite + chlorite) ratio, were chosen to reflect
the intensity of chemical weathering in the sediment source regions. A
detailed description is provided in Supplementary Text S2. The cores from
these sites have age spans exceeding 150 ka and temporal resolutions gen-
erally better than 4 kyr. The age models used for these sites are reliable, even
with different dating techniques. More information on the adoption of
weathering proxies and the age model for each site can be found in Table S3.

Climate model and simulation

The fully-coupled NCAR-CCSM3 model was employed in this work to
simulate the evolution of the global climate over the last 300 ka. This model
has a spatial resolution of ~3.75° for the atmosphere (26 vertical layers) and
land. The latitudinal resolution varies, with a finer resolution of approxi-
mately 0.9° near the equator and coarser resolutions toward the poles. The
ocean and sea ice data have a longitudinal resolution of approximately 3.6°,
with 25 vertical layers””.

To compare the reconstructed rainfall variability across different lati-
tudes, we analyzed a transient simulation driven by realistic transient for-
cings of orbital parameters, greenhouse gases, and continental ice sheets
over the last 240 ka (referred to as ORB + GHG + ICE’®). Note that, to save
the computational burden, the orbital parameters and greenhouse gas
concentrations were accelerated by a factor of 100, meaning that 1 model
year in the simulation represents 100 years of climate evolution in real-time.
The continental ice sheet was updated based on the ICE-5G (VM2)
reconstruction”’. The response of the surface climate to external forcings is
generally fast and not affected by acceleration in terms of its phase. More
details of the model setup can be found in Lu et al.”.

Time series analysis

To elucidate the orbital-scale evolution of weathering records across dif-
ferent latitudes and its link to temperature and rainfall during the late
Quaternary, time series analysis was performed, including spectral analysis,
cross-spectral analysis, and cross-wavelet analysis. Spectral analysis was first
performed on the original silicate weathering records, compiled SST, and
simulated rainfall records. All datasets were then linearly interpolated to a
1-kyr resolution to enable cross-spectral and wavelet analyses.

Spectral analysis was performed using PAST software with a rectan-
gular window function®’. The 90% significance levels against red noise are
indicated in the power spectra. To elucidate the linkage between silicate
weathering and rainfall/temperature variations on orbital timescales, we
conducted cross-spectral and wavelet analyses. Cross-spectral analysis was
implemented using the ARAND software package®, with results displayed
as normalized spectral density (variance/frequency, log-scaled) and coher-
ency (0-0.06 frequency band). Coherency measures the maximum linear
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correlation between phase-aligned signals (0-1), with significance thresh-
olds at 80% and 95% confidence levels. Cross-wavelet analysis was per-
formed using Acycle software®, and the related calculations and
descriptions can be found in the previous publications®. In the cross-
wavelet analysis, arrows pointing to the right indicate an in-phase rela-
tionship, suggesting a positive correlation. The arrows pointing to the left
represent an antiphase relationship, indicating a negative correlation.

Data availability
All proxy and simulation data are available online for download at Zenodo
(https://doi.org/10.5281/zenodo.15471976).
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