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Speleothem &!'%0 records from central southern China have long been regarded as
a key benchmark for Asian summer monsoon intensity. However, the similar §'%0
minima observed among precession minima and their link to seasonal precipitation
mixing remains unclear. Here, we present a 400,000-y record of summer precipita-
tion 5'®0 from loess microcodium, which captures distinct precession cycles similar
to those seen in speleothem 8'®0 records, particularly during glacial periods. Notably,
our microcodium 5'®0 record reveals very low-8'%0 values during precession minima
at peak interglacials, a feature absent in speleothem §'%0 records from central southern
China. This discrepancy suggests that the mixed summer and nonsummer climatic sig-
nals substantially influence the speleothem 5'®0 records from central southern China.
Proxy-model comparisons indicate that the lack of very low-8'80 values in speleothem
8180 records is due to an attenuated summer signal contribution, resulting from a lower
summer-to-annual precipitation ratio in southern China at strong monsoon intervals.
Our findings offer a potential explanation for the long-standing puzzle of the absence
of 100- and 41-kyr cycles in speleothem 8'*0 records and underscore the critical role
of seasonality in interpreting paleoclimatic proxies in central southern China. These
insights also have broader implications for interpreting speleothem 5'®0 records globally,
advocating for a more multiseason interpretive framework.
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Intensive investigations of geological records have greatly advanced our understanding of
the East Asian Summer Monsoon (EASM) dynamics at orbital timescale. Speleothem
oxygen isotope ratios (8'%0) records from East Asia, in particular, have become a bench-
mark for the EASM intensity, and have been interpreted as reflecting responses predom-
inantly to summer insolation changes at orbital timescale (1-7). One outstanding problem,
however, has been that the similar §'*O values among different precession minima in the
speleothem 8'®0 records from central southern China differ substantially from the vari-
ation of summer insolation maxima (Fig. 1D orange vs. Fig. 1E). Furthermore, other
monsoon-related proxy records (8—14), including speleothem 8'®0 records from the
low-latitude monsoon region (15, 16) (Fig. 1F), clearly show fluctuating values among
precession minima. These fluctuations are likely forced by changes in insolation as well
as atmospheric CO, concentration (17) and continental ice sheets (18). Therefore, it
remains puzzling why the speleothem §'®O records from central southern China show
similar 8'®0 minima among precession minima, in particular, the §'%0 value during
precession minima at peak interglacial is similar to those during other precession minima
intervals (15, 16, 19).

This puzzle raises questions regarding the paleoclimatic interpretation of speleothem
880 records from central southern China (10, 11, 22-24). Most previous studies on
speleothem 8'®O have focused on hydrological processes related to precipitation §'%O,
such as changes of moisture sources (25, 26) and upstream depletion in source regions
(27, 28) or between sources and caves (2, 15, 16). In particular, changes in speleothem
8'%0 have continued to be interpreted as dominated by summer-season precipitation
8'%0 [e.g., (1-4)] even though there are indications of contributions from nonsummer
precipitation, such as winter precipitation (29), in cave drip-water §'*0 in modern obser-
vations (30, 31), annually banded speleothem 8'®0 analysis (32) and model simulations
(33-36). Partly, this uncertainty reflects the difficulty of deciphering the seasonal contri-
butions of summer and nonsummer precipitation to speleothem 8'%0 records, because
of the lack of long-term geological records that can clearly reflect the changes in summer
precipitation §'%0.
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Significance

For decades, scientists have
struggled to explain why Chinese
cave oxygen isotope records fail
to show the clear impact of ice
age cycles associated with Earth’'s
orbit changes, which otherwise
offer valuable insights into the
Asian summer monsoon and
natural climate changes. By
studying calcium carbonate

in windblown dust deposits
northwest of the cave sites, we
identified distinct signatures of
these ice age cycles that were
absent in the cave oxygen
isotope records. Combined

with climate simulations, we
demonstrate that the cave
oxygen isotope records from
southeast China incorporate
precipitation signals from
different seasons rather than
reflecting exclusively summer
precipitation. This breakthrough
has broader implications for
interpreting cave oxygen isotope
records worldwide by
emphasizing the role of
precipitation seasonality.
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Fig. 1. Locations and 8'%0 records in the EASM region. (4) Locations of §'%0 records with similar or distinctly fluctuating §'®0 minima among precession minima
(open or solid circles) on a map showing average modern climatology. Particularly, speleothem 8'%0 records from central southern China show similar §'%0
minima among precession minima (1) (blue open circles), where summer precipitation accounts for less than half of the annual precipitation. Blue and red circles
represent locations of caves and loess sections, respectively. (B-F) Comparison of microcodium &'20 record with other records. (B) Composite of benthic 820
(LRO4, purple) (18). Labeled is the marine isotope stage (MIS) of benthic 5'®0. (C) Magnetic susceptibility (MS) variations at the Linxia (LX) section on the western
CLP (pink) (20). (D) Relative change with respect to the beginning of each record (mean of 0 to 1 kyr) of microcodium 8'®0 records (blue) in this study from Xifeng
(XF) and Huanxian (HX) sections on the central CLP and speleothem 820 records from central southern China [orange, composed based on Sanbao (SB), Hulu
(HL), and Dongge (DG) speleothem 5'%0 records in Cheng et al., (2016) (1). (F) Summer (June 21st) insolation at 30 °N (red) (21). (7 Speleothem 5'%0 records from
southwestern China [blue, Xiaobailong (XBL) (15) and cyan, Southeastern Yunnan (SEY) (16). Pink bands represent precession minima at peak interglacial periods
when a major difference between microcodium and speleothemn 8'20 records occurs. Gray bands represent high summer insolation periods. Climate data are
from NCEP/NCAR Reanalysis 1 and GPCC data provided by the NOAA PSL, Boulder, CO, from their website at https://psl.noaa.gov. Average spring (March, April,
and May) and summer (June, July, and August) precipitation and summer wind fields at 850 hPa are based on 1891 to 2018 and 1948 to 2014 periods, respectively.

Recently a new type of 8'O proxy, based on the oxygen isotope
composition of microcodium from Chinese loess-paleosol sequences,
has been used to reconstruct long-term changes in summer precipi-
tation 8'30 (37-39) (SI Appendix, Supplemental note 1). Microcodium
is a calcite microformation which is found in the Chinese loess and
shows a cell-like structure under a binocular microscope (S7 Appendix,
Fig. S1B), and thus has been suggested as biological cells replaced
with authigenic calcite (40). The in-situ microcodium in the topsoil
has been shown to resemble plant root structure (S7Appendix,
Fig. S1C). This suggests that microcodium is formed by the calcifi-
cation of plant root cells on the Chinese Loess Plateau (CLP). The
very low 8'%O value of microcodium from modern soil matches well
with the calculated 8'®O values of calcite precipitating during summer
season and the calcite crystallized at other seasons on the CLP is
characterized by much higher calculated 'O values, suggesting that
microcodium precipitates during the summer season (37). This is also
consistent with the suggestion of summer formation of calcite accord-
ing to the clumped isotope thermometry, and the climate change in
summer on the CLP from wet to dry conditions and thus depleted
soil moisture (39) (SI Appendix, Supplemental note 1). In addition,
the large amplitude difference (~7%o) in microcodium 8'%0O records
since the last interglacial suggests that microcodium '*0 predomi-
nantly reflects precipitation 5'*0 signal (37-39), since the presumed
maximal 8°C difference would only lead to a variation of about 1.8%e.
The microcodium &'®O record since the last interglacial (38) shows
distinct precession cycles as seen in speleothem 8'*O records. More
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interestingly, it exhibits distinct fluctuations in §'*0 minima among
precession minima. Therefore, a comparative study of microcodium
and speleothem 8'®0 records spanning multiple glacial-interglacial
cycles may have the potential to reconcile the disparities observed in
these two archives by discriminating the seasonal contributions of
summer and nonsummer precipitation.

To explore these disparities, we collected loess samples from the
well-studied Xifeng (XF) section (35°45°N, 107°47°E) located in
the central CLP (Fig. 14). The loess chronology was established
by correlating the loess-paleosol sequences of the XF section with
previously published sections in the Dongzhiyuan high tableland
and benthic 8'®0 records along with the OSL dates of local
loess-paleosol profile (Marerials and Merhods). Microcodium was
picked at 5-cm resolution for measurements of oxygen isotopes
(8'0). A total of 437 samples were analyzed (Materials and
Methods), giving a mean resolution of ~500 y. We extended the
XF microcodium 8'%0 record to the past 400 kyr and integrated
these new data with previously published data (37, 38), providing
a new composite microcodium &' record of the past 400 kyr
(Fig. 1D and Materials and Merhods).

Results

Our microcodium 80 changes closely align with variations in
summer insolation: lower 8'®O values occur during periods of high
summer insolation (Fig. 1 D and E), consistent with speleothem
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8'®0 records from central southern China (Fig. 1D). Especially
during the last and penultimate glacial periods, the magnitude of
variability in microcodium 8'®0 is generally comparable to that
observed in speleothem §'®O. These similarities suggest that both
the microcodium and speleothem §'®0 records capture a shared
signal in precipitation 8'80 changes.

A more careful comparison of the two 8'30 records, however,
shows one distinct difference. The §'*O minima among precession
minima remain similar in the speleothem §'®0 record from central
southern China (Fig. 1D, orange), but exhibit very low-8'%0
values in the microcodium §'®O record at the peak interglacials
associated with MIS 1, e, 7e, and 9c-d, and minor hiatuses during
MIS 5e and 7a-c (Fig. 1D, blue).

Discussion

Lower 8'80 Values During Precession Minima at Peak Interglacials.
The 8'0O minima difference during precession minima at peak
interglacials between the two 8'%0 records may partly originate
from the two different proxy systems. Under equilibrium conditions,
the 8'%0 of calcite is related to the 'O of water and temperature-
dependent fractionation between water and calcite (41). Microcodium
is suggested to precipitate during the summer season (37), and thus
its equilibrium fractionation is likely to be determined by summer
temperature. The cave temperature is approximately the regional
mean annual temperature (42), and thus the speleothem’s equilibrium
fractionation is determined by mean annual temperature. The
systematic difference between summer temperature on the CLP and
mean annual temperature in central southern China would only lead
to a systematic deviation in absolute values and does not change the
variability. Assuming that the annual temperature in central southern
China is more stable and the change in summer temperature on the
CLP is large at glacial-interglacial timescale, high summer temperature
during peak interglacials would lead to a small fractionation factor
(41) and thus a negative microcodium §'*O value. However, the
microcodium 8'%0 value of the MIS Se is more negative than that
of the MIS 5a and 5c by about 2%o. At least a temperature difference
of 8°C between the MIS 5e and 5a/5c is required to explain such a
large §'°0 discrepancy, while the temperature record based on soil
bacterial lipid signatures shows a similar temperature between the MIS
5e and 5a/5c on the CLP (43). Therefore, the §'®0 minima difference
between the two 8'®0 records is not mainly due to the different proxy
systems and largely reflects the difference in precipitation 5'%0.
Lower 8'80 values during precession minima at peak intergla-
cials in microcodium &'®O indicate a stronger summer monsoon
intensity, as supported by the speleothem records from southwest-
ern China (Fig. 1F) and most other EASM precipitation records
from northern China (S7 Appendix, Fig. S2), particularly a sum-
mer monsoon record based on loess magnetic susceptibility from
the western CLP (20) (Fig. 1C). The western CLP is located at
the northwestern margin of the EASM, and therefore it is likely
that only the strongest summer monsoon could reach this region
(44), driving pedogenesis. Thus, the magnetic susceptibility record
there well records the strongest EASM that are associated with
high magnetic susceptibility values during precession minima at
peak interglacials, consistent with the lower §'80 values in microc-
odium 8'°O record. Moreover, during MIS Se and 7a-c, the hia-
tuses also indicate the strongest EASM intensity and pedogenesis
(SI Appendix, Fig. S3 B and C), which led to the dissolution of
microcodium. In addition, the hiatus of Xiaotian (XT) speleothem
8'80 record (45) and the anomalously high >*Th concentrations
associated with a dark-colored “dirty” portion of Zhenzhu (ZZ)
speleothem (46) during MIS 5e from northern China also suggest
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stronger rainfall. This could lead to either an undersaturation of
Ca“ in dripwater or flooding in XT cave (45) and a high input
of detrital material in the ZZ cave, respectively (SIAppendix,
Supplemental nore 2 and Figs. S4 and S5).

The agreement between lower precipitation §'®0 values in
microcodium 8'®0 record and the more substantial monsoon
precipitation inferred from other proxy records in northern China
is well supported by model simulations in which the 8'%0 signal
represents the intensity of the EASM system (27, 47). The strong
summer monsoon can be characterized by enhanced southerly
monsoon winds, transporting moisture further into northern
China and thus correlating strongly with negative summer mon-
soon precipitation 8'®0 over China and enhanced monsoon rain-
fall in northern China (27). In turn, this agreement confirms that
microcodium 8'%O record reflects more clearly changes in summer
season precipitation §'80 in the EASM region than speleothem
8'80 record from central southern China. The 8'®0 minima dif-
ference during precession minima at peak interglacials between
microcodium and speleothem §'80 records implies the potential
influence of mixed summer and nonsummer climatic signals on
speleothem §'%0.

Summer and Nonsummer Signal Contributions to Speleothem
8'80. The 5'%0 minima difference during precession minima at
peak interglacials between the two 8'®O records is unlikely to be
caused by the changes in moisture sources or the summer-only
precipitation 'O changes due to spatial difference of summer
precipitation in the EASM region. The caves in southwestern
China and central southern China, and the CLP are successively
located along the summer monsoon moisture trajectory (Fig. 14).
First, although the change in moisture sources may be an important
factor of the precipitation §'80 (45), it would generate similar
features in precipitation 8'80 in East Asia and thus both speleothem
and microcodium &'®O records. Therefore, it cannot explain this
difference solely and an additional mechanism is needed. Second,
this difference cannot be caused by monsoon hydrological processes
from moisture sources to the caves in central southern China,
which would also generate similar features in both speleothem and
microcodium 8'®0 records. Third, this difference cannot result
from monsoon hydrological processes en-route from the caves in
central southern China to the CLP. In that case, summer monsoon
precipitation in central southern China should exhibit similar values
among precession minima. However, the upstream speleothem
880 records from southwestern China display fluctuating §'%0
minima among precession minima (15, 16) (Fig. 1£), which should
be inherited by the speleothem &'®0 records in central southern
China. Data-model comparisons also suggest that precipitation
8'80 should be coherent along the monsoon moisture trajectory
and representative of the overall EASM intensity, as defined by the
large-scale monsoon circulation (27, 47-49), even in the presence
of regional precipitation differences.

‘We propose that the §'30 minima difference during precession
minima at peak interglacials berween the two 'O records is
caused by the changes in seasonal signal contributions of summer
and nonsummer precipitation to the speleothem 8'%0, including
precipitation amount and precipitation '*0. Modern monitoring
observations show that precipitation 8'®0 outside the cave dis-
plays distinct seasonal changes in the EASM region. However, the
8'0 of about 82% of the drip sites inside the cave is almost
constant year-round, indicating that drip water is a mixture of
precipitation integrated over relatively long periods (30), except
for a few drip sites that exhibit a slight bias due to some hydro-
logical processes in the cave system (e.g., flow switching in the
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karst or evaporation inside the cave) (50). Moreover, Baker et al.
(31) analyzed 163 drip sites from 39 global caves and showed a 1:1
linear relationship between drip-water 8'*0 and amount-weighted
annual precipitation 8'*0, supporting cave drip-water §'*0 pri-
marily as a consequence of the accumulation of multiseasonal pre-
cipitation signals. In southeastern China, in the regions where the
speleothem 8'80 records are derived (such as Hulu, Sanbao, and
Dongge), analyses of modern rainfall indicate that while summer
monsoon precipitation accounts for approximately 32 to 52% of
the annual total, spring, autumn, and winter precipitation contrib-
ute 22 to 38%, 12 to 24%, and 6 to 17%, respectively (SI Appendix,
Fig. S6). The nonsummer precipitation amount is close to or even
higher than the summer precipitation (Fig. 14 and SI Appendix,
Fig. S6). Furthermore, the precipitation §'*O values in nonsummer
seasons, in particular in spring (~-3%so), are much more positive
than in summer (~-9%o) (57 Appendix, Fig. S6). As a result, the
amount-weighted annual precipitation §'%0 value is more positive
than the summer precipitation §'%0 value there (ST Appendix,
Fig. §7). Therefore, the change in seasonal signal contributions of
summer and nonsummer precipitation to the speleothem 8'%O is
a potentially important factor for the §'®0 minima difference dur-
ing precession minima at the peak interglacials between the microc-
odium and speleothem &'%O records.

The influence of the changes in seasonal signal contributions
of summer and nonsummer precipitation to the speleothem §'30
in central southern China is confirmed by an all-forcing 150 kyr
simulation forced by the Earth’s orbital parameters, greenhouse
gases, and global ice sheets in the isotope-enabled Community
Earth System Model (iCESM1.3, Marerials and Merhods). In the
all-forcing experiment, the correlation coefhcient between summer
and amount-weighted annual precipitation 8'#0 changes over the
past 150 kyr shows different spatial characteristics, although the
correlations are all significant (P < 0.01) in the EASM regions
(Fig. 2). Over northern and southwestern China, the correlation
coefficients exceed 0.7 (Fig. 24), consistent with the modern
observation that the calculated amount-weighted annual mean
precipitation 8'%0 value is close to summer precipitation §'*0
value there (S] Appendix, Fig. §7), due to the concentrated pre-
cipitation during summer season and limited nonsummer (in
particular spring) precipitation (Fig. 14 and S/ Appendix, Fig. S8).
In contrast, over most of southeastern to central China, where the
speleothem &'®0 record is derived, the correlation coefficient
ranges from ~0.5 to ~0.7, which is lower than in northern and
southwestern China (Fig. 24). This lower correlation coefficient
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can be attributed to the low ratio of summer signal contribution
to the amount-weighted annual precipitation 8'*O (Fig. 2 Band
C). The summer signal contribution is calculated by multiplying
the summer precipitation 8'*0 by the summer-to-annual precip-
itation ratio and the amount-weighted annual precipitation §'*0
is the sum of four seasonal signal contributions. It is worth noting
that the ratio of summer signal contribution to the annual pre-
cipitation 8'%0 during the MIS 5e (Fig. 2B) is close to that during
the Last Glacial Maximum (LGM) (Fig. 2C), indicating that the
summer signal contribution to the annual precipitation §'*0O did
not increase with the strengthening of summer monsoon intensity
from the LGM to MIS 5e.

To better understand the differences between summer and
annual "0 in the southeastern to central southern China region,
we further analyzed the modeled seasonal precipitation amount
and seasonal precipitation signal contributions to the annual §'*O
there over the past 150 kyr (Fig. 3). The discrepancy between sum-
mer and annual 8'%0 changes typically occurs during strong mon-
soon intervals, characterized by very low values of summer
precipitation 8'®*0O during precession minima (Fig. 34, pink
bands). This pattern is analogous to the §'®0 minima difference
observed during precession minima at the peak interglacials
between our microcodium and speleothem 8'30 records discussed
above. It is worth noting that the summer precipitation signal
contribution to the annual precipitation §'*0O shows similar values
among precession minima (Fig. 3D, blue). During the strong mon-
soon intervals, although the summer precipitation '*0O minima
are relatively lower (Fig. 34, blue), the summer signal contribution
to the annual precipitation 8'30 does not increase with increased
monsoon intensity (Fig. 3D, blue). In addition, the nonsummer
precipitation also has an important contribution to the annual
precipitation §'®0 and may partly contribute to the discrepancy
between summer and annual 8'®0O changes, although the autumn
precipitation signal contribution seems to partly offset the change
in the spring precipitation signal contribution (Fig. 3D).

The attenuated summer precipitation signal contribution to the
annual precipitation 8'*0 can be attributed to the lower summer-to-
annual precipitation ratio in southern China at the strong monsoon
intervals. It is worth noting that summer precipitation in southern
China is out of phase with the overall EASM intensity inferred from
summer precipitation 8'*0 (Fig. 3 4 and B). This dipole rainfall
response has been found in modern meteorological observations and
is robust across climate models (27, 47, 51); it has also been inferred
from cave moisture proxy records in the central southern China
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Fig. 2. Simulated summer and annual precipitation "0 changes during the past 150 kyr in the EASM region in the all-forcing experiment. (4) A map shows
the correlation coefficient between simulated summer and annual precipitation '®0 changes over the past 150 kyr. The region where the speleothem 5'20
records are derived shows a weaker correlation coefficient compared to northern and southwestern China. Gray open circles show the locations mentioned in
this study. (B and () The ratio of summer signal contribution to the annual precipitation 3**0 during the MIS 5e (B) and LGM (C). The summer signal contribution
is calculated by multiplying the summer precipitation 5'%0 by the summer-to-annual precipitation ratio.
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Fig. 3. Modeled contributions of summer and nonsummer precipitation
to the annual 820 in the central southern China region in the all-forcing
experiment. (4) Simulated summer (]JA, blue) and annual precipitation 5'*0
(amount-weighted, orange) over the past 150 kyr. (B) Simulated spring (MAM),
summer (JJA), autumn (SON), and winter (DJF) precipitation over the past
150 kyr. (C) Simulated summer-to-annual precipitation ratio. (D) Simulated
spring (MAM), summer (JJA), autumn (SON), and winter (DJF) precipitation
signal contributions to the annual 580 over the past 150 kyr, which are the
seasonal precipitation 880 multiplied by the corresponding seasonal to
annual precipitation ratio. Pink bands indicate the strong monsoon intervals
with a discrepancy in 8'%0 minima between summer and annual precipitation
8'80 changes during precession minima. The dash black line shows the similar
contributions of summer signal to annual §'®0 among precession minima.

region (52). Dynamically, a stronger EASM system enhances the
northward moisture transport, resulting in moisture convergence
and, in turn, precipitation in northern China and the opposite in
central southern China. This decreased summer precipitation leads
to a lower summer-to-annual precipitation ratio in southern China
(Fig. 30). As such, the lower summer-to-annual precipitation ratio
substantially offsets the effect of low summer precipitation 8'0,
resulting in an attenuated summer precipitation signal contribution
to the annual precipitation §'®O at strong monsoon intervals and
thus the similar contributions of summer precipitation signal among
precession minima (Fig. 3D, blue).

Implication to Monsoon Dynamics and Interpretation of
Speleothem §'80 Records. The stronger summer monsoon
intensity during precession minima at peak interglacials recorded
by microcodium 8'®O record agrees well with other monsoon
precipitation records from northern China (S Appendix, Fig. S2),
suggesting that the EASM is controlled by both summer insolation
and changes in ice volume/atmospheric CO, concentration at
glacial-interglacial timescale. Dynamically, monsoon circulation is
driven primarily by the land-sea thermal contrast, and affected by
the position of westerlies (36) and latitudinal insolation gradient
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(53), which can be influenced by orbital insolation (41 and 23 kyr)
and glacial boundary conditions/atmospheric CO, concentration
(100 and 41 kyr) (44, 54-56). The coexistence of the 100-, 41-,
and 23-kyr periods in microcodium 8'#O is more in line with most
other proxy monsoon records and monsoon dynamics than the
only 23-kyr period in speleothem 8'*0 (Marerials and Methods
and SI Appendix, Fig. 89). The roles of glacial boundary conditions
and atmospheric CO, concentration on the summer precipitation
8'30 have been confirmed by the attenuated precession minima
during the last glacial period in all-forcing model simulation,
compared to that in the orbital-only forcing simulation (Matrerials
and Methods and SI Appendix, Fig. $10). The lack of attenuated
precession §'*O minima during the MIS 5a and 5c, as opposed to
the MIS 5e, in all-forcing model simulation is probably due to the
uncertainty of ice sheet reconstructions in the model simulation
(Materials and Methods).

Our finding offers a potential mechanistic explanation for the
lack of 100- and 41-kyr cycles in the speleothem &80 records
from central southern China. Small ice volume/high atmospheric
CO, concentration during peak interglacial and high obliquity
would lead to a large land-sea thermal contrast, thus a strong
EASM intensity (53-56) and low summer precipitation 830
values. Meanwhile, the strong EASM system enhances the north-
ward moisture transport and decreases the summer precipitation
and, thus, the summer-to-annual precipitation ratio in central
southern China. The lower summer-to-annual precipitation ratio
in the cave dripwater could offset the effect of low summer pre-
cipitation 8'%0 values, and thus attenuate the summer precipi-
tation signal contribution and the 100- and 41-kyr cycles in the
speleothem 8'0O records in central southern China. In the
future, isotope-enabled climate model simulations spanning
multiple glacial-interglacial cycles are critically indispensable to
quantitatively assess the influences of summer and nonsummer
signal contributions on the periods of speleothem §'®O records.
In addition, our insight also has broader implications for inter-
preting speleothem 8'®O records worldwide, emphasizing the
importance of considering the seasonality when interpreting
paleoclimatic proxies.

Materials and Methods

Setting, Sampling, and Chronology. Loess samples for microcodium isotope
analysis in this study were collected from the Xifeng (XF) section (35°45'N,
107°47'E) located in the central CLP (Fig. 14). This regional climate is a typical
monsoon climate characterized by hot and rainy summers and cold and dry win-
ters (SI Appendix, Fig. S8). Modern, mean annual temperature is approximately
9.2 °C, and mean annual precipitation is approximately 528 mm. The XF section
inthis study is located between the Zhaojiachuan (ZJC, 35°45'N, 107°49'E) (57),
Caijiazui (CJZ, 35°48'N, 107°36'E) (14) and Chengjiazhuang (CHJZ, 35°45'N,
107°41°E,) (58) sections, near Qingyang City within the Dongzhiyuan high
tableland, which is the largest loess high tableland (~900 km?) composed of
alternating loess and paleosol layers with a thickness of about 200 m and flat
top surfaces in the center CLP. Currently, erosion has caused the plateau to be rel-
atively fragmented. The loess-paleosol stratigraphy of these sections can be well
correlated through iconic paleosol layers (S, and S;) and magnetic susceptibility
records (S/ Appendix, Fig. 511). Magnetic susceptibility is the most accurate, objec-
tive, and easily reproducible delimitation of the loess and paleosol units (58).
The paleosol layers exhibit high magnetic susceptibility values due to stronger
pedogenesis associated with stronger summer monsoon and lower dust accu-
mulation during interglacial periods, and the loess layers show lower magnetic
susceptibility values (59). Itis obvious that the four loess-paleosol couplets in our
XF section align with the top four loess-paleosol layers from the Brunhes chron
in the other three sections.

Correlations between Chinese loess and the climatic record from deep-sea
sediments over the last 2.6 My have suggested that the Chinese loess-paleosol
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sequence documented multiple glacial and interglacial cycles (60). Paleosol
(loess) layers with high (low) magnetic susceptibility values correspond to inter-
glacial (glacial) periods, which have been validated by several independent
loess chronology methods. In the Dongzhiyuan high tableland, the age model
for the CHJZ section was established based on the susceptibility time scale
within the framework of paleomagnetic reversals, showing remarkable parallels
between magnetic susceptibility and benthic 8'®0 records (58). Subsequently, an
improved astronomical timescale for the ZJC section was achieved by tuning the
grain size records to orbital obliquity and precession and is supported by magnetic
reversal boundaries (57) (S/ Appendix, Fig. S11B). Recently, by correlating loess
grain size with the benthic 80 records and further tuning the age model to the
absolute-dated speleothem &'®0 records at the precession band, 13 successive
geomagnetic excursions in the Brunhes chron were identified comparing the
108y flux (geomagnetic field-induced *Be production rate) peaks in the CJZ
section with global geomagnetic records (14) (S| Appendix, Fig. S11C). All these
independent loess chronologies yield the same result that the top four loess-
paleosol sequences (from L, to S,) correspond to the last four glacial-interglacial
cycles. Here, we also obtained the optically stimulated luminescence (OSL) ages of
eight samples from the XF section. The results further demonstrate that the loess
L, layer and paleosol S, layer correspond to the last glacial and last interglacial
periods, respectively (S| Appendix, Table 1 and Fig. S124).

Additionally, a comparison of magnetic susceptibility records between CHJZ
and Luochuan (LC) sections, located 160 km apart in the central CLP, has been
revealed to closely resemble to each other (58), which is further confirmed by
new magnetic susceptibility data and iconic paleosol layers of XF and LC sec-
tions (S/ Appendix, Fig. S12). Detailed OSL dating has been conducted in the LC
section spanning the last three loess-paleosol sequences (61, 62) (SI Appendix,
Fig. S12B). These established age models of loess-paleosol sequences in
Dongzhiyuan high tableland, along with OSL ages of the XF and LC sections,
confirm that the top four loess-paleosol sequences (from L, to S,) correspond to
the lastfour glacial-interglacial cycles. Based on this, we established the primary
age model of the XF section by using the rapid shifts in magnetic susceptibility
that correspond to the boundaries of MISs recorded by the benthic 8'%0 record
as tie points for the age model (SI Appendix, Figs. S3 and 513). The paleosol S,
S, S, S5, and S, layers correspond to the MIS 1,5, 7, 9, and 11, respectively.
Between tie points, the age model was interpolated linearly. For microcodium
8'®0 analyses, samples were collected at 5-cm resolution from loess layers
(L, and L,) and paleosol layers (S, and S,), corresponding to the interval from
~100to ~133 ka (S/ Appendix, Fig. S3).

In addition, microcodium is calcified plant root cells, which likely postdates
the surrounding loess and paleosol sequences due to the rooting depth (38).
Vegetation on the central CLP is dominated by steppe and most of the root was
concentrated at the surface 0-40 cm with a maximum of 20 cm (63). Therefore,
here we further refined the chronology of microcodium &0 record by subtract-
ing 20 cm in depth, yielding a similar microcodium &0 record with that based
on the age model of loess-paleosol sequences directly (S/ Appendix, Fig. S14).
Furthermore, the vegetation coverage at glacial-interglacial timescale on the cen-
tral CLP was always dominated by grasses and shrubs, and the C, grasses would
slightly increase during the interglacial periods (64), which mightslightly change
the plant rooting depth and thus the microcodium formation depth. Nevertheless,
the microcodium 820 record is generally in phase with the summer insolation
under glacial and interglacial conditions (Fig. 1), suggesting that the influence of
vegetation difference (and thus different microcodium formation depth) on the
chronology at orbital timescale may be limited. To assess the influence of microc-
odium formation depth, we also refined the chronology of microcodium &'80
record by subtracting 10 and 30 cm in depth, yielding microcodium 8'80 records
similar to that refined by subtracting 20 cm (S/ Appendix, Fig. S14). Therefore,
the influence of vegetation difference at glacial-interglacial timescale on the
chronology of microcodium &'°0 record is limited. The consistent precession
cycles of microcodium and speleothem &80 records indicate that the chronology
of Chinese loess-paleosol sequences and microcodium &0 record at orbital
timescale generally is reliable (S/ Appendix, Fig. S154).

Isotope Analysis. Microcodium was picked at 5-cm resolution for measurements
of oxygen isotopes (5'%0) following previous studies (37-39). Oxygen isotopic
compositions were analyzed by MAT-253 gas sourced mass spectrometry using
a Kiel IV carbonate device atthe Nanjing Institute of Geology and Palaeontology,
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Chinese Academy of Sciences (CAS). 520 values were reported relative to the
Vienna PeeDee Belemnite (VPDB) standard with a precision of 0.16%. (2c).

Composite Microcodium 3'%0 Record Over the Last 400 kyr. The new data
in this study extended the microcodium 820 record (37) from the XF section to
the past 400 kyr (SI Appendix, Fig. S3C). The new data, spanning from ~400 to
~133 ka, vary between —16.83%. and —9.51%,, which is generally consistent
with the previously published record since the last interglacial (from —16.44%
t0 —9.29%) (37). The XF microcodium &'°0 changes agree well with Mangshan
microcodium 8'%0 during the last glacial and have provided a robust replication
test (39) (S/ Appendix, Fig. S16).

The XF microcodium &0 record over the past 400 kyr agrees well with the
changes in summer insolation: the 8'80 values are lower during periods of high
summer insolation, consistent with speleothem &'°0 records from central south-
ern China (S Appendix, Fig. $15). However, the XF microcodium &0 record
displays an attenuated precession signal during the interglacial periods. This
phenomenon is attributed to the high precipitation and low sediment rate, which
lead to intense pedogenesis of the paleosol layers, the associated increase in the
dissolution of microcodium, and the attenuation of high-frequency (precession
band) signals. On the Loess Plateau, the sediment rate increases, and monsoon
precipitation decreases gradually from southeast to northwest along with the
monsoon moisture trajectory. The Huanxian (HX) section, located approximately
100 km northwest of the Xifeng section, receives less precipitation, and has
a higher sedimentation rate, which reduces the dissolution of microcodium
and faithfully captures the precession cycles during interglacial period (38)
(SI Appendix, Fig. S15).

To better show the precession cycles of precipitation §'®0 during intergla-
cial periods, we replaced the XF microcodium &'®0 record with the previously
published HX microcodium &0 record (~133-~66 ka) for the last interglacial
period (38), yielding a composite microcodium 8'®0 record over the last 400
kyr (S Appendix, Fig. S15B). At the precession band, the chronology of the com-
posite microcodium &30 record was further refined by aligning it with the abso-
utely dated speleothem &'%0 record within the quoted errors (65) (S Appendix,
Fig. S17). As a result, the replacement in the last interglacial leads to a closer
match between the composite microcodium and speleothem 80 records during
the 0to 200 kyr period compared to the 200 to 400 kyrinterval. Both the spectral
results of the composite microcodium &30 and Xifeng microcodium &80 records
show the coexistence of 23-, 41-, and 100-kyr periods (S/ Appendix, Fig. 59 Aand
C).Inthe spectral result of composite microcodium 8'%0 record, the 23-kyr signal
is more prominent. Nevertheless, here we primarily focus on the distinct low
820 values observed during precession minima at peak interglacials, which are
evidentin both the XF and HX microcodium 820 records (S/ Appendix, Fig. 515).
Therefore, this replacement more effectively highlights the precession cycles in
microcodium &'®0 record, without altering the distinct low 880 values observed
during precession minima at peak interglacials.

Spectrum Analysis. We applied the Lomb-Scargle periodograms (66) to calcu-
|ate power spectra of microcodium and speleothem &'°0 records. The time series
used in the analysis were interpolated in step of 1000 y by a Gaussian filter with
a SD of the Gaussian window of 0.5 kyr.

Model Simulation. The isotope-enabled Community Earth System Model
(iCESM1.3)from the National Center for Atmospheric Research (NCAR) was used
to conduct the long-term transient climate simulation for the past 150,000 y.The
iCESMis a fully coupled climate model including atmosphere, ocean, land, sea ice,
and river runoff components (67). Our model configuration for the experiment is
19_g16.The atmosphere model (CAM5) resolutions are ~1.9° x 2.5° with 30
vertical levels (68). The land model (CLM4) shares the same horizontal grid with
the atmosphere model (69). The ocean model (POP2) and sea ice model (CICE4)
share the same horizontal grid of a nominal 1° horizontal resolution (70, 71). The
ocean model has 60 vertical levels.

Stable water isotopes are incorporated into Community Earth System Model
(CESM1.3) through advanced parameterization schemes that represent isotope
fractionation mechanisms within the atmosphere (72), ocean (73), land surface
(74), river run-off, and sea ice (7). This enables tracking of water isotope ratios,
fluxes, and isotopic fractionations across all components of the hydrologic cycle.
Consequently, the isotope-enabled model outputs can be directly compared to
geological isotope records, bypassing uncertainties inherent in converting isotope
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records to other climate proxies (e.g., precipitation). Moreover, the inclusion of
water isotopologues provides an independent constraint on simulated atmos-
phericand hydrologic processes, improving our understanding of the associated
processes.

Two experiments with 100-time acceleration were conducted to simulate
transient climate change, one with orbital-only forcing and the other with all
forcing. In the orbital-only forcing experiment, the model is driven solely by the
Earth's orbital parameters. In the all-forcing experiment, the model is forced
by Earth's orbital parameters, greenhouse gases, and global ice sheets. For the
orbital-only forcing experiment, orbital parameters were initialized at 150 ka
and updated at the beginning of each 100-y interval based on the equations
of Berger (1978)(75). In the all-forcing experiment, aside from orbital parame-
ters, well-mixed greenhouse gases evolved over time based on reconstructions
(17,76,77), and continental ice sheets were adjusted according to the ICE-6G
reconstruction (78).

The ice sheetevolution since 150 ka used in the model is reconstructed accord-
ing to the ICE-6G reconstruction since the LGM (78) (SI Appendix, Fig. $18). Sea
level change curves since 150 ka are compared to those since the LGM based
on the LRO4 stack benthic 80 records (18). For a period when the sea level
value since 150 ka closely matched the sea level value since the LGM, the ice
sheet distribution during that period is replaced by the corresponding LGM ice
sheet reconstruction as widely used (79) (S Appendix, Fig. S18). As the ice sheet
volume at the LGM was the largest over the past 150 ka, the range of sea level
changes since the LGM generally overlaps with that of the past 150 ka, with a
slight excess observed during MIS 5e (SI Appendix, Fig. S18). The ice volume
evolution since 150 ka was divided into 16 periods, each being replaced by the
ice volume corresponding to intervals around 4,10, 11.5, 14, 15,17.5,19.5, and
21 ka, respectively (SI Appendix, Fig. $18). This approach provides a reasonable
representation of ice sheet evolution on glacial-interglacial timescales. However,
uncertainties remain concerning changes in ice sheet area and height. Although
the topography and extent of ice sheets influence surface albedo and modulate
the meridional temperature gradient, thus affecting the Intertropical Convergence
Zone and monsoon precipitation, the extent and mechanisms of their effects may
vary slightly (80-82). This may explain the lack of attenuated precession 8'%0
minima during the MIS 5a and 5cin comparison to MIS 5e in all-forcing model
simulation (S Appendix, Fig. S10).

Given thatthe response time of the atmosphere-upper ocean system s 1,000
times faster than the shorter orbital cycle, this experiment can mainly capture
the long-term monsoon variability (83, 84). The experiment started 170,000 y
ago with the first 20,000 y as the spin-up period and the last 150,000 y used
for analysis. This model provides seasonally simulated precipitation amount and
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8'80 changes, which enables us to assess the seasonal contributions of summer
and nonsummer precipitation to the speleothem 80 records.
The amount-weighted annual precipitation 80, is calculated as follows

12
P
80, = 3 ()60, )|
i=1

where i is calendar month, ranging from 1to 12, Pis annual precipitation accu-
mulation, the sum of Pi.

Data, Materials, and Software Availability. The raw paleoclimate data used
in this paper is available from East Asian Paleoenvironmental Science Database
online (https://doi.org/10.12262/IEECAS.EAPSD2025006) (85).
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