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CLIMATOLOGY

Changes in monsoon precipitation in East Asia under a

2°C interglacial warming

Xinbo Gao'?*, Qingzhen Hao*3*, Luo Wangz'3, Yang Song4, Junyi Ge®, Haibin Wu?3, Bing Xu?3,
Long Han®, Yu Fu?, Xuechao Wu’, Chenglong Deng®?, Zhengtang Guo??

Past intervals of warming provide the unique opportunity to observe how the East Asia monsoon precipitation
response happened in a warming world. However, the available evaluations are primarily limited to the last
glacial-to-interglacial warming, which has fundamental differences from the current interglacial warming, par-
ticularly in changes in ice volume. Comparative paleoclimate studies of earlier warm interglacial periods can pro-
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vide more realistic analogs. Here, we present high-resolution quantitative reconstructions of temperature and
precipitation from north-central China over the past 800 thousand years. We found that the average precipitation
increase, estimated by the interglacial data, was only around one-half of that estimated for the glacial-
to-interglacial data, which is attributed to the amplification of climate change by ice volume variations. Analysis
of the interglacial data suggests an increase in monsoon precipitation of ~100 mm for a warming level of 2°C on

the Chinese Loess Plateau.

INTRODUCTION

Evaluating changes in regional climate at specific levels of warming,
especially given the Paris Agreement target of 2°C warming (1), has
been motivated by the growing perceived threat from global warm-
ing (2, 3). The East Asian summer monsoon circulation is a key
component of global hydroclimatic cycles, and monsoon precipita-
tion variability directly affects the lives of more than 20% of the
world’s population. Thus, improved insights into changes in mon-
soon precipitation under a 2°C warming scenario in East Asia are
urgently needed.

Climate changes during warm intervals in the geological past of-
fer a broad set of natural experiments, in which the Earth system
operated within a warming world (4-7). Our current understanding
of monsoon precipitation changes under warm climate states pri-
marily relies on the last full glacial-to-interglacial warming (here
termed “G-to-IG warming”). Previous studies focusing on this
warming transition using proxy-based reconstructions from cave
stalagmites (8), loess deposits (9), lake sediments (10), and climate
model simulations (11) suggest the northwestward migration of the
monsoon rainfall belt by hundreds of kilometers, although the
magnitude of the migration varies considerably between studies.
However, the last G-to-IG warming has fundamental differences
from the current interglacial warming. Under the current global
warming, the Arctic region will experience the shrinking of the
Greenland ice sheet and even ice-free conditions. However, the last
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G-to-IG warming represents a climate transition from a full glacial
state to a full interglacial state, in which climate changes were in-
duced by large fluctuations in Arctic ice volume (with the latitudinal
displacement of climate regimes) (12), rather than an increase in
temperature alone. Therefore, a comparative study of climate chang-
es among warm interglacial periods (here termed “IG-to-IG warm-
ing,” referring to climate changes within interglacial context, which
are obtained by the climate comparison of different interglacials)
can potentially offer a closer analog for warming over the next cen-
tury. The preferred interval for this study includes a series of inter-
glacials over the past 800 thousand years (ka) with different levels of
warming and almost the same continental configuration as to-
day (13).

Evaluating changes in monsoon precipitation at a specific warm-
ing level also depends critically on reliable quantitative recon-
structions of East Asian continental air temperature and monsoon
precipitation. The loess-paleosol sequences of the Chinese Loess
Plateau (CLP) are valuable archives of the East Asian monsoon cli-
mate (14, 15). Numerous studies have shown that paleoprecipita-
tion can be quantitatively reconstructed based on multiple proxies
such as magnetic susceptibility (16), cosmogenic Be (17, 18), and
various carbonate-related proxies (19-21). However, the available
proxies for paleotemperature reconstruction are scarce. In the past
decade, proxies based on branched glycerol dialkyl glycerol tetra-
ether (brGDGT) membrane lipids of soil-dwelling bacteria have been
widely used in air temperature reconstructions based on loess de-
posits (22-25). However, the latest research indicates that brGDGTs
mainly reflect the soil temperature rather than the air temperature
(26, 27). Thus, it is imperative to explore alternative and more de-
pendable paleotemperature proxies for loess studies.

Pedogenic hematite holds great promise for quantifying the pa-
leotemperature of loess (28, 29). The reddish color of soil units in
loess-soil couplets originates mainly from the pedogenic formation
of pigmentary hematite during past warm periods. Recently, our
detailed magnetic investigations of a large suite of modern soils
(180 samples) from the CLP (Fig. 1) demonstrated that the forma-
tion of hematite during pedogenesis is dominantly controlled by the
variation of the ambient temperature (30).
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Fig. 1. Locations of modern soil samples and the Caotan loess section on the
CLP. Blue dots denote 180 modern soil samples from the CLP and adjacent areas.
The red pushpin indicates the Caotan loess profile located in the northwestern part
of the CLP. The black pushpins indicate the typical loess sections on the CLP. The
circles with central dots are major cities. The inset map in the top left corner shows
the location of the study area within East Asia and the mean July precipitation
(green contours) [precipitation data from the dataset of spatially interpolated
monthly climate data for global land areas at a 1-km spatial resolution (67)].

Here, we studied the environmental magnetic properties, diffuse
reflectance spectroscopy (DRS), and iron geochemistry (see text S1)
on the same suite of modern soils (30), to create a hematite-
temperature climofunction. Then, the established paleotemperature
and paleoprecipitation climofunctions were applied to a thick loess-
paleosol sequence (the Caotan section, 105°9'E, 36°14'N) on the
western Loess Plateau (Fig. 1). The Caotan section lies in the mar-
ginal area of modern monsoon rainfall and hence is sensitive to past
variations in monsoon strength. This section also has a high dust
sedimentation rate and hence a superior stratigraphic resolution of
warm climate events compared to loess sections in the eastern re-
gion, e.g., three sub-paleosol units are clearly identified within pa-
leosol S1 (31), correlated to marine oxygen isotope stages (MIS) 5a,
5¢, and 5e. The quantitatively estimated temperature and precipita-
tion spanning the past 800 ka enable us to statistically evaluate the
changes in monsoon precipitation under different warming contexts
(IG-to-1G warming and G-to-IG warming). Here, we address the
changes in monsoon precipitation at a warming level of 2°C over
northwestern China for the IG-to-IG warming and evaluate its dif-
ferences to the G-to-1G warming.

RESULTS AND DISCUSSION

Climofunctions for quantifying temperature

and precipitation

DRS and iron geochemistry evidence further verify that hematite can
be used in paleotemperature reconstructions based on Chinese loess.
The spatial distribution of hematite content on the CLP is character-
ized by a steep gradient of increasing hematite concentration from
0.94 g/kg in the northwestern Loess Plateau to 6.52 g/kg in the south-
eastern Loess Plateau (Fig. 2A). The closely spaced contours in the
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southeastern and southwestern Loess Plateau and the relatively sparse
contours in the northcentral Loess Plateau closely track changes in
the modern observed temperature, which confirms the strong linkage
between soil hematite content and temperature. Regression analysis
further demonstrates that the correlation between hematite content
and temperature (R* = 0.62; R is the correlation coefficient) is greater
than that with precipitation (R® = 0.48) (Fig. 2, B and C). The strong
linear relationship between hematite content and temperature en-
abled us to use a least squares regression model to build the following
annual temperature (T,) versus hematite content (Hemoptent) climo-
function: T, °C/year = 1.80*(Hemcontent g/kg) + 3.84 (n =180, S.E. =
1.54°C, and P < 0.0001).

The dominant control of temperature on hematite formation is
mainly via its influence on the transformation of iron oxides/hy-
droxides and on the content of soil organic matter. First, an en-
hanced temperature will directly promote the formation of hematite.
It is widely recognized that hematite forms mainly by the thermal
transformation of various Fe hydroxides, such as goethite, ferrihy-
drite, and feroxyhyte, via dehydroxylation and internal reorganiza-
tion (29). Recently, a series of in vitro experiments confirmed that a
major transformation pathway in soils is from ferrihydrite to hy-
dromaghemite to hematite (32-34). In addition, the oxidation of
magnetite and thermal decomposition of Fe salts and chelates also
contribute to the production of hematite (28). It has been demon-
strated that higher ambient temperatures will promote thermal
transformation, dehydroxylation, and decomposition processes and
favor the accumulation of hematite, as supported by in vitro ex-
periments (32-34). Second, temperature affects the formation of
hematite by adjusting the concentration of organic matter. In soils,
organic matter is an excellent complexing agent, which usually low-
ers the activity of Fe’, in turn suppressing the formation of ferrihy-
drite, the precursor of hematite (29). In addition, higher organic
matter content may also result in a reduced soil environment, in
which hematite will be dissolved preferentially (28). The enhanced
temperature will promote the decomposition of organic matter,
thereby favoring the accumulation of the precursor ferrihydrite and
hematite.

Precipitation also plays a role in the formation of hematite. For
the production of iron oxides or hydroxides in soils, the prerequisite
is the free Fe’* released by the weathering of iron-containing sili-
cates, which is strongly dependent on both moisture and tempera-
ture. In the East Asian monsoon region, the changes in temperature
and precipitation are roughly in phase. Thus, it is easy to understand
the moderate correlation between precipitation and hematite con-
tent (Fig. 2C).

However, temperature plays a leading role in the formation of
hematite. Our previous redundancy analyses between the magnetic
parameters of modern soils from the CLP and instrumentally re-
corded climate variables (30) showed that hematite formation is
controlled mainly by ambient temperature rather than by precipita-
tion. Therefore, hematite is a promising paleotemperature proxy and
can be reliably applied in the quantitative estimation of the paleo-
temperature of Chinese loess.

Magnetic susceptibility is a widely accepted proxy for the strength
of the East Asian summer monsoon (16, 35). Here, as reported in
previous studies (30, 36), the spatial pattern of the frequency-
dependent magnetic susceptibility (yg) across the CLP is strongly
correlated with the modern observed precipitation gradient, charac-
terized by gradually increasing y¢ and precipitation values from the
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Fig. 2. Spatial distribution of the hematite content and frequency-dependent magnetic susceptibility ()+q) of modern soils on the CLP and their correlations
with observed temperature and precipitation. (A) Contour maps of hematite content (filled contours) and modern observed temperature (red contours). (B and
C) Least squares regression (red line) between hematite content and temperature and precipitation; red shaded areas indicate 95% confidence intervals estimated
using the Student’s t test. (D) Contour maps of ¢ (filled contours) and modern observed precipitation (blue contours). (E and F) Least squares regression (red line)
between y¢q and temperature and precipitation; red shaded areas indicate 95% confidence intervals estimated using the Student’s t test.

northern Loess Plateau to the southern Loess Plateau (Fig. 2D). The
higher correlation between In(ys) and ?recipitation (R? = 0.78)
than that between Y and temperature (R° = 0.59) provides statisti-
cal confirmation that yg is specifically sensitive to the variation of
precipitation (Fig. 2, E and F). Accordingly, we used the 180 modern
soil samples to develop the following In(ys) versus annual precipita-
tion (Pa) climofunction: Py, mm/year = 85.00%In(yg 1078 m¥/
kg) + 370.34 (n = 180, S.E. = 39.52 mm, and P < 0.0001).

Direct application of temperature or precipitation climofunc-
tions may lead to biased estimates of paleoclimate variables (text S2)
because of substrate differences between modern soils and paleo-
sols. However, the slope of the climofunction provides reliable in-
formation about temperature-induced and precipitation-induced
changes in Hemcoptene and In(yzq), respectively. Thus, following the
strategy of temperature reconstructions used for the Dome C ice
core from Antarctica (37), we use the slope of the climofunction
[T °C /year = 1.80*(Hemcontent g/kg) + 3.84 and Pn mm/
year = 85.00*In(y¢q 1078 m3/kg) + 370.34] to calculated changes in
temperature (T hange) and precipitation (Pchange) relative to the late
Holocene, respectively. In our reconstruction, records of AHem optent
and Aln(yg) for the Caotan section were obtained with respect to
the mean Hemonent and ygq values over the past 3 ka, and then the
equations Tchange = 1.80* AHem ontent and Pehange = 85.00% Aln(yta)
were used to calculate changes in temperature and precipitation on
the CLP (Fig. 3).
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Temperature and precipitation variations over the

past 800 ka

The temporal changes in the reconstructed temperature and pre-
cipitation of the Caotan section over the past 800 ka show clear
orbital-scale variability (Fig. 3). Eight glacial-interglacial cycles
are evident in the temperature and precipitation records and both
records contain the periodicities of 100 ka, 41 ka, and 23 ka
(fig. S7), confirming the role of Earth orbital variations in driving
monsoon climate changes. The interglacial intervals are generally
characterized by warm and humid conditions and the glacial in-
tervals by cold and dry conditions. Consistent with global paleo-
climate records (13), MIS 5e and MIS 11c were especially strong
interglacials, characterized by higher temperatures and precipita-
tion (Fig. 3, B and C), compared with the other interglacials over
the past 800 ka.

Comparison between the estimated temperature and precipita-
tion records reveals a clear difference in the long-term trend of vari-
ation. Over the last 800 ka, the precipitation record shows a greatly
increased amplitude for interglacials after ~424 ka, coinciding with
the Mid-Brunhes Event (MBE) (38-40). However, the pre- and post-
424-ka temperature records show an overall constant amplitude
during interglacials. A similar pattern was reported in a global
stacked sea surface temperature record (41) and a biogenic silica re-
cord from Lake Baikal (fig. S8) (42). The contrasting patterns of tem-
poral variations between the temperature and precipitation records
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Fig. 3. Comparison of reconstructed temperature and precipitation for the Caotan section with other palaeoclimate records over the past 800 ka. (A) June
insolation 65°N (violet line) and Earth orbital precession (black line) (68). (B) Hematite-based temperature record of the Caotan loess/paleosol sequence (orange dots)
and Earth orbital eccentricity (black trace) (68). (C) Frequency-dependent magnetic susceptibility (xtq)-based precipitation record of the Caotan section (blue dots).
(D) Global temperature (red line) (45) and atmospheric CO, concentration (black line) (69). (E) Benthic 5'%0 stack LR04 (dark blue line) (70) and a stacked sea-level re-
cord (light-blue line) (77) (numbers indicate marine isotope stages). The shaded areas indicate major interglacial intervals and their correlation with other palaeocli-

matic records.

suggest that they have evolved relatively independently and have dif-
ferent driving mechanisms.

The hematite-based temperature record also shows distinct dif-
ferences compared to temperature records derived from Phytolith
and brGDGTs (fig. $10). Most notable are the different patterns of
variation in the glacial and interglacial cycles. The hematite-based
temperature record of the Caotan section, phytolith-based temper-
ature record of the Weinan section (43), and brGDGTs-based tem-
perature records from the Weinan and Mangshan sections (24, 44)
all show warmer interglacial periods and colder glacial periods—
i.e., a similar pattern to that of global air temperature over the past
800 ka (45). By contrast, the brGDGTs-based temperature records
from the Xifeng and Luochuan sections show warmer conditions in
several glacial periods and colder conditions in a few interglacial
periods (26). The contrasting patterns observed in brGDGTs-based
temperature records highlight the complexity of the response of soil
bacteria to pedogenic conditions.

Gaoetal, Sci. Adv. 10, eadm7694 (2024) 15 May 2024

Encouragingly, our y-based precipitation record for the Caotan
section closely tracks the variability in the '’Be-based rainfall record
of the past 600 ka from the Baoji section (fig. S11) (18), reinforcing
the reliability of our reconstruction. The strong correlation between
these two records also underscores the conclusion that the yg of
loess deposits on the CLP is a dependable proxy for monsoon pre-
cipitation reconstruction, at least over the past 800 ka.

Response of monsoon precipitation to 2°C of

interglacial warming

We used regression analyses to estimate changes in monsoon precipi-
tation at specific levels of warming (mainly 2°C in the present study).
Our independent temperature and precipitation data from the same
record enabled us to directly compare these two datasets. We re-
gressed the reconstructed precipitation records versus the recon-
structed temperature records for the IG-to-IG warming and G-to-1G
warming, respectively. For the IG-to-IG warming, only interglacial
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data were used for the calculation (Fig. 4, D to F), and for the G-to-IG
warming, all the glacial and interglacial data were used (Fig. 4, A to
C). Considering the possible influence of human activities on the Ho-
locene soils of the CLP (46), data for the past 12 ka were removed
from the analyses. For all time intervals (Fig. 4, A to F), precipitation
generally increased as a positive linear function of temperature. Ac-
cordingly, linear regressions were performed and the regression slopes
describe the average precipitation increment AP per degree centigrade.

Our analyses reveal that the average precipitation increment per
degree centigrade for the IG-to-IG warming is approximately one-
half of that estimated from the G-to-IG warming. For the G-to-1G
warming (Fig. 4, G to I), the average precipitation changes (AP) are

higher, with 91.97 mm/°C for the entire time series (800 ka to 12 ka),
102.5 mm/°C for the interval of 424 ka to 12 ka, and 77.36 mm/°C
for the interval of 800 ka to 424 ka. Comparatively, the average AP
values for the IG-to-IG warming (Fig. 4, G to I) are lower and rela-
tively stable, with 48.19 mm/°C for the entire time series (800 ka
to 12 ka), 49.6 mm/°C for the interval of 424 ka to 12 ka, and
40.48 mm/°C for the interval of 800 ka to 424 ka. The average pre-
cipitation increment per degree centigrade is approximately twice
that for the G-to-IG warming compared to the IG-to-IG warming.
The different magnitude of precipitation increment between
these two warming cases highlights the profound impacts of large-
scale Northern Hemisphere ice retreat under the G-to-IG warming,
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Fig. 4. Results of statistical analysis of the reconstructed temperature and precipitation data for different climatic stages and time intervals. (A to C) Cross plots
of the reconstructed temperature and precipitation of glacials and interglacials for different time intervals. (D to F) Cross plots of the reconstructed temperature and
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relative to the IG-to-IG warming. For the G-to-IG warming, the
higher AP for the interval of 424 ka to 12 ka (102.5 mm/°C; Fig. 4H)
compared to the interval of 800 ka to 424 ka (77.36 mm/°C; Fig. 41)
also supports the strong impact of ice sheets on monsoon precipita-
tion, as the ice volume variability was greater after the MBE (38-40).

The G-to-IG warming in the geological past involved substantial
changes in ice cover outside Greenland, including in much of north-
ern Eurasia and North America, namely, the Scandinavian ice sheet
and Laurentide ice sheet, which were several times larger than the
present-day Greenland ice sheet (Fig. 3E) (47). It is widely recognized
that changes in Arctic ice sheets amplify climate changes via their
direct and indirect influences on sea surface temperature, ocean cir-
culation, continental water balance, vegetation, and land surface al-
bedo (47). For the East Asian summer monsoon, the environmental
effects of changes in Arctic ice sheets can be summarized as follows.
First, the growth and decay of Arctic ice sheets and the associated sea
level variations would have led to the exposure and submergence of
extensive continental shelf regions of the East Asian continent (48).
These large changes in the land-sea configuration (12) would, in turn,
have influenced land-ocean thermal gradients and distance to the
oceanic moisture sources (46, 49, 50). Second, the waxing and wan-
ing of Arctic ice sheets would also have resulted in substantial latitu-
dinalmovement oftheatmosphere system. Thelatest proxy-simulation
syntheses suggest that continental ice sheets alter the meridional
temperature gradient, resulting in the 2° to 3° equatorward migration
of the high-level westerlies (51, 52), and, in turn, a weaker and south-
ward shift of the monsoon precipitation over the East Asian conti-
nent (53). Third, as one of the largest topographic features on Earth,
Arctic ice sheets have a large effect on the monsoon climate via their
influence on the regional albedo and radiation balance (47). Fourth,
Arctic ice volume variations also have a large effect on the monsoon
rainfall budget of East Asia via the direct modulation of sea surface
temperature and evaporation over the Western Pacific Ocean (18).
Therefore, the East Asian summer monsoon changes from full glacial
to full interglacial conditions are the result of changes in both ice vol-
ume and temperature, inevitably resulting in the overestimation of
the magnitude of the precipitation increment.

The past interglacial warming provides a more realistic analog for
future warming regarding changes in the volume of Arctic ice. Stud-
ies of the history of the Greenland ice sheet suggest that the warmer
interglacial intervals over the past 800 ka include several warming
cases that may apply in the future. In the case of MIS 5e and e, the
ice cover on southern Greenland was likely limited, while in MIS
11c, ice was almost absent from Greenland (54-57). Consistent with
the global paleoclimate reconstructions (13), our results also suggest
that MIS 5e and MIS 11c provide a closer analog for future warm-
ing (Fig. 3). The estimated average precipitation changes (AP) is
41.92 mm/°C for MIS 5e and MIS 11c (n = 52) (fig. S12), close to the
statistical estimates of the precipitation and temperature of the last
four pre-Holocene interglacials (AP = 49.6 mm/°C) (Fig. 4H). Sta-
tistically, the larger dataset of the last four pre-Holocene interglacials
(n=211) is more preferable (Fig. 4E), and it may provide more reli-
able constraints on changes in monsoon precipitation for the warm-
ing over the next century. Therefore, our results suggest that under a
2°C interglacial warming, monsoon precipitation over northwestern
China will increase by ~99.2 mm (Fig. 4H).

This estimate is generally consistent with climate modeling re-
sults. Climate model simulations project that the average precipita-
tion in China would increase by 5 to 20% under the Representative
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Concentration Pathways 4.5 (RCP4.5) scenario, and by 12 to 39%
under the RCP8.5 scenario by the end of this century (58-62). Spe-
cifically, for the present study site, precipitation would increase by
17.95 to 71.80 mm and 43.08 to 140.01 mm under the RCP4.5
and RCP8.5 scenarios, respectively. Overall, our results provide
potentially more dependable constraints for future climate model-
ing studies.

In summary, the present study has evaluated the influence of
climate warming on East Asian summer monsoon precipitation
using quantitative data for interglacials over the past 800 ka. We
found that the magnitude of the precipitation increment was only
around one-half of the estimates based on studies of the last glacial-
to-interglacial warming, in which the influence of large-scale ice
volume retreat alone cannot be excluded. The past interglacial warm-
ing, characterized by a limited ice cover in Greenland, offers a closer
analog for future warming and thus a potentially more reliable esti-
mate and constraint for model simulations.

MATERIALS AND METHODS
General settings and sampling
Modern soils on the CLP are typically developed within the upper-
most loess unit LO. In field sampling, leaves, roots, and small stones
were first removed, and then samples from ~2 to 5 cm beneath the
surface were collected. To avoid potential contamination from mod-
ern human activities, sampling sites were usually located far from
cultivated land, urban and industrial areas, and major roads. In this
study, a total of 180 modern soil samples were collected from across
the CLP and adjacent areas. These samples cover a present-day ob-
served precipitation gradient from 150 mm on the northwestern
Loess Plateau to 700 mm on the southeastern Loess Plateau and an
observed north-to-south temperature gradient from 6° to 13°C.
The Caotan section is located in Caotan town, Huining County,
in the northwestern part of the CLP. The modern observed mean
annual precipitation and temperature are ~359 mm and ~ 8.5°C, re-
spectively. Loess deposits in the northwestern part of the CLP are
usually characterized by higher sedimentation rates. In the Caotan
section, the thickness of the loess deposits, spanning the past 800 ka,
is 103.8 m, including loess units L1 to L7 and paleosol units SO to S7.
In the field, a total of 4152 powder samples were collected at a sam-
pling interval of 2.5 cm; among them, 1519 samples were selected
for analysis at 5-cm intervals for paleosol units and 10-cm intervals
for loess units, representing an approximate mean temporal resolu-
tion of ~500 years per sample.

Chronology
The chronological framework of the Caotan section was generated
using the widely accepted grain size-based age model (46, 63)

m n -1
T, =T, +(T, - T1)< 2A71>< 2"‘?‘)
i=1 i=1

where T} and T, are the age control points; A; represents the ac-
cumulation rate at level i, which is assumed to be proportional to
the content of particles larger than 32 pm (46); n represents the
total sampling level between T; and T5; and m represents the sam-
pling level at Ty and T5. Absolute age control points are established
on the basis of the well-established correlation scheme between
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loess-paleosol sequences and marine records (21, 46). It is com-
monly considered that loess units formed during glacials with a
strengthened East Asian winter monsoon, and paleosol units
formed during interglacials with a strengthened East Asian sum-
mer monsoon (14). The chronology between age control points
was derived via interpolation weighted by the content of >32-pm
particles (46).

Magnetic susceptibility

Low- and high-frequency magnetic susceptibility (yir and yn¢) were
measured on air-dried powder samples, using a Bartington MS3
magnetic susceptibility meter with an MS2B dual-frequency sensor
at 470 and 4700 Hz, respectively. Frequency-dependent susceptibil-
ity (xfa), which is a widely accepted indicator of the strength of the
East Asian summer monsoon, is calculated as the difference be-
tween yir and ypf.

Diffuse reflectance spectroscopy

DRS spectra of 0.5 g of finely powdered samples were generated us-
ing a Varian Cary 5000 ultraviolet-visible-infrared spectrophotome-
ter with a wavelength range from 300 to 700 nm, scan rate of 300 nm/
min, and scan step of 0.5 nm. The raw DRS data were smoothed and
transformed to the Kubelka-Munk remission function [F(R) = (1 —
R)*/2R], and then the second derivative spectrum was calculated. It
is widely documented that the band intensities at ~425 and ~535 nm
in the second derivative curves (I45 nm and Is3s nn) are proportional
to the concentrations of fine-grained pigmentary goethite and hema-
tite, respectively (64).

Freeiron oxides

Free iron oxides (Fed) represent the iron liberated from the silicate
minerals by weathering and were used to evaluate the total concen-
trations of hematite and goethite. Fed was determined with the
citrate-bicarbonate-dithionite method (65). A precisely weighed
amount of finely ground sample (0.1 g) was placed in a 50-ml cen-
trifuge tube and 0.15 g of solid Na,S,04, 4.0 ml of 0.3 mol Na-citrate
solution, and 0.5 ml of 1.0 mol NaHCOj solution were added. The
digest was then heated at 75°C for 15 min in a water bath, stirring
occasionally. The suspension was centrifuged for 3 min at 4000 rpm.
Last, 0.5 ml of clear supernatant was removed with a pipetting gun
and decanted into a 100-ml volumetric flask, and the solution was
retained for Fe determination. The iron concentration was mea-
sured using a PerkinElmer PinAAcle 900 T flame atomic absorption
spectrometer, and replicate analyses (n = 3) show that the standard
deviation is <0.01.

Spectral analysis

Spectral analyses of the reconstructed temperature, precipitation,
benthic 8'%0, CO,, insolation, and eccentricity were conducted us-
ing Past3 software (66). The REDFIT program was used to identify
the primary astronomical components. The 95% confidence line is
used to assess the reliability of the results.

Meteorological data

Modern observed temperature and precipitation data for a 40-year
interval (1951-1990) were obtained from the China Meteorological
Administration. For each sampling site of modern soil, temperature
and precipitation data were generated using inverse-distance weight-
ing spatial interpolation.
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