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Abstract

Speleothems from Wanxiang Cave, China (33°19” N, 105°00" E), located near the northern limit of the East Asian summer
monsoon, provide high-resolution records of paleomonsoon variability. We present a simple model for interpreting 'O shifts in
speleothems from this region in which the 6'%0 of speleothem calcite is inversely related to monsoon intensity. In contrast to
observations at higher latitudes, atmospheric temperature has little effect on 6'*0 of precipitation near Wanxiang Cave. Furthermore,
the temperature dependence of calcite—water 6' *O fractionation acts in the opposite sense, most likely canceling out the effect of local
temperature variations on speleothem 6'*0. Given this, the maximum 6'®0 shift that could occur due only to changes in the
composition of the oceanic source region, the amount of rainfall, and the amount of evaporation between full glacial conditions with a
weak summer monsoon and full interglacial conditions with a strong summer monsoon is 5.5%.. Accordingly, it is necessary to invoke
changes in past atmospheric circulation patterns and in the ratio of summer to winter precipitation to explain the nearly 7%o range
observed in fossil Wanxiang Cave speleothems. Two stalagmites, WXSM 51 and WXSM 52, exhibit more positive 6'%0 during
stadial periods (marine isotope stages [MIS] 8, 6, 5d, 5b, and 2) than during interstadial periods (MIS 9, 5a, 5c, 5¢). Thus, East Asian
summer monsoon intensity is generally decreased during globally cooler periods and increased during globally warmer periods.

We present detailed 'O records from MIS 5a—5b and 5¢—5d. During the MIS 5d—5c transition, summer monsoon intensity increased
steadily from 117.6 ka, with a peak in intensity occurring at 106.8 ka, concurrent with Greenland Interstadial 24. During the MIS 5b—5a
transition, monsoon intensity increased abruptly at about 85.7 ka, when 6'%0 decreased by approximately 4%o in 200 years. Monsoon
variability, inferred from the MIS 5c—5d and MIS 5a—5b records, closely coincides with global climate changes observed in the GISP2,
Vostok, and SPECMAP records, and with the Northern Hemisphere insolation curve. This suggests that East Asian summer monsoon
intensity varies in phase with global climate fluctuations and is largely controlled by variations in Northern Hemisphere incident solar
radiation. The MIS 5a—5b and S5c—5d paleomonsoon records from Wanxiang Cave also agree well with other records of Asian monsoon
variability indicating that 5'30 of speleothems from Wanxiang Cave is a valid proxy for past changes in monsoon intensity.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The East Asian monsoon system, part of the larger
Asian—African—Australian monsoon system, is an
important part of the global climate system. The
intensity of the East Asian monsoon has varied
significantly over the past several glacial-interglacial
cycles, on a wide range of timescales (10° years to intra-
annual). On orbital to millennial timescales, the pattern
of monsoon variability shows strong similarities to
global climate records, indicating that monsoon inten-
sity is controlled primarily by changes in solar radiation
and the resulting changes in glacial boundary conditions
(Kutzbach and Guetter, 1986; COHMAP, 1988). The
higher frequency monsoon variability, on decadal to
intra-annual timescales, though less well understood, is
largely controlled by ocean—atmosphere—land interac-
tions, such as those related to ENSO (Webster et al.,
1998).

The history of the East Asian monsoon has been
described by An (2000) as an alternation between the
dominance of the dry-cold northwesterly winter mon-
soon and the warm-humid southeasterly summer
monsoon systems. In general, colder stadial periods
are characterized by a dominance of the dry winter
monsoon, due to the presence of higher Siberian High
and Tibetan High pressure systems that lead to increased
strength of the mid-latitude westerlies and their
migration to lower latitudes. This, in turn, inhibits
northward migration of the Intertropical Convergence
Zone (ITCZ) and the associated band of heavy summer
monsoon precipitation (Kutzbach et al., 1992; Zhou et
al., 1999). Conversely, warmer interstadial periods are
characterized by dominant summer monsoons, due to
the relatively lower high-pressure systems with the
westerly barrier to the ITCZ migration positioned farther
north.

The natural pattern of monsoon variability, both
temporally and spatially, is still not well understood.
Even small variations in monsoon intensity can have
devastating effects on society in monsoon regions,
where there is a strong agricultural dependence on the
summer monsoon precipitation (Webster et al., 1998).
Successful prediction of monsoon variability, both
natural and global-warming related, is crucial to the
livelihood of the billions of people living in the Asian
monsoon region. Thus, there is a need for high-
resolution proxy records of paleomonsoon intensity.
To date, the most complete records of East Asian
monsoon variability come from the Chinese Loess
deposits (Chen et al., 1999; An, 2000; Porter, 2001).
Other records of East Asian monsoon variability have

been obtained from marine records from the South
China Sea (Wang et al., 1999; Sun et al., 2003; Wang et
al., 2003), tree ring records (Feng et al., 1999; Feng et
al., 2002; Zhou, 2002), Tibetan ice cores (Thompson et
al., 1989; Thompson et al., 1997; Thompson et al.,
2000), lake records (Gasse et al., 1991; An et al., 2000),
and speleothem records (Wang et al., 2001; Zhao et al.,
2003; Yuan et al., 2004). Of these proxies, speleothems
hold the greatest potential for yielding high-resolution,
precisely dated records of summer monsoon variability
over the last several glacial-interglacial cycles.

Speleothems are well suited for paleoclimate recon-
struction, as they are very pure, well preserved, can be
precisely dated using U-series methods, and may
contain numerous types of paleoclimate proxy data
(6180, 8'3C, annual layer thickness, 6D of fluid
inclusions, trace element concentrations, luminescence,
etc.) in their highly resolvable growth bands (Gascoyne,
1992; Bar-Matthews et al., 1997; Neff et al., 2001;
Fleitmann et al., 2003; Fleitmann et al., 2004).
Speleothem &'®0 records of Asian monsoon intensity
have been presented for regions in southern China, well
within the region dominated by the summer monsoon
precipitation (Wang et al., 2001; Zhao et al., 2003; Yuan
et al., 2004). We present 6'°0 records from two
stalagmites from Wanxiang Cave, located farther
north, near the northern boundary of the summer
monsoon region to assess the potential of speleothems
from this region as paleomonsoon archives.

2. Study area

The samples, WXSM 51 and WXSM 52, presented
in this study, were collected in Wanxiang Cave (33°19’
N, 105°00" E), Southern Gansu Province, China.
Wanxiang Cave is an active cave with abundant modern
and fossil speleothems, located in the Qinling Moun-
tains, a key geographic location on the eastern edge of
the Qinghai—Tibetan Plateau and the southwest edge of
the Loess Plateau, near the modern northern limit of the
summer monsoon precipitation (Fig. 1). The cave is
approximately 1100 m long and has only one major
entrance, located at an elevation of 1194 m, approxi-
mately 300 m above the Bailong River valley floor (Fig.
2). The cave is situated primarily along a single, tilted
bedding plane in the Silurian (428 ma) Gongpo Quan
Limestone and is overlain by approximately 30 to 250 m
of limestone bedrock and approximately 10 m of loess.
The environmental conditions in and around Wanxiang
Cave were studied in October 1999, September 2001,
and May 2002. The temperatures measured in the
deepest parts of the cave, where all of the stalagmites
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Fig. 1. Map showing the location of Wanxiang Cave relative to the Chinese Loess Plateau, the Qinghai—Tibetan Plateau, and the northern limit of the
summer monsoon. The location of Dongge Cave (Yuan et al., 2004) and the loess deposits studied by Chen et al. (1999) are also shown.

were sampled, range from 10.5 to 11.2 °C and remain drip rates are high and range from approximately 10 to
constant throughout the year. The measured relative 100 drips per min. As typical of monsoon regions, the
humidity in the cave ranges from 95% to 100%. The majority (~75%) of rainfall at Wanxiang Cave occurs
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Fig. 2. Survey (plan map) of Wanxiang Cave. The numbered survey stations are the basis of the speleothem sample nomenclature. WXSM 51 and
WXSM 52 were collected from near survey stations 51 and 52, respectively.
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between the warmest months of May through Septem-
ber. The mean annual temperature (MAT) at Wanxiang
Cave is approximately 12.6 °C. The climate at
Wanxiang Cave is semi-arid, with a mean annual
precipitation (MAP) of approximately 489 mm.

The results of a study of the modern carbonate—water
stable isotope systematics in Wanxiang Cave, suggest
that speleothems from this site are well suited for
paleoclimate reconstructions (Zhang et al., 2004). The
isotopic composition of cave drip water is constant
throughout the year (mean 6'%0=-9.08%o, mean 6D =
—63.2%0) and closely reflects the mean annual precip-
itation in the region (8'*0==9.30%o, 6D=—60.0%0) as
inferred from a nearby spring. In addition, modern
speleothem calcite appears to be forming in isotopic
equilibrium with the cave drip water. In the deeper parts
of the cave, where evaporative effects should be
insignificant due to the high relative humidity (100%),
isotopic temperatures were calculated using the 6'%0 of
modern calcite and modern drip water, and the carbonate
paleotemperature equation (Epstein et al., 1953; O’Neil,
1969). The calculated isotopic temperatures agree
closely (within ~1 °C) with the estimated mean annual
temperature and the measured temperatures in the cave,
indicating that the system is close to equilibrium.

The results of stable isotope measurements made
along individual growth bands are shown in Fig. 3.
Hendy (1971) proposed a test for isotopic equilibrium

conditions in speleothems in which the §'*0 and §'*C
should be measured along the length of individual
growth bands. If the samples had been significantly
affected by kinetic fractionation due to rapid CO,
degassing and/or evaporation, significant variability in
6'®0 and a correlation between ¢'*0 and 6'*C would be
observed along individual growth bands. The Hendy
criterion (Hendy, 1971) for isotopic equilibrium appears
to be satisfied in the fossil speleothem growth bands.
Although the Hendy Test is not as robust a test of
equilibrium as observing similar isotopic records in
separate contemporaneous speleothems, the fact that
there is little variation in 6'*0 along individual growth
bands and that 6'®0 and 6'°C are not significantly
correlated is consistent with a lack of kinetic fraction-
ation effects. Accordingly, we assume that fossil
speleothems collected from Wanxiang Cave formed in
isotopic equilibrium with drip water and that 'O
variations along their growth axes reflect only changes
in cave temperature and drip water composition.

3. Sample description

Samples WXSM 51 and WXSM 52, both stalag-
mites, were collected from the deepest parts of
Wanxiang Cave, where temperature, drip water compo-
sition, and relative humidity are constant throughout the
year. WXSM 51 (Fig. 4) is 402 mm in length, measured
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Fig. 3. ‘Hendy’ tests for 2 growth horizons (A and B) from WXSM 51 (a) and WXSM 52 (b). 580 within individual horizons varies by less than
0.5%o, indicating the lack of significant kinetic effects related to evaporation. 8'*C varies by less than 1%o and is not strongly correlated with 5'%0,

except for possibly in WXSM 51 band A.
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Fig. 4. Scanned image of WXSM 51, showing U-Th sample locations and the location of the major depositional hiatuses. The age range and Marine

Isotope Stage (MIS) of calcite deposited between hiatuses is also indicated.

along its primary growth axis, and is punctuated by five
major depositional hiatuses, located at 6, 128, 143, 150,
and 182 mm from the top. WXSM 52 (Fig. 5) measures
356 mm along its growth axis, and is punctuated by only
one major hiatus at 174.5 mm. These hiatuses may
reflect a regional environmental change, such as
prolonged aridity or permafrost at the surface or simply
a local change related to a change in drip location or
flooding in the cave. Both samples are composed
primarily of coarse, columnar crystals of calcite,
oriented parallel to the growth axis. Both speleothems
exhibit visible growth banding and color changes
throughout, which may be another measure of past
environmental conditions.

4. Analytical methods
4.1. U-series dating
Samples for U-Th dating were collected at key

points along the speleothem growth axes, including at
the top and bottom of each sample, above and below any

suspected hiatus, and about every 3—4 cm along
speleothem sections characterized by visibly continuous
deposition. The 100-200 mg samples were drilled out,
parallel to speleothem growth bands, using the ‘moat-
and-spall’ technique, whereby a small trench is drilled
around the desired sample region using a 0.5 mm dental
drill. The tablet-shaped sample is then broken off at its
base, cleaned by ultrasonic washing in isopropanol, and
then rinsed in Millipore H,O. After drying, the samples
were weighed and completely dissolved in 7N HNOs,
and a mixed ***U->**U->*’Th spike was added. U and
Th were separated using conventional ion exchange
methods and loaded as a colloidal graphite sandwich
onto single rhenium filaments (Chen et al., 1986;
Edwards et al., 1987).

The U-Th isotopic analyses were performed on a
Micromass Sector-54 thermal ionization mass spec-
trometer (TIMS) equipped with a high abundance-
sensitivity filter and a Daly type ion counter. U mass
fractionation was corrected for using the spike ***U/
#3%U. No correction was applied for Th fractionation.
Ages and errors were calculated using Isoplot/Ex
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(117.6 to 105.4 ka)

MIS &
(149.9 to 140.9 ka)

Fig. 5. Scanned image of WXSM 52, showing U-Th sample locations
and the location of the depositional hiatus which lasted from 140.9 to
117.6 ka.

(Ludwig, 1999) and the half-lives used are those of
Cheng et al. (2000). Corrections for initial isotopes of U
and Th from detritus were made by using ***Th as an
index isotope, assuming that initial U and Th were
derived from crustal silicates with a *>*Th/>*U=1.2+
0.6, 2*U/”*U=1.0+0.1, and **°Th/***U=1.0+0.1
(Ludwig and Paces, 2002). The resulting age corrections
were negligible for the vast majority of samples reported
in this study.

4.2. Oxygen isotope analysis

Samples for stable isotope analysis (6'%0 and §'°C)
were collected from the top 8 cm of WXSM 51 at an
average resolution of 0.5 mm using a Merchantek
Computer Controlled Micromilling system. The remain-
der of WXSM 51 was sampled at a resolution of 1—
2 mm using a | mm dental drill. WXSM 52 was sampled
at an average resolution of 0.8 mm along its entire
growth axis using a 0.5 mm dental drill. WXSM 51
microsamples were analyzed at UC Davis, where CO,
for isotopic analysis was produced by reacting 0.01—
0.05 mg carbonate with phosphoric acid (Mccrea, 1950)

using an Isocarb automated carbonate device attached to
a VG Optima mass spectrometer. WXSM 52 micro-
samples were analyzed at Stanford University, where
60—-100 pg samples were reacted with phosphoric acid
in a Kiel III carbonate device interfaced with a Finnigan
MAT 252 IRMS. Oxygen and carbon isotopic data are
reported in the § notation relative to the VPDB standard
for carbonate samples, where 6'*0=[(R sample)/(R
std)—1]x 1000, and R="80/'°0O for oxygen and '*C/
'2C for carbon. The precision for each analysis is
+0.05%o for carbon and +0.06%o for oxygen.

5. Results
5.1. Uranium-series ages

The TIMS U-series results are shown in Table 1. All
reported ratios are activity ratios with 2 errors given.
ZOTh/>*Th activity ratios are generally high, ranging
from 14.9 to > 80,000; thus, detritus corrections are minor
or negligible. Twenty-three dated samples from spe-
leothem WXSM 51 range in age from 12 to 321 kaand 13
samples from speleothem WXSM 52 range from 93 to
151 ka. All samples measured are in correct stratigraphic
order within errors. The dated speleothems exhibit limited
ranges of calculated initial 2**U/***U—1.94-2.40 and
1.23-1.48, respectively, for WXSM 51 and WXSM 52,
which are consistent with closed system evolution of
samples with a limited range of initial >**U/***U.

5.2. Speleothem growth models

WXSM 51 was deposited in 2 extended and 3 short
episodes, punctuated by long depositional hiatuses. The
growth model (Fig. 6) was constructed using a stepwise
linear fit method. Based on this model, the sample began
growing during MIS 9, around 310 ka and grew
continuously until about 283 ka. Hiatus 5 lasted for the
next 30 ka until speleothem growth resumed during MIS
8 at 252 ka. Growth continued until about 249 ka, when
Hiatus 4, a 106 ka break in speleothem deposition, began.
Growth resumed for short periods during MIS 6
(~143 ka) and MIS 5e (~125 ka), punctuated by Hiatus
3 and 2, respectively. The sample then underwent another
extended period of calcite precipitation during MIS 5a
and 5b, from about 90 to 79 ka. Hiatus 1 lasted until the
Last Glacial Maximum, when speleothem growth
occurred between 19.9 and 11.9 ka. The average growth
rate for the MIS 5a—5b period is 1 cm/ka and for the MIS
9 period is 8 mm/ka. Thus, the interval between WXSM
51 stable isotope samples is 50—-100 years during MIS
5a—5b and 125-250 years during MIS 5c—5d.
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Table 1

TIMS U-series dating results' from samples WXSM 51 and WXSM 52

Sample Distance Wt. U B2Th  [#°Th/ Measured Detritus-corrected Age (ka) Initial

name (mm) (mg) (ppm) (ppm) **>Th] PoTh2®U] PUUAU] POTh AU PHU AU Z*u”tu)
WXSM 51

U-51-1 0 205.1 3.6 0.003 814.3 0.218+3.211 2.084+0.220 0.218+3.215 2.084+0.220 12.0+0.4 2.121+0.005
U-51-2 5 203.1 3.2 0.010 3455 0.349+1.833 2.057+0.410 0.349+1.839 2.058+0.411 20.0+£0.4  2.119+0.009
U-51-3 7 199.8 1.7 0.014 390.5 1.023+£0.985 1.884+£0.200 1.023+0.987 1.886+0.207 79.4+1.1  2.109+0.005
U-51-4 40 1452 14 0.000 110124 1.013+0.533 1.839+0.150 1.013£0.533 1.839+0.150 81.3+0.6  2.056+0.003
U-51-5 57 168.6 1.4 0.002 25594 0.992+1.274 1.820+0.490 0.992+1.274 1.820+0.490 80.2+1.5 2.029+0.010
U-51-6 61 2005 1.2 0.010 3779 1.014+1.633 1.822+0.130 1.014+1.637 1.824+0.140 82.4+£1.9 2.040+0.006
U-51-7 64 1547 1.4 0.001  6485.7 1.022+0.938 1.828+0.340 1.022+0.938 1.828+0.340 83.0+1.2  2.047+0.007
U-51-8 67 76.6 2.8 0.000 18673.3 1.051+1.416 1.841+0.390 1.051+£1.416 1.841+0.390 85.5+1.8 2.071+0.009
U-51-9 85 1924 2.0 0.002  3022.1 1.020+1.585 1.782+0.360 1.020+1.586 1.782+0.360 86.0+2.0  1.998+0.009
U-51-10 123 152.0 1.6 0.000 12310.0 1.074+0.619 1.812+0.210 1.074+£0.619 1.812+0.210 90.2+0.9  2.048+0.005
U-51-11 130 109.3 5.7 0.004 62302 1.285+0.795 1.775+0.160 1.285+0.795 1.775+£0.160 123.3+1.7 2.099+0.006
U-51-12 142 196.1 5.5 0.009 2480.1 1.311+0.454 1.787+0.100 1.311+0.455 1.788+0.101 126.1£1.0 2.125+0.004
U-51-13 144 192.0 7.0 0.006  4813.0 1.466+1.585 1.852+0.100 1.466+1.586 1.852+0.100 143.5+4.2 2.278+0.015
U-51-14 149 104.8 4.0 0.003  6852.6 1.417+1.062 1.796+0.100 1.417+1.062 1.796+0.100 143.2+2.8 2.193+0.010
U-51-15 156 133.3 2.0 0.006  1593.8 1.693+2.312 1.674+0.260 1.694+2.313 1.675+0.261 259.2+19.3 2.404+0.076
U-51-16 181 190.7 4.0 0.000 86187.1 1.624+0.510 1.629+0.570 1.624+0.510 1.629+0.570 251.3+6.5 2.279+0.014
U-51-17 190 159.8 1.6 0.008 922.8 1.605+1.736 1.578+0.180 1.606+1.738 1.579+0.182 272.7+£16.6 2.250+0.058
U-51-18 193 2003 1.5 0.002 45783 1.577+0.559 1.534+0.420 1.578+0.559 1.534+0.420 288.9+8.2 2.209+0.021
U-51-19 204 124.0 1.7 0.003 29154 1.486+1.336 1.450+0.140 1.486+1.337 1.450+0.140 297.5+16.3 2.043+£0.048
U-51-20 277 197.7 1.0 0.002 2176.9 1.456+1.299 1.422+0.480 1.457+1.299 1.422+0.480 301.2+£17.9 1.989+0.046
U-51-21 313 207.6 0.9 0.005 908.7 1.432+1.027 1.414+£0.220 1.433+1.028 1.415+0.221 289.1£12.1 1.939+0.031
U-51-22 338 200.5 1.0 0.003  1339.5 1.469+1.484 1.416+0.240 1.470+1.485 1.416+0.241 320.9+22.6 2.030£0.065
U-51-23 402 2009 1.0 0.012 383.7 1.497+0.516 1.441+0.160 1.499+0.520 1.443+0.169 316.1+£7.8 2.082+0.023
WXSM 52

U-52-2 2 157.2 0.3 0.023 35.6 0.844+1.219 1.302+£0.350 0.841+1.284 1.308+0.453 106.3+2.4 1.416+0.007
U-52-3 3 119.8 0.3 0.034 253 0.865+0.890 1.321£0.360 0.861+1.007 1.330+0.559 107.3+£2.1  1.447+0.009
U-52-4 3 126.4 0.7 0.001 26443 0.854+0.357 1.309+0.190 0.854£0.357 1.309+0.190 109.0+0.7 1.421+0.003
U-52-6 60 1259 0.3 0.007 107.0 0.867+1.623 1.358+4.960 0.866+1.638 1.360+4.986 104.0£9.4  1.484+0.079
U-52-7 78 1472 1.0 0.008 750.8 0.871+£0.528 1.310+£0.400 0.870+0.530 1.311+£0.402 112.1+£1.3  1.427+0.006
U-52-9 121 1399 04 0.003 382.0 0.864+0.843 1.290+0.550 0.863+0.845 1.290+0.551 113.9+£2.0 1.401+0.009
U-52-10 152 159.0 0.8 0.001  2027.6 0.878+2.226 1.312+0.640 0.878+2.227 1.313+0.640 113.6+4.4 1.431+0.011
U-52-11 173 1772 0.8 0.002 11929 0.896+3.071 1.312+0.320 0.896+3.073 1.312+0.320 117.5+£6.2 1.435+0.009
U-52-12 178 191.0 1.2 0.004 771.3 0.878+0.701 1.183+£0.290 0.877+0.702 1.183+0.290 139.7+£2.1  1.272+0.005
U-52-13 196 188.8 1.0 0.002  1347.0 0.887+1.326 1.155+0.740 0.887+1.327 1.155+0.740 150.9+4.9 1.237+0.012
U-52-14 228 1789 1.0 0.002  1674.5 0.893+1.750 1.171+0.930 0.893+1.751 1.171+0.930 148.1+6.2 1.261+0.015
U-52-17 356 158.8 0.7 0.002 859.2 0.872+4.007 1.178+0.330 0.872+4.011 1.178+0.330 139.3+10.9 1.264+0.009

'All isotopic ratios are activity ratios, unless otherwise specified. All errors are given as 95% confidence intervals. Measured and detritus-corrected
activity ratio errors are reported in percent. Age and initial [>**U/***U] errors are absolute. Decay constants used are those of Cheng et al. (2000).

WXSM 52 formed in 2 extended episodes,
punctuated by a single hiatus. The growth model
(Fig. 7) was constructed using a combination of linear
interpolation and stepwise linear fit methods. The
dated speleothem began growing during MIS 6 at
~150 ka, ceased growing from ~141 to 118 ka, then
resumed growth until ~105 ka, when growth ended. In
constructing this growth model, we rejected the
youngest sample, U-52-1, due to a very high [**°Th/
#38U] uncertainty. The average growth rate of WXSM
52 was 1.5 cm/ka for MIS 5¢-5d, and 3.5 cm/ka for
MIS 6. Accordingly, the mean resolution of the stable

isotope record from WXSM 52 is 50 years during MIS
5c—5d, and about 25 years during MIS 6. Due to the
larger uncertainties in the U-Th ages and, hence, the
growth models for the older parts of both stalagmites,
we will mainly focus on the paleoclimatic records
obtained from the speleothem calcite that grew during
MIS 5a, 5b, 5c, and 5d.

5.3. Stable isotopes

The WXSM 51 oxygen isotope record is shown in
Fig. 8, a plot of 6'%0 versus distance from the top of the
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Fig. 6. A plot of U-Th age versus distance for sample WXSM 51. The
vertical lines indicate the 5 major depositional hiatuses. The 2o error
bars are shown, except for the cases where they are smaller than the
symbol. The growth model age, based on a stepwise linear fit method,
is shown as a solid line.

sample. The depositional hiatuses are indicated by the
dashed lines, and the Marine Isotope Stage for each
period of growth is shown. Marine Isotope Stage 9 was
characterized by relatively stable 6'%0 values of around
—12%o, followed by a rapid increase in 6'*O of about
3%o. The mean 6'%0 for this period of growth is
— 11.4%o. 6'®0 was relatively stable during MIS 8, with
a mean value of —7.74%o. The few measurements during
the short MIS 6 and MIS 5e periods of growth have a
mean '*0 of —9.02%o and — 12.76%o, respectively.

The MIS 5a—5b §'®0 record is shown plotted versus
age in Fig. 9. From 90.7 to 85.9 ka, 6'%0 was relatively
stable, varying between —9%o and —10%o, with a mean
5'80 of — 9.34%o. Beginning at 85.9 ka, 6'%0 rapidly
decreased by 3—4%o over a period of 200 years. 6'%0
remained relatively stable for the next 6 ka, with a mean
6'0 of —12.27%o. The short period of growth that
occurred during MIS 2 (Fig. 8) had a mean 6'*O value
of —7.49%0. Superimposed on all of these relatively
stable time periods are higher frequency §'*O variations
on the order of 0.5%o to 1.5%o.

A plot of §'®0 versus age is shown in Fig. 10 for the
portion of WXSM 52 that grew during MIS 5c¢ and 5d.
From the beginning of the record, ¢'0 decreased
steadily from around — 6.91%o at 117.6 ka to a minimum
of — 13.50%o at 106.9 ka. 6'®0 increased by about 4%o
over the next thousand years, coincident with the
deposition of the detrital rich calcite layer. The MIS 6
period of growth in this sample, which is not shown, is

characterized by §'*0 values that range from —9.20%o
to —6.14%o, with a mean 5'*0 of — 7.88%.

6. Discussion

6.1. A simple model for interpreting speleothem 3'50
changes

Assuming that Wanxiang Cave stalagmites were
deposited under isotopic equilibrium conditions, as
discussed above, the 6'*0 of speleothem calcite is a
function only of temperature in the cave, which equals
the MAT at the surface (Wigley and Brown, 1976), and
the 6'*0 of drip water (Gascoyne, 1992). Speleothem
oxygen isotope records from high latitudes have been
widely interpreted in terms of changes in paleotem-
perature; that is, by combining the temperature-
dependence of the calcite water fractionation factor
(—0.24%0/°C) with the dependence of 6'*0 of precip-
itation (~0.69%0/°C) on air temperature in these
regions (Dansgaard, 1964; Gascoyne, 1992), along
with expected changes in 6'%0 of ocean water,
obtained from the marine oxygen isotope record. In
this case, assuming that the cave drip water directly
reflects the composition of precipitation, the 5'%0 of
speleothem calcite should be positively correlated with
paleotemperature. Unfortunately, this method is not
applicable to low latitude or monsoonal regions, where
the temperature dependence of the 'O in precipitation
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Fig. 7. A plot of U-Th age (with 2¢ error bars) versus distance for
sample WXSM 52. The vertical line indicates the depositional hiatus.
The growth model age, based on a combination of linear regression
and stepwise linear fit methods, is shown as a solid line.
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Fig. 8. Oxygen isotopic composition plotted versus distance from the top of the sample for WXSM 51. The depositional hiatuses are indicated by
vertical dashed lines. The location of U-Th samples and the Marine Isotope Stage represented by each period of growth are also shown.

is weakened due to the importance of the “amount
effect” in these regions; that is, the inverse relationship
between 8'°0 in precipitation and the amount of
precipitation that dominates in regions with convective
storm systems (Dansgaard, 1964). Thus, the 6'%0 of
fossil speleothems collected from Wanxiang Cave,
which is near the northern limit of East Asian summer
monsoon precipitation in central China, may reflect
past changes in temperature and/or precipitation.
However, the speleothem 6'*0 may also be affected
by changes in the summer:winter precipitation (P)
ratio, changes in source composition due to global ice
volume changes, changes in the precipitation:evapora-
tion (P:FE) ratio, and circulation changes. To summarize
the possible environmental signals that may be
recorded in speleothem §'*0, we constructed a simple
schematic model (Fig. 11) to estimate the maximum
magnitude of the 'O shifts in fossil speleothems that
could occur during extreme climate transitions, for
example between the LGM, when the East Asian
summer monsoon intensity was weak, to the present,
when the summer monsoon is relatively strong. Some of
the possible effects may be bounded, and appear to be
relatively small. For example, a shift of ~2%o would
result from the temperature effect on calcite—water
fractionation assuming an 8 °C change from the LGM to
present. This is most likely an upper bound on this
effect, however, since general circulation models (e.g.

CCM1, ECHAM3) predict a LGM-Modern temperature
difference of only 3—5° for this region (DKRZ, 1992;
Roeckner et al., 1992; Kutzbach et al., 1999). The
maximum 6'%0 change from global ice volume changes
is about 1.5%o based on the marine oxygen isotope
record (Imbrie et al., 1990). We estimate a maximum
0'80 shift of 1%o due to changes in P:E, based on
studies of evaporation effects in unsaturated zone pore
fluids at the Hanford Site, WA (DePaolo et al., 2004;
Singleton et al., 2004) In this region, where MAP and
net infiltration is much lower than at the Wanxiang Cave
site, deep vadose waters are enriched by 2%o relative to
the mean annual precipitation. In a fractured, karst
drainage system, infiltration rates are likely higher than
at the Hanford site. This combined with approximately
three times as much annual precipitation suggests that it
is highly unlikely that waters would become signifi-
cantly enriched prior to infiltration. Also supporting this
interpretation are the observations that modern cave
waters have an isotopic composition very similar to that
of modern precipitation. While we assume that P:E is
lower during the drier, colder periods, it is also possible
that the opposite is true. Due to the uncertainty in
paleoarchive and GCM P:E estimates for the LGM in
the Asian monsoon region, it is difficult to assess which
scenario is true. In either case, this effect is minor and
would not significantly change the general pattern of
glacial—interglacial 6'%0 variability.
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Fig. 9. Oxygen isotopic composition versus age for the MIS Sa—5b
section of WXSM 51. Note that the 6'%0 scale is reversed to
facilitate comparison with other climate records. The 4%o shift that
occurs at approximately 85.7 ka reflects the transition between MIS
S5b and MIS 5a, when monsoon intensity increased rapidly over a
~200 year period. Temperatures in Greenland, represented by GISP2
5'%0, increased at about the same time as the shift in monsoon
intensity (Grootes and Stuiver, 1997; Petit et al., 1999). Temperatures
also increased at Vostok at this time; however, this relationship is
less robust. The MIS 5a global ice volume decrease, as represented
by the SPECMAP 6'%0 curve (Imbrie et al., 1990), appears to lag
the increase in monsoon intensity, although they are synchronous
within their 2¢ errors. Asian monsoon intensity is broadly controlled
by Northern Hemisphere summer insolation (e.g. Wang et al., 2001),
but the increase in monsoon intensity between MIS 5b and 5a is
much more abrupt than the gradually increasing insolation at this
time.

The other effects on speleothem 6'%0 are more
difficult to quantify. The 8'®0 of precipitation in central
China is controlled both by temperature and by the
amount of rainfall (Johnson and Ingram, 2004). The
temperature effect on 6'%0 of precipitation is the only
signal that would be likely to lead to more positive 6'*O
values during stronger monsoons. However, in order for
this effect to dominate the speleothem 8'%0 signal, the
dd'®0/dT slope must be significantly larger than
0.24%0/°C, in order to overcome the negative temper-
ature dependence of the calcite—water fractionation.
Assuming a maximum temperature change of 8 °C and a
maximum d&'%0/dT slope of 0.5%0/°C, the largest

temperature related shift expected in speleothem 6'*0 is
4%o. Again, though, the calcite—water fractionation
temperature dependence would counteract that effect,
leading to a net change of only around 2%.. Given that
both the d6'*0/dT and the AT are likely overestimated
in this calculation, the actual net 7 effect is likely to be
much smaller. In fact, Johnson and Ingram (2004)
suggest that the temperature dependence of 6'%0 in
precipitation near the northern limit of the summer
monsoon region is not likely to be more than about
0.24%0/°C, in which case T would have no effect at all
on speleothem 4'%0.
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Fig. 10. Oxygen isotopic composition versus age for the MIS 5c—5d
section of WXSM 52. Note that the §'*0 scale is reversed to facilitate
comparison with other climate records. The Wanxiang Cave record of
Asian monsoon intensity shows similarities to the summer insolation at
65°N, the Soreq Cave §'%0 record (Bar-Matthews et al., 2003), Vostok
0D (Petit et al., 1999), and the Dongge Cave 6'*0 record (Yuan et al.,
2004), indicating the strong link between the Asian monsoon and the
global climate system. The peak in monsoon intensity at 106.9 ka
corresponds to IS 24 and the abrupt decrease following this event may
correspond to C23 (McManus et al., 1994). Temperature at Vostok,
represented by 0D, appears similar to the WXSM 52 record around the
time of IS 24 and C23. These events may not have occurred
synchronously between the Southern and Northern Hemispheres,
though, thus explaining the slight offset in timing.
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Fig. 11. Schematic model for interpreting 6' %0 variations in speleothems
from central China. The direction and maximum magnitude of the 6'30
shift that could occur during a shift from a strong summer monsoon (e.g.
Modern) to a weak summer monsoon (e.g. LGM) due to related changes
in the summer:winter precipitation (P) ratio, atmospheric circulation, the
amount of rainfall, global ice volume, evaporation, the temperature effect
on calcite—water fractionation, and the temperature effect on the 5'%0 of
precipitation (6'80,)).

Changes in the amount effect could potentially lead
to a change of 2—-3%o. This is based on the partial
regression slopes, Blogp:délgo/ dlogP, of mean month-
ly 7, P, and 6'%0 data from the Global Network for
Isotopes in Precipitation (IAEA/WMO, 2001; Johnson
and Ingram, 2004). Assuming a maximum fjo,p for the
Wanxiang Cave region of —4, and a maximum reduction
in precipitation of 80%, the largest 6'*O shift that would
be recorded in speleothem calcite due to changes in the
amount of rainfall is about 3%.. It is unlikely that MAP
was reduced by 80%o, however, over any extended time
periods, therefore a 6'*O shift of around 1% is probably
more realistic. We should note, however, that periods of
strong summer monsoons are not necessarily character-
ized by precipitation maxima at every location in the
monsoon region. An et al. (2000) reported asynchronous
monsoon behavior during the Holocene, with precipi-
tation maxima being closely tied to the position of the
monsoon front. Therefore, it is possible that during
periods of maximum monsoon intensity, where the
monsoon front is at its northernmost position, that
precipitation at Wanxiang Cave may not be at its
maximum. It is not clear how this would affect the 5'*0
of precipitation (61801,,) though, and for this study, we
assume that monsoon intensity and amount of precip-
itation at the study area are closely linked. Changing
monsoon intensity could also affect the 4'°0 of
speleothem calcite by altering the ratio of summer:
winter precipitation or changing circulation patterns in
such a way that the 6'%0 of precipitation is decreased

during stronger monsoons. It is difficult to quantify
these effects, however, so the 8%o maximum change was
arbitrarily set to reflect the maximum range observed in
Wanxiang Cave speleothems.

To summarize the potential interpretations of oxygen
isotope records from Wanxiang Cave, all of the factors
that affect the 6'®0 of speleothem calcite in this region
work in the same direction with regard to changing
monsoon intensity. Temperature, the only factor that
could lead to a shift in the opposite direction, is unlikely
to have any significant effects on speleothem §'%0 due
to the approximately equal and opposite temperature
effect on calcite precipitation. The maximum LGM-
Modern difference that could be due purely to the
amount effect, ice volume changes, and P:E changes is
about 5.5%o. This value is likely a significant overes-
timate of the actual sum of these effects, and therefore
the most likely cause of the large 6'O range observed in
speleothems from Wanxiang Cave are changes in the
Summer:Winter P ratio and circulation changes. Of
these, however, circulation changes are probably the
most significant factor. The seasonal 51801, cycle may be
less pronounced at this location than in regions farther
south, as similar mean 61801, values during summer and
winter are observed at Xian and Chengdu, two nearby
GNIP stations. One possible circulation change that may
contribute to the decreased 6'®0 during stronger
monsoons is that a greater fraction of rainfall may be
derived from the Indian monsoon system during these
periods (An et al., 2000). This would lead to an increase
in the distance to the source of rainfall (Indian Ocean or
Bay of Bengal), and therefore, a significant depletion in
6'%0 of precipitation during strong monsoons.

6.2. The Wanxiang Cave 5'%0 records

The results of this schematic model suggest that there
will be an inverse relationship between monsoon
intensity and the 6'%0 of speleothem calcite in samples
from Wanxiang Cave. The general pattern of 6'%0
variability observed in WXSM 51 (Fig. 8) and WXSM
52 (Fig. 10) support this interpretation. It is well known
that, in general, East Asian summer monsoon intensity
is decreased during globally cooler periods and
increased during warmer periods (Porter, 2001). While
speleothem formation seems to occur during both
glacial and interglacial periods in this region, the 6'%0
signal preserved in speleothem calcite differs somewhat
systematically between these two climate states, reflect-
ing these changes in monsoon intensity. The mean 6'%0
of speleothem calcite that formed during the stadial
episodes, MIS 8§, 6, 5d, and 5b, ranges from — 6.91%o to
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9.34%o, while the 6'*0 of calcite formed during the
interstadial periods, 9, Se, 5c, and Sa, ranges from
—11.9%o to — 13.5%o (Figs. 8—10).

The transition between MIS 5d and 5c¢ (Fig. 10) is
characterized by a relatively slow, steady decrease in
6'%0. The high 6'®0 values at 117.6 ka indicate that the
monsoon intensity had already returned to a weakened
stadial mode by this time, following the Last Interglacial
increase in monsoon intensity. Monsoon intensity
during this period appears to be related to northern
hemisphere insolation suggesting that this external
forcing may control the general pattern of monsoon
variability. The WXSM 52 record also shows similar-
ities to the Soreq Cave speleothem record (Bar-
Matthews et al., 1997; Bar-Matthews et al., 2003), the
Vostok 0D record (Petit et al., 1999), and North Atlantic
climate (McManus et al., 1994; Grootes and Stuiver,
1997) during this time.

The Soreq Cave 6'°O signal primarily reflects the
amount of precipitation in the Eastern Mediterranean.
The rainy season in this region, however, occurs during
the winter months of December—May. The minimum
6'%0 observed in WXSM 52 during MIS 5c at 106.9 ka
indicates a peak in summer monsoon intensity at this
time, which corresponds with a peak in winter rainfall at
Soreq Cave, as evidenced by the minimum 6'%0 of
—6.99%0 at 106.8 ka (Bar-Matthews et al., 2003). This
peak in monsoon intensity occurs at the same time as
Interstadial 24 (IS 24), observed in the GRIP ice core
record, and a period of warm North Atlantic SSTs as
documented in the N. pachyderma record from marine
core V29-191 (Dansgaard et al., 1993; McManus et al.,
1994).The abrupt decrease in precipitation that occurred
at approximately 106 ka in the Soreq Cave record and in
WXSM 52, also corresponds with a North Atlantic
surface cooling event, C24 (McManus et al., 1994).
Prior to about 109 ka, during MIS 5d, however, the
Soreq Cave and Wanxiang Cave records are less similar,
as 0'0 in WXSM 52 slowly decreased during this
period, the 8'®0 at Soreq Cave was relatively stable. A
peak in temperature at Vostok, as reflected by 0D, also
occurs around 106 ka, indicating that IS 24 may have
been a global event. Again, however, the MIS 5d record
from Vostok is less similar, showing decreasing
temperatures from 118 to 108 ka.

The WXSM 52 record also closely resembles other
records of Asian monsoon variability. The general
pattern of 'O variability seen in the stalagmite D3
record from Dongge Cave (25°17" N, 108°50’ E),
reported by Yuan et al. (2004), is very similar to the
WXSM 52 record for MIS 5d—5c¢ (Fig. 10). IS 24 and
C23 also appear as periods of strong and weak monsoon

intensity respectively in the D3 record, although the
amplitude is lower in the Dongge Cave record. This may
be due to the lower sampling resolution of this record
(average of ~600 years per sample), or alternatively,
may indicate that the 6'80 of precipitation in the
Wanxiang Cave region is more sensitive to changes in
monsoon intensity, possibly due to its location near the
northern limit of the monsoon region, where even small
variations in monsoon intensity may have a significant
impact on &'®0. Nevertheless, the strong similarity
between the two records confirms that Wanxiang Cave
speleothem §'®0 preserves a regional climate signal and
supports using speleothem 6'%0 from the Asian
monsoon region as a paleomonsoon proxy. The Chinese
Loess record of paleomonsoon intensity also shares
many features with the Wanxiang Cave record.
Increased magnetic susceptibility and the presence of
paleosol S1S2 during MIS 5c, and decreased magnetic
susceptibility and the presence of an interbedded loess
layer S1L2 during MIS 5d suggests that the summer
monsoon intensity was strong during MIS 5c and weak
during MIS 5d (Chen et al., 1999). Chen et al. also
report that the warm, humid MIS 5c was interrupted by a
dusty, colder, and drier period. This may correspond to
C23 in WXSM 52 as represented by the abrupt decrease
in 6'%0 values around 106 ka, the precipitation of
detrital rich calcite beginning at this time, and the
eventual cessation of speleothem growth.

The transition between MIS 5b and 5a, as recorded in
WXSM 51 (Fig. 9) is much more abrupt than the 5d—5¢
transition. The approximately 4%o decrease in 6'%0 that
occurs between 85.9 and 85.6 ka suggests that monsoon
intensity increased abruptly during this transition. This
increase in monsoon intensity occurs contemporane-
ously with more gradual warming in Greenland
(GISP2). The transition from MIS 5b to 5a in the
WXSM 51 record also coincides with a slight warming
in Vostok and a decrease in global ice volume as
recorded in SPECMAP §'®0 (Imbrie et al., 1990). The
increase in monsoon intensity, however, appears to lead
the decrease in SPECMAP 6'%0 by approximately 4 ka,
although this lead is not well resolved considering the
uncertainties of the age models of SPECMAP (~4 ka;
Martinson et al., 1987) and the WXSM 51 record (~2 ka
for this time period).

The transition from a weak summer monsoon during
MIS 5b to a strong monsoon during MIS 5a, is also
supported by the Chinese Loess record. Magnetic
susceptibility was increased and paleosol S1S1 formed
during stage 5a, while stage 5b is characterized by
decreased magnetic susceptibility and the presence of
the interbedded loess layer SIL1 (Chen et al., 1999).
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Based on the multi-proxy loess record, Chen et al.
suggest that the summer monsoon intensity was stronger
during MIS 5c than 5a, and weaker during stage 5b than
during stage 5d. While we cannot make any definitive
statements about the relative monsoon intensity of these
periods, given the fact that the speleothem record does
not completely cover all stages, we can make a general
statement about relative monsoon intensity for the
periods studied. Based purely on the 6'%0 signal, it
appears that while MIS 5¢ was characterized by the most
negative 6'%0 values, representing the most intense
summer monsoon of this period, these extreme values
were maintained for less than 2000 years. Monsoon
intensity during MIS 5a, on the other hand, while never
equaling the peak during MIS 5c, was characterized by a
more prolonged period of strong summer monsoon
precipitation. Likewise, while monsoon intensity in-
creased throughout MIS 5d, reaching minimum 'O
values of approximately —10%o, the mean 6'°0 was
actually higher than the mean 6'%0 value during MIS
5b, suggesting that the stage 5b summer monsoon was
equal to or even stronger than the stage 5d summer
monsoon.

7. Conclusions

The 6'®0 of speleothems collected from Wanxiang
Cave in central China is useful as a qualitative proxy for
past changes in East Asian summer monsoon intensity.
Periods with increased monsoon intensity are charac-
terized by decreased speleothem 6'%0, due to the
combination of an increased amount effect, decreased
global ice volume, decreased evaporation, an increased
summer:winter P ratio, and circulation changes that
occur during strong monsoons. Two stalagmites,
WXSM 51 and WXSM 52, exhibit generally higher
6'®0 during stadial periods (MIS 6, 8, 5d, 5b, and 2)
than during interstadial periods (MIS 9, Sa, Sc, Se),
indicating that summer monsoon intensity is generally
decreased during globally cooler periods and increased
during globally warmer periods.

The close agreement of the MIS Sc—5d record from
WXSM 52 and the MIS 5a—5b record from WXSM 51
with global climate records such as the GISP2, Vostok,
and SPECMAP records, and the Northern Hemisphere
insolation curve, suggest that East Asian summer
monsoon intensity varies in phase with global climate
fluctuations and is largely controlled by solar insolation
in the Northern Hemisphere. The strong similarity
between the Wanxiang Cave record and the Soreq Cave
6'%0 record suggests that a link may exist between the
Asian monsoon and climate in the Eastern Mediterra-

nean region. Climate in both of these regions is strongly
dependent on the position and strength of the mid-
latitude westerlies. A weakening of the westerlies, which
may be linked to changes in North Atlantic Climate or
even the North Atlantic Oscillation, could possibly lead
to increased precipitation in both the Eastern Mediter-
ranean winter and the East Asian summer.

The MIS 5a—5b and 5¢c—5d paleomonsoon records
from Wanxiang Cave agree well with the Chinese Loess
records of Chen et al. (1999), and the speleothem record
of Yuan et al. (2004), indicating that 6'*0 of
speleothems from Wanxiang Cave is a valid proxy for
changes in monsoon intensity. The speleothem 'O
record suggests that the summer monsoon intensity was
generally stronger during MIS 5a than 5c¢ and weaker
during MIS 5d than Se.
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