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Abstract

To understand oxygen and carbon stable isotopic characteristics of aragonite stalagmites and evaluate their applicability to
paleoclimate, the isotopic compositions of active and fossil aragonite speleothems and water samples from an in situ multi-
year (October 2005-July 2010) monitoring program in Furong Cave located in Chongqing of China have been examined. The
observations during October 2005-June 2007 show that the meteoric water is well mixed in the overlying 300-500-m bedrock
aquifer, reflected by relatively constant 5'0, +0.11-0.14%, (1), of drip waters in the cave, which represents the annual status
of rainfall water. Active cave aragonite speleothems are at oxygen isotopic equilibrium with drip water and their 5'0 values
capture the surface-water oxygen isotopic signal. Aragonite-to-calcite transformation since the last glaciation is not noticeable
in Furong stalagmites. Our multi-year field experiment approves that aragonite stalagmite 8'%0 records in this cave are suit-
able for paleoclimate reconstruction. With high U, 0.5-7.2 ppm, and low Th, 20-1270 ppt, the Furong aragonite stalagmites
provide very precise chronology (as good as £20s yrs (2a)) of the climatic variations since the last deglaciation. The synchro-
neity of Chinese stalagmite §'0 records at the transition into the Bolling—Allered (t-BA) and the Younger Dryas from Fur-
ong, Hulu and Dongge Caves supports the fidelity of the reconstructed East Asian monsoon evolution. However, the Furong
record shows that the cold Older Dryas (OD) occurred at 14.0 thousand years ago, agreeing with Greenland ice core §'%0
records but ~200 yrs younger than that in the Hulu record. The OD age discrepancy between Chinese caves can be attribut-
able to different regionally climatic/environmental conditions or chronological uncertainty of stalagmite proxy records, which
is limited by changes in growth rate and subsampling intervals in absolute dating. Seasonal dissolved inorganic carbon 8'>C
variations of 2-39/, in the drip water and 5-79,, in the pool and spring waters are likely attributed to variable degrees of CO,
degassing in winter and summer. The variable 5'>C values of active deposits from —11%, to 0%, could be caused by kinetically
mediated CO, degassing processes. The complicated nature of pre-deposition kinetic isotopic fractionation processes for
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carbon isotopes in speleothems at Furong Cave require further study before they can be interpreted in a paleoclimatic or

paleoenvironmental context.
© 2011 Published by Elsevier Ltd.

1. INTRODUCTION

Taking advantage of the absolute chronology possible
with speleothems (e.g., Cheng et al., 2000; Shen et al.,
2002; Richards and Dorale, 2003), such deposits have pro-
vided some of the most important environmental and cli-
matic archives available today (e.g., Winograd et al.,
1992; Dorale et al., 1998; Neff et al., 2001; Wang et al.,
2001, 2004a; Yuan et al.,, 2004; Fairchild et al., 2006;
Lachniet, 2009). Diverse geochemical and physical proxy
records in speleothems on monthly-millennial time scales
over different periods in the Quaternary have been reported
(Bar-Matthews et al., 1997, 2003; Perrette et al., 2000; Tan
et al., 2002; Fairchild et al., 2006; Baker et al., 2007; Affek
et al., 2008; Wang et al., 2008; Cheng et al., 2009; Zhou
et al., 2009; Shen et al., 2010). 880 and &'*C have been
the most commonly used proxies (e.g., Dorale et al.,
1998; Wang et al., 2001, 2005, 2008; Bar-Matthews et al.,
2003; Cheng et al., 2009; Tan et al., 2010). Despite compli-
cated control factors and fractionation processes (e.g., Hen-
dy, 1971; Lachniet, 2009; Dayem et al., 2010), stalagmite
5'%0 has generally been accepted as a useful measure of
precipitation in tropical and monsoonal regions (e.g., Wang
et al., 2001, 2005, 2008; Yuan et al., 2004; Dykoski et al.,
2005; Fleitmann et al., 2007, Frappier et al., 2007,
Li et al., 2007, Wang et al., 2007; Cheng et al., 2009; Cruz
et al., 2009; Li et al., 2011); while speleothem 813C records
reflect regional vegetation trends (Dorale et al., 1998; Hell-
strom et al., 1998; Bar-Matthews et al., 1996, 2003; Denn-
iston et al., 2007).

Previous studies mainly focused on calcite stalagmites
(e.g., Fairchild et al., 2006; Lachniet, 2009, and references
therein). Long-term isotopic observations of oxygen and
carbon in active speleothem calcite deposits and associated
waters have also been monitored in different caves (e.g.,
Spotl et al., 2005; Treble et al., 2005; Johnson et al., 2006;
Mattey et al., 2008). Aragonite speleothems can be depos-
ited in caves formed in dolomitic host rocks (Hill and Forti,
1997) or under seasonal dry conditions (Railsback et al.,
1994; Frisia et al., 2002). They have been used as archives
for contemporary climate and environmental studies (e.g.,
Railsback et al., 1994; Finch et al., 2001, 2003; McMillan
et al., 2005; Cosford et al., 2008). Aragonite-to-calcite
transformation can occur in hundreds of years (Frisia
et al., 2002) although the metastable aragonite can poten-
tially exist in caves for thousands-millions of years (Fair-
child et al., 2006). Oxygen and carbon isotopic signatures
are possibly altered during phase transformations (e.g.,
Fairchild et al., 2006), and these can also induce a bias in
their age determination (e.g., Ortega et al., 2005). There-
fore, the applicability of fossil aragonite stalagmites to
paleoclimate remains semi-quantitative (e.g., Frisia et al.,
2002; Fairchild et al., 2006). Measurement of oxygen and
carbon isotopic fractionations in aragonite speleothems

and associated waters has been performed in only some
European caves (e.g., McDermott et al., 1999; Frisia
et al., 2000; McMillan et al., 2005), which limits their wide-
spread applicability to the understanding of paleoclimate
and paleoenvironment in different regions.

The evolution of the East Asian monsoon (EAM) has
been revealed from stalagmite 8'%0 records in Chinese
caves, such as Hulu (Wang et al., 2001; Cheng et al.,
2009), Dongge (Yuan et al., 2004; Wang et al., 2005), and
Sanbao (Wang et al., 2008; Cheng et al., 2009). Systematic
in situ monitoring programs and petrographic studies, how-
ever, have never been performed in these caves to give ro-
bust and direct evidence for supporting their application
as a reflection of climatic conditions in the East Asian mon-
soon realm.

In this paper, a multi-year on-site monitoring program
was performed at the Furong Cave, Chongqing, China.
The characteristics of oxygen and carbon stable isotopic
compositions in aragonite speleothems collected from the
cave have been systematically addressed by comparing val-
ues recorded in active and inactive carbonates and in differ-
ent water samples in and out of the cave. Carbonate and
water data show that the mineralization of aragonite stalag-
mites occurs at oxygen isotopic equilibrium. Paleoclimate
sequences recorded in the 8'%0 proxy can be better con-
strained by this natural archive, with ppm-level uranium
content. Agreement of stalagmite 5'%0 sequences between
Furong and Hulu/Dongge Caves (Wang et al., 2001; Yuan
et al., 2004; Dykoski et al., 2005) since Termination I dem-
onstrates their climatic application. The complicated natu-
ral dynamic of 8'*C in water and speleothem samples limits
its direct application in paleoclimate reconstructions from
Furong Cave.

2. SITE DESCRIPTION

Furong Cave (29°13'N, 107°54'E) is located in Cam-
brian dolomite rocks, on the east bank of Furongjiang Riv-
er, a secondary branch of the Yangtze River, Chongqing,
China (Fig. 1). The elevation at the entrance of Furong
Cave is 480 m above sea level (asl) and 260 m above the
Furongjiang River, with a main tunnel, 2-30 m in width
and about 2800 m in length. The site features four huge
halls, 30-50 m in height. Thickness of the covered soil
mostly ranges from 0 to 30 cm. The upper vadose zone is
300-500 m thick. Chambers of this cave, were opened for
tourism in 1994. An additional artificial tunnel, 180 m in
length and 3 m in height, was excavated in 1998 (Fig. 2).
The inner part of Furong Cave, ~50 m from the entrance,
is well enclosed with 95-100% humidity. It has commonly
been observed thus far that aragonite speleothems forms
in cave passages cut in dolomite (Hill and Forti, 1997)
and from parent waters with a relatively high Mg/Ca ratio
(Morse et al., 1997). Formation of aragonite stalagmites in
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Fig. 1. Regional maps with Chinese caves. (A) Locations of Furong (29°13'N, 107°54'E), Hulu (32°30'N, 119°10'E) and Dongge (25°17'N,
108°05’E) Caves in the EAM realm. (B) Furong Cave is located near the Furongjiang River, 5 km from the Wujiang River and 20 km to the

Wulong weather station (WLWS).

Furong Cave, which is cut in dolomite, is likely associated
with the dolomite bedrock and high drip water Mg/Ca
atomic ratios of 1-6 [monthly average from AD 2005 to
2009 at four water sampling sites in cave (Fig. 2)], deter-
mined by inductively coupled plasma optical emission spec-
trometry (ICP-OES) with 2¢ reproducibility of +2%.

The cave develops within a gorge and the karst with no
snow cover is colonized by thick vegetation, mainly consist-
ing of Cinnamomum camphora (Linn.) Presl., Cinnamomum
suavenium Miq., Lonicera mucronata Rehd., Loropetalum
chinense (R. Br.) Oliv., Photinia serrulata Lindl., and some
shrubs. The height difference between the mountaintop and
the river is ~1000 m (Fig. 2C). The regional climate is dom-
inated by the EAM and characterized by two distinct sea-
sons of cold—dry winter and hot-rainy summer. On
average, the local annual precipitation is 1200 mm, with
70% of the rainfall in the wet season from May to October,
typified by the year AD 2007 (Fig. 3A). In AD 2006 the
cave site experienced a serious drought with total annual
precipitation of 850 mm. Seasonal variations in the regional
29-month (April 2006-September 2008) precipitation 3'30
data show low values of —15 ~ —129% in summer and high
values of —4 ~ —2%  in winter (Li et al., 2010) (Fig. 3C).

3. MATERIAL AND EXPERIMENT
3.1. Cave temperature and air CO,

Two automatic air temperature recorders were placed at
drip water sampling sites #1 and #3 to monitor the cave air
temperature every 2 h from November 2006-October 2007.
These devices (StowAway TidbiT Temp Logger, Onset
Computer Corporation model TBI32-20+50) have an oper-
ating range of —20 °C to 70 °C, accuracy of 0.2 °C with
0.02 °C resolution, and stability of 0.1 °C per year. Temper-
ature values of drip water DW#1 and DW#3 were read
monthly from November 2006 to July 2009, with WTW
Multi 340i recorders with a measureable instrumental tem-

perature range from —5 °C to 105 °C and an uncertainty of
+0.1 °C.

Monthly variations of air pCO, concentration at the
same drip and pool water sampling sites (#1-#4) and one
out-of-cave site, #5, 15 m from the artificial exit were mon-
itored from March 2009 to July 2010, utilizing Testo 535
infrared CO, measuring instruments (Fig. 4). Detectable
CO, concentrations range from 0 to 9999 ppmv and the
precision is better than +2% and accuracy is +2% for 0—
5000 ppmv CO,.

3.2. Water samples

Monthly drip water samples (0.1-0.3 ml/drop), DW#1
and DW#3 (Fig. 2A) with drip rates of 100 and 70
drops/min, respectively, observed on October 21, 2006,
and with drip heights of 22 m and 30 cm, respectively, from
the ceiling in the Great Hall 30-50 m in height, were col-
lected at sites #1 and #3, 1000 m from the natural entrance
(Table 1 and Fig. 2A). Discharge of drip water DW#3 was
monitored during March 2006-June 2007 (Fig. 3D). At
sites #2 and #4, pool water samples, PW#2 and PW#4,
were collected from two different pools, mainly supplied
with drip water and seepage water from the vadose zone,
with dimensions of 04m (L) x 0.4m (W) x variable
depths of 0.2-0.4m (D) and 3m (L) x 2m (W) x 0.4 m
(D), respectively (Fig. 2A). Spring water sample SP#6,
was collected from a site located above Furong Cave
(Fig. 2B). Instantaneous water samples for measurements
of 8'%0 and dissolved inorganic carbon (DIC) §'*C (8'3C-
DIC), were collected monthly in two individual 50 ml poly-
propylene bottles over different periods, October 2005-June
2007 for DW#1, March 2006-June 2007 for DW#3,
November 2005-June 2007 for PW#2 (no collection in Sep-
tember 2006), April 2006-June 2007 for PW#4, and March
2006-June 2007 for SP#6. For drip water, the bottles were
placed on cleaned ground for 0.5-1h sample collection.
After carefully adding a 0.1-ml saturated HgCl, solution
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Fig. 2. (A) Sketch of Furong Cave. Monthly drip water samples, #1 and #3, and pool water samples, #2 and #4, (stars) were collected from
2005 to 2007. Air pCO, were monitored at sites #1-#5 (stars and diamond) from March 2009 to July 2010. Glass plate carbonates, MP1-MP3
(hollow circles), and two bedrock samples, B1 and B2 (solid circles), were collected in the Great Hall. Two active stalagmite, FR0510-1 (small
triangle), and FRS5 (large triangle), were also collected in the chamber. (B) An aerial view of Furong Cave bedrock and Furongjiang River
(from Google Earth). The entrance and artificial exit of the cave are labeled as “a” and “b”, respectively. Four bedrock samples, B3, B4, BS,
and B6, were hammered. Monthly spring water samples were taken at site #6. (C) An altitudinal sketch map with the entrance of Furong Cave
(hollow triangle), host rock, spring water site (star) and Furongjiang River (gray area).

to the collected drip and pool water samples to avoid
microbial isotopic fractionation, the bottles were sealed in
cave. They were then stored at 5 °C in laboratory, followed
by chemistry and instrumental analysis in 1-3 days.

3.3. Carbonate samples

Pristine bedrock samples, ~200 g each, were hammered
and active deposits, 0.3—1 mm in thickness and 0.1 g in
weight, growing with drip water or in pool water, were
scraped from the surface on November 24, 2005 (Fig. 2
and Table 2). The collected active speleothems are samples
of accreting surfaces of soda straws and stalagmites, crys-
tals in pool water, flowstone, and a soda straw growing in
the artificial tunnel (Table 2). Sample Al, white calcium
carbonate, has been depositing on the ceiling of the artifi-
cial exit tunnel since 1998. The other active deposits were
taken from the Great Hall (Table 2).

Three circular glass plates, 9 cm in diameter, were placed
under active drip sites, MP1, MP2, and MP3, with 7-month
(December 2009-June 2010) averaged discharge of
30 & 8 ml/min, 18 & 7 ml/min, and 7 & 1 ml/min, respec-
tively, in the Great Hall to form modern deposits. The glass
plate speleothems, growing from December 28, 2007 to Sep-
tember 24, 2008, were collected for determination of mor-
phological composition using a polarizing microscope,
ECLIPSE Nikon E600W POL, and for C/O isotope equi-
librium precipitation test.

Two active stalagmites, FR0510-1, 7.3 cm in length with
a diameter of about 5 cm, and FRS5, 50 cm in length with a
variable diameter of 6 cm at the top and 14 cm at the bot-
tom (Fig. 5), were collected in the Great Hall in October
and May 2005, respectively (Fig. 2A). The X-ray diffraction
analyses on powdered subsamples collected from the top
(0-0.5 mm) and bottom (7-7.5 mm) of FR0510-1 and from
depths of 2.5, 15.5, and 30.5 mm of FRS show that the two
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Fig. 4. (A) Air pCO; at four in-cave sites #1-#4 and one out-of-cave site #5 and (B) local air temperature from March 2009 to July 2010.

stalagmites are pure aragonite with no detectable calcite aragonite-to-calcite transformation for the two stalagmites,
(<3%; Liet al., 2011). To further carefully evaluate possible the in situ (0.5cm x 0.5 cm) mineral compositions and
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Table 1

5180 and 8'C-DIC data for samples of drip water, pool water and spring water.

Samples Mean §'3C-DIC? (%) +lo Mean 5'%0% (%) +lo Monitoring course (months)
Drip water (DW#1) —10.78 1.12 —6.77 0.14 21
Pool water (PW#2) —8.28 2.19 —7.06 0.28 19
Drip water (DW#3) —11.17 0.99 —7.02 0.11 16
Pool water (PW#4) =771 2.02 —7.36 0.11 15
Spring water (SP#6) —10.08 3.03 —7.05 0.53 16

% Averaged monthly values during the individual monitoring courses. Detailed records are illustrated in Fig. 4.

Table 2

5'%0 and 38'°C data of bedrock carbonate samples (B1-B6) and active deposits (others).

Sample ID e (%) 31%0 (%) Sample location Note

Bl 0.75 —8.19 3 m to site #1 in cave

B2 0.07 —10.08 2 m to site #2 in cave

B3 —1.52 -9.48 Mountainside

B4 —2.62 —11.46 Mountainside

BS —1.85 —8.36 By the road, 200 m to cave exit

B6 —1.69 —9.89 Cave exit

Al —11.43 —7.23 Ceiling of the exit tunnel Deposit since 1998

A2 —0.13 —6.38 1 m to site #2 Deposit on the top of an active stalagmite
A3 —10.03 —6.73 Site #1 Deposit with drip water from a 22-m height
A4 —8.55 —6.54 2 m to site #1 White deposit on the top of a stalagmite
AS —8.02 —6.70 4 m to site #1 Deposit on a broken rock

A6 —5.67 —6.80 1 m to site #3 Tip of an active soda straw

A7 —10.67 —7.43 Vertically under site #3 Active tooth-like crystal

A8 —4.16 —6.94 In the Great Hall Active stalagmite deposit

A9 -7.16 —6.60 10 m to site #4 Deposit on the top of an active stalagmite
Al0 —4.2 —5.86 Flowstone near #4 site Active flowstone with dripping water

All —5.62 —6.56 9 m to site #3 Stalagmite deposit since AD 1996

Al2 —-1.37 —6.51 10 m to site #3 Deposit on the top of an active stalagmite
Al3 —4.22 —6.61 In the pool of site #4 Active crystal in pool water

polymorphs at depth 5.2 cm of FR0510-1 and depths of 11,
12, and 22 cm of FR5 were scanned using electron back-
scatter diffraction (EBSD) techniques (McMillan et al.,
2005; Neuser and Richter, 2007) by a scanning electron
microscope (SEM), FEI-QUANTA 200 FEG, with 3-5-
pum spatial resolution.

3.4. 2°Th dating and oxygen/carbon stable isotopic and '*C
analyses

20T dating was performed in the High-Precision Mass
Spectrometry and Environment Change Laboratory (HIS-
PEC), National Taiwan University. Fourteen subsamples,
I mm in width and 50-200 mg in weight, were drilled from
a flat polished surface along the deposit lamina on the sta-
lagmite FRS for U-Th chemistry (Shen et al., 2003) and iso-
topic measurements were made using a multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-
MS), Thermo Electron Neptune (Frohlich et al., 2009; Shen
et al., 2010).

The subsampling process was performed on a class-100
clean bench in a class 10,000 clean room to avoid possible
contamination (Shen et al., 2008). A triple-spike,
2Th-23U-2*U, isotope dilution method was employed

to correct mass bias and determine uranium concentra-
tions (Shen et al., 2003). A protocol, using one newly-
developed MasCom secondary electron multiplier with
repelling potential quadrupole was employed. No signifi-
cant difference between measurements of standards car-
bonate samples on an ICP-sector-field-MS (ICP-SF-MS;
Shen et al., 2002) and on the MC-ICP-MS certify the
MC-ICP-MS methodology (Frohlich et al., 2009; Shen
et al.,, 2010). Off-line calculations of U-Th isotopic data
(Table 3) and **°Th dates (yr BP, before AD 1950) were
described in Shen et al. (2002, 2008). Precisions of the cor-
rected 2*°Th dates range from 424-59 yrs (20), except for
the subsample FR5-13 at depth 185 mm (481 yrs). **Th
levels are from 20 to 1270 ppt (Table 3). Corrections for
initial 2*°Th correspond to only 0-15 yrs, smaller than dat-
ing error. The chronology of the stalagmite is established
using linear interpolation between *°Th dates, which are
in stratigraphic order. For the stalagmite FR0510-1,
depths of 4, 20, 35, 49, and 63 mm, have been >**Th-dated
by Li et al. (2011).

Subsamples, ~50 pg each, for carbon and oxygen stable
isotope analyses of FR5 were drilled at 0.5-1-mm intervals,
corresponding to an averaged temporal resolution of 30 yrs,
along the growth axis of the stalagmite. One additional top
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Fig. 5. (A) A photograph of active aragonite stalagmite FR0510-1, collected in October, 2005, with *°Th dates (data from Li et al., 2011). (B)
An EBSD image of FR0501-1 at depth 5.2 cm expressing 100% aragonite (blue). (C) A photograph of stalagmite FR5 with **Th dates, (D) its
enlarged upper 13-cm section, and EBSD images at depths of (E) 11 cm, (F) 12 cm, and (G) 22 cm. The polymorph-unidentifiable area is
shown in gray. Green lines are phase boundaries. White and black curves denote crystal boundaries with misorientation angles smaller and
larger than 20°, respectively. At depth 22 cm of FRS showing 100% aragonite (blue) with 0.013% intrusive calcite (orange).

subsample, FR5-top, 0-0.10 mm in depth, was carefully
scraped. Seven coeval subsamples drilled from different
fabrics on five laminae, at 90, 120, 210, 290 and 415 mm
from top, of stalagmite FRS were drilled for the Hendy Test
(Hendy, 1971).

Oxygen and carbon stable isotopic compositions in the
carbonate samples were measured on a Finnigan Delta V
Plus gas isotope mass spectrometer, combined with a Kiel
IV automated carbonate device at the Laboratory of Geo-
chemistry and Isotope, School of Geographical Sciences,
Southwest University, Chongqing. The international stan-
dard NBS19 and laboratory standards NCKU1 and
SWUI1 were measured between every 5 and 7 samples,
with a long-term lo precision of 0.1%, for 8'%0 and
0.06%, for 8'3C. Water 8'%0 and 8'3C-DIC were analyzed

on the Delta V plus combined with a Gas Bench auto-
mated device. The 1o external precision is 0.159, for
380 and 0.1%, for DIC §'*C. Values are reported as
3180 (%,) with respect to the Vienna Pee Dee Belemnite
(VPDB) standard for carbonate and to the Vienna Stan-
dard Mean Ocean Water (VSMOW) for water. 8'°C-
DIC and carbonate 8'3C data are reported relative to
the VPDB standard. All 3'®0 and 8'*C uncertainties in
this paper are one standard deviation (1) unless other-
wise noted.

To evaluate the temporal contribution of bedrock car-
bon to the speleothem-depositing seepage water, 0.2-mg
subsamples were drilled at depths of 0.5, 4.0, 20.0, 35.0,
49, and 63.0 mm from stalagmite FR0510-1 for 'C acceler-
ator mass spectrometric (AMS) analyses at the State Key



Table 3
U-Th isotopic data and ***Th ages for subsamples of stalagmite FR5 by MC-ICP-MS at the HISPEC, National Taiwan University.

Sample ID  Depth (mm) U (ppb)  2’Th (ppt) 6 *Umeasured® [ Th/* ¥ Ulictivie,®  [Z°Th/**Th]® (ppm)  Age (yr) uncorrected  Age (yr BP) corrected™  8***Ujpyias corrected”

FR5-1 57 487+ 1 1270 + 4 3704 £+ 5 0.2765 + 0.0009 1750 £ 8 6566 + 23 6494 + 24 3773+ 5
FR5-2 80.5 499.6+0.5 852+4 4192+ 5 0.3581 4+ 0.0011 3466 £+ 19 7732 £ 26 7667 £ 26 4285+ 5
FRS-3 89.5 4219+0.2 24416 4096 + 3 0.3790 + 0.0013 106,908 + 70,589 8356 & 29 8298 + 29 4194 £3
FR5-4 109.5 988 +£2 78 £13 3808 £ 12 0.4724 £+ 0.0015 99,096 + 17,123 11,146 £ 46 11,088 £ 46 3930 £ 12
FR5-5 111.5 1072 £ 1 484 £3 3528+ 5 0.4831 +0.0013 17,657 + 122 12,149 + 37 12,089 + 37 3651 +6
FR5-6 128 1836 £2 819+ 4 3732+ 6 0.5278 +0.0014 19,527 + 103 12,724 4+ 40 12,665 £ 40 3868 + 6
FRS5-7 130.5 1201 £2 49 £13 3789 £+ 8 0.5418 +0.0014 220,054 + 60,820 12,913 +42 12,855 +42 3930+ 8
FR5-8 135 3793 £3 20+4 3754 £ 6 0.5456 £+ 0.0011 12,37,803 +£297,700 13,110 £ 31 13,051 £ 31 3896 £ 6
FR5-9 150 2744 £3 65+4 3619+ 6 0.5585 +0.0012 387,011 £ 29,018 13,846 + 37 13,787 + 37 3764 + 6
FR5-10 155 3100 + 7 82+4 3547 + 12 0.5532 4+ 0.0017 343,694 + 16,422 13,939 4+ 59 13,881 4+ 59 3689 + 13
FR5-11 157 2420 +£2 47+5 3476 £ 5 0.5497 +0.0011 470,189 + 48,872 14,080 =+ 35 14,021 + 34 3617+6
FR5-12 169 5091 £7 839 +4 34890 £ 6 0.5694 £+ 0.0014 57,059 £ 274 14,566 + 43 14,508 £+ 43 3635+ 6
FR5-13 170.5 523244 45 £ 12 3489 + 4 0.5725 +0.0010 11,08,850 £ 313,580 14,646 + 29 14,588 £+ 29 3637 +4
FR5-14 179 4351 £5 47+6 3550 £ 6 0.5956 £+ 0.0012 904,021 £ 104,227 15,055 £+ 37 14,996 + 37 3704 £ 6
FR5-15 185 7201 £20 278 £6 3612+ 15 0.607 £ 0.002 259,394 + 5744 15,128 £ 81 15,070 + 81 3770 £ 15
FR5-16 201.5 6628 + 5 37+ 11 3647 + 4 0.6290 4+ 0.0011 18,83,737 + 582,588 15,594 + 32 15,536 4 32 381245

Analytical errors are 20 of the mean.

a §234y — ([234U/238U]activity ~ 1) x 1000.

® §234Uinitiar corrected was calculated based on *°Th age (7), i.e., 82*Unnita = 6°*Upneasurea X €27 and T is corrected age.

c [230Th/238U]

activity

(Cheng et al., 2000), and 1.55125 x 1071 yr~! for 238U (Jaffey et al., 1971).
9 The degree of detrital >>°Th contamination is indicated by the [>**Th/?*’Th] atomic ratio instead of the activity ratio.
¢ Age (before AD 1950) corrections were calculated using an estimated 2>°Th/?**Th atomic ratio of 4 + 2 ppm, which is the value for a material at secular equilibrium with the crustal

232Th/*8U value of 3.8 and an arbitrarily uncertainty of 50%.

=1—e 7 4 (8*Unneasured/1000)[ 2230/ (X230 — A234)](1 — e~ 2023007 "where T is the age. Decay constants are 9.1577 x 107¢ yr™! for 2*°Th, 2.8263 x 10~° yr~! for 24U
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Laboratory of Nuclear Physics and Technology, Peking
University, Beijing (Liu et al., 2007).

4. RESULTS AND DISCUSSION
4.1. Monthly temperature records

The averaged monthly cave drip water temperature is
15.7 £0.5°C at sites #1 and #3 in the Great Hall, which
agrees with the measured cave air temperature, in the range
of 16.0-16.3 °C from November 2006 to October 2007
(Fig. 3B). The cave thermal condition reflects the annual
mean regional air temperature of 16.4 + 0.3 °C, inferred
from an averaged temperature of 18.0 +0.3 °C during
2005-2009 recorded at Wulong weather station, 20 km
away from and 250 m lower in elevation than Furong Cave
(Fig. 3B), and a lapse slope of 0.65 °C per 100 m in Chon-
gqing (Dan et al., 2008).

4.2. Water 8'*0

Monthly 8'80 records of water samples from 2005 to
2007 are plotted in Fig. 3E and the long-term averages
are given in Table 1. The 16-month spring water SP#6
3'%0 data changed from high values of ~—6.5%, in April-
May 2006 to low values of ~—7.5%, in September—Decem-
ber 2006, experienced an anomalous high value at —5.8% in
April 2007, and then shifted to —6.6 ~ —6.9%, (Fig. 3E).

Comparison with rainfall §'80 with seasonal variability
of ~10%,, the spring water 8'%0 has the same annual §'*0
mean of —7.19, and dampened seasonal change of only 19,
(except for the elusive value in April 2007). The evidences
indicate mixing of rainfall and seepage water in the upper
400-m thick bedrock (Fig. 2). An observed 3-month lag be-
tween spring water 8'%0 and rainfall records implies multi-
modal flow through conduits and fractures feeding the
spring water pool.

The 8'30 results from three of the four drip and pool
water samples, DW#1, DW#3, and PW#4, do not show
evidence of a clear seasonal cycle (Fig. 3E). One-sigma
3'%0 variations are only +0.11-0.28%, (Table 1). The
3180 of pool water PW#2 exhibits a slight variability of
+0.289,, larger than +0.11%, for the pool water PW#4,
likely caused by variable water supply year-round in this
small water pool at site #2 with variable depths of 0.2—
0.4 m and a reservoir volume of only 0.032-0.064 m>. In-
stead, lack of seasonal water 8'80 change is observed for
the PW#4 with steady water supply and relative large water
volume of ~2.4 m>. An averaged pool water PW#4 §'%0 of
—7.36 £ 0.03%, (1o of the mean, 10,,) is slightly lower than
those for PW#2 (—7.06 £ 0.079,) and drip water (Table 1),
which implies less evaporation occurring through the path-
way for this pool water.

The drip water 8'®0 values at two collection sites,
—6.77 £ 0.149,, for #1 and —7.02 £+ 0.119, for #3, are con-
sistent with the annual mean regional rainfall 3'%0 value of
—7.1%, (Student’s z-test, p = 0.05), suggesting that the oxy-
gen isotopic composition of the supplying water into the
cave reflects an averaged rainfall condition. The absence
of oxygen isotope shifts over different seasons shows a
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Fig. 6. Plots of (A) discharge of drip water DW#3 versus local
precipitation and (B) 3'%0 versus discharge for drip water DW#3.

thorough mixing and long-term storage of waters in a karst
aquifer with seepage-fed flow at the sites (Fairchild et al.,
2006).

The drip water rate or discharge in Furong Cave is dif-
ferent from those, strongly correlated with seasonal rainfall
in Grotta di Ernesto Cave in NE Italy (Miorandi et al.,
2010) and Heshang Cave in Hubei Province, China (John-
son et al., 2006) with annually banded stalagmites. The
steady monthly drip water discharge of 13-16 ml/min in
Furong Cave (Fig. 3D) is similar to the observations at site
PH1 in Obir Caves, Northern Karawanken Mountains,
Austria (Spotl et al., 2005) and sites in DeSoto Caverns,
central Alabama, SE USA (Lambert and Aharon, 2011).
With additional evidences of poor correlations between
drip water discharge and precipitation (R = 0.14) and be-
tween drip water 5'%0 and discharge (R =0.02) at site
DW#3 (Fig. 6) and also no any annually laminated stalag-
mites found in Furong Cave, it suggests that the residence
time of drip water in the vadose zone of the Great Hall
could be longer than 1 yr. The infiltrating rainwater was
homogenized in the zone and monthly variability of water
3180 was suppressed. Hence the cave drip water oxygen iso-
topic composition is interpreted here as an annual rainfall
380 signal.

4.3. Water 8">C-DIC

The 5'*C-DIC data of drip water, pool water and spring
water samples are plotted in Fig. 3F. The averaged values
and 1o monthly deviations are listed in Table 1. The spring
water SP#6 out of the cave is characterized by 3'>C-DIC
extremes of —129, to —13%, in summer and —59, to
—69, in winter. These are in phase with wet and dry cli-
matic seasons (Fig. 3), suggesting variability of soil CO,
production is an important factor. The timing of the en-
riched 8'*C-DIC values is consistent with the low precipita-
tion rate of 10-50 mm/month during December 2006—



O/C isotopic systematics of aragonite speleothems and water in Furong Cave, China 4149

March 2007. Using an isotopic fractionation of ~109, be-
tween CO, gas and bicarbonate ion in water (Hendy,
1971; Dulinski and Rozanski, 1990; Lambert and Aharon,
2011), a 8'3C value of —22%, to —23Y%, or less is inferred
for the soil atmospheric CO,. The light 3'*C in wet season
was likely derived from vigorous photosynthetic processes
of the local dominant C; vegetation (Hendy, 1971; McDer-
mott, 2004, and references therein).

Seasonal 8'*C-DIC variability of pool water is from
—129%, to —5%, for PW#2 and from —10%, to —5%, for
PW#4 (Fig. 3F). The only exceptions are the PW#2 sam-
ples collected from November 2005-February 2006, which
show a weak trend unrelated to seasonality. The amplitude
of seasonal water §'*C-DIC change in pool #2 is 29, larger
than that in pool #4. These two cases could be attributed to
a small reservoir volume of 0.032-0.064 m> for pool #2
with variable water supply and aqueous CO, degassing.

Similar to pool water, drip water is characterized by sea-
sonal 8'°C-DIC changes of 2-3%,, from —12%, in April-
September of 2006 to —99%, ~ —109, between December
of 2006 and April of 2007. The small seasonal change of
drip water 8'>C-DIC at site #1 and #3 is only one-third
of the observed pool water values of 5-79,, likely resulting
from (1) a long residence time (>1 yr) of drip water in the
vadose zone (Section 4.2), (2) an isotopic equilibrium be-
tween soil CO, and water with depth below only 30 cm
(Breecker et al., 2009), and (3) a relatively short degassing
time interval. The consistency of the two drip water 8'°C-
DIC records is apparently independent of various drip rates
or drip heights (see Section 3.2). This indicates that the frac-
tionation of drip water DIC '*C/'2C and degree of degas-
sing should be associated with different processes.

Cave air pCO, presents notable seasonal variability in
Furong Cave (Fig. 4). The concurrent high air pCO, levels
of four sites, #1-#4, in the Great Hall (Fig. 2), range from
1200 to 1900 ppmv in summer during the monitoring period
from March 2009 to July 2010. The low values of cave air
pCO, were about 570-800 ppmv in winter (Fig. 4).

Seasonal variation of drip water §'>C-DIC in Furong
Cave is similar to that in DeSoto Caverns (Lambert and
Aharon, 2011). The air pCO, and isotopic records of drip
water 3'0 and 3'*C-DIC also resemble those in the Obir
Caves (Spotl et al., 2005). The coincidence suggests a simi-
lar kinetically-enhanced process probably operating in Fur-
ong Cave. A seasonally changing air flow results in high
summer pCO, and low winter pCO, in the Obir Caves. Un-
like summer conditions, the cold CO,-poor air, drawn into
the cave through the entrance in winter, enhances degassing
of water CO, and causes concomitant '*C-enriched carbon-
ate deposition in the Obir Caves (Spétl et al., 2005). Frisia
et al. (2011) have also carefully demonstrated the effect of
kinetic degassing on drip water 3'>C-DIC value. The sea-
sonal change of 5-7%, in the pool water 8'*C-DIC in Fur-
ong Cave might be attributed to this kinetic process. The
relatively immobile pool water experiences longer exposure
times, with enhancement of degassing of water CO,, result-
ing in a ~10%, increase in '*C (e.g., Hendy, 1971; Spétl
et al., 2005). This results in substantially larger seasonal
DIC carbon isotopic changes in pool water, as compared
with drip water.

4.4. 8'30 and 8'3C of bedrocks and active speleothems

4.4.1. Bedrock

The 3'%0 and 3'3C contents of bedrock samples, two in-
cave samples and four out-of-cave samples (Fig. 2) range
from —11.5%, to —8.2%, and from —2.6%,, to 0.19,,, respec-
tively (Table 2). The oxygen and carbon isotopic composi-
tions are consistent with values of the Cambrian dolomites
in the Argentine Precordillera (Buggisch et al., 2003). The
data also match 5'%0 values, from —119%, to —7%,, and
813C, from —29%, to 1%,, of Cambrian marine calcitic shells
(Veizer et al., 1999). The 580 and 8'3C values of the bed-
rock around Furong Cave might be from marine biological
origin during Cambrian.

4.4.2. Active speleothems

Isotopic results from 13 active speleothems, collected
from the top of active stalagmites with drip water, surface
of flowstones and tip of soda straw, are given in Table 2.
The 3'80 values range from —7.4%, to —5.9%, and the
8'3C values from —11.4%, to —0.1%,. The 8'%0 mean and
lo variation are —6.68 +0.399, for all active deposits,
including flow stone, stalactites and stalagmites from the
artificial exit tunnel and inner chamber. For stalagmite
deposits in the inner chamber, including A2, A4, AS, AS,
A9, All and Al2, the averaged &8'%0 wvalue is
—6.60 £+ 0.189,, slightly larger than the instrumental uncer-
tainty of 4+0.10%,, suggesting additional factors involved.
The §'%0 value of —6.38Y%, for a 0.3-mm top deposit of
A2 is not distinguishable from those of —6.289, for the
top 0.25 mm (~13 yrs, AD 1993-2005; Li et al., 2011) of
FRO0510-1 and —6.389%, for the top 0.10 mm (~22 yrs, AD
1983-2005) of FR5. The more depleted 3'*0 values, such
as —6.949%, for A9 and —6.70%, for A5 (Table 2), also indi-
cate additional factors involved. They can be attributed to
different dissolution of bedrock (Section 4.5) with low
5'%0 of —11.5%, to —8.2%, (Table 2) through conduits and
fractures in the vadose zone. Another possibility is that
the scarped subsamples contain deposits older than 50 yrs
with 5'80 values of —6.9 ~ —6.6%, (Fig. 7 of Liet al., 2011).

The §'3C values of active speleothems vary from —0.1%,
to —11.49,, with an average of —6.2 + 3.59,. For stalagmite
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Fig. 7. A plot of calibrated *C age [IntCal09 (Reimer et al., 2009)]
versus 2>°Th age for six layers of stalagmite FR0510-1.
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deposits only, the 5'°C value is —5.0 & 3.3%,. The notable
8'3C variability is similar to that in Stump Cross Caverns,
Yorkshire, England (Baker et al, 1997). Baker et al.
(1997) proposed three possible mechanisms to explain such
a wide range of values: (1) disequilibrium with soil CO,, (2)
degassing of groundwater within the unsaturated zone, and
(3) CO, degassing during the deposition process. Compared
to the large +3-49%, variation and elevated 8'>C values in the
active cave deposits, the 419, seasonal 5'*C-DIC variation
of drip water is small (Fig. 3F and Table 1). This suggests
that the first two processes are unlikely to account for the
3C fractionation at the Furong site and CO, degassing re-
mains as the most possible candidate.

Model results suggest that speleothem *C/'?C kinetic
fractionation is dependent on temperature, isotopic compo-
sition of the initial solution, and the time elapsed since
degassing commenced (Dulinski and Rozanski, 1990). In
Furong Cave, the drip water temperature is stable year-
round (Fig. 3B), which cannot result in the wide range of
active deposit 8'°C from 0%, to —11%,. The 3'*C-DIC of
drip water varies slightly, only £19,, suggesting an insignif-
icant or minor CO, degassing of groundwater within the
aquifer before reaching the cave void. The elevated
13C/'12C ratios recorded in active speleothems from the
DIC values of —11 + 19, in drip water is most likely attrib-
uted to a kinetic fractionation process during precipitation.
Carbonate 5'*C can be elevated 109, after degassing over a
10 min period at the onset of precipitation (Dulinski and
Rozanski, 1990; Baker et al., 1997). In addition, the large
seasonal range of over 1000 ppmv for cave air pCO,
(Fig. 4) can cause different 8'C-DIC changes in cave
waters (Fig. 3F) and variable kinetically enhanced CO,
degassing processes in Furong Cave, resulting in a wide
5'3C range of 11-12%, in active speleothems (Table 2).

4.5. Contribution of bedrock carbon to seepage water and
speleothem

Frisia et al. (2011) have shown a significant contribution
of bedrock carbon to the drip water DIC in Grotta di Ern-
esto Cave, NE Italy. A plot of calibrated '*C age versus
239Th age (Li et al., 2011) for stalagmite FR0510-1 is given
in Fig. 7, which is used to evaluate the contribution of bed-
rock carbon to seepage water and speleothem. The mean
14C age offset from 2*°Th age is 710 + 240 yrs. The primary
source of speleothem-depositing drip water DIC is soil CO,

from plant root respiration and decomposition of organic
matter and another source is dissolution of bedrock car-
bonate (Hendy, 1971). The dead carbon proportion
(DCP) of seepage water is, therefore, attributed to bedrock
carbonate dissolution with negligible '*C and aging of soil
organic matter (Genty et al., 2001). Over the past 1.67 kyrs,
the DCP on the six arbitrarily selected layers of the stalag-
mite is 7-9%, calculated by Egs. (1) and (2) of Genty et al.
(2001). The covered soil at Furong mostly ranges from 0 to
30 cm layer and the source of organic matter decay to DCP
should be limited. This DCP can be considered as the con-
tribution at most from bedrock to the drip water DIC.

4.6. Oxygen isotopic fractionation between active speleothem
and water

For speleothem stable isotopes, deposition at equilib-
rium is an important premise for paleoclimate applications.
Evaluation of '*0/!°0 equilibrium fractionation of arago-
nite, however, is impeded by diverse aragonite 5'%0-water
3'80-temperture equations (e.g., McCrea, 1950; Grossman
and Ku, 1986; Patterson et al., 1993; Thorrold et al.,
1997; Zheng, 1999; Bohm et al., 2000; Zhou and Zheng,
2003; Kim et al., 2007). The discrepancies among aragonite
5'80-water-temperature equations are likely attributed to
the different experimental conditions (Kim et al., 2007).
Zheng (1999) and Zhou and Zheng (2003) calculated the
equations by inorganically precipitated aragonite, while
McConnaughey (1989), Thorrold et al. (1997) and B6hm
et al. (2000) determined the oxygen fractionation between
aragonite and water with shallow-water coral, marine fish
otolith and coralline sponge, respectively. Lachniet (2009)
reviewed available expressions in the literature and recom-
mended an experimental aragonite-water fractionation
equation at equilibrium conditions (Kim et al., 2007):

10001n o = 17.88 (£0.13) x 1000/T — 31.14 (£0.46) (1)

where o indicates the '*0/'°O fractionation between arago-
nite and water and T is depositional temperature in Kelvin
(K). This equation is very similar to the one derived from
fish otolith aragonite (Patterson et al., 1993):

10001n o = 18.56 (40.32) x 1000/T — 33.49 (£0.31)  (2)

Using the two equations, the averaged monthly drip
water temperatures of 15.7 £ 0.5°C, and a drip water
3'%0 mean of —6.90 & 0.03%, (10,,) in the Great Hall, the

Fig. 8. Morphological compositions of modern carbonate, deposited on glass plates, (A) MP1, (B) MP2, and (C) MP3. MP1 and MP2 are

mixtures of rhombus and acicula, while MP3 is pure calcite rhombus.
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calculated aragonite 8'%0 is from —6.8%, to —6.2%, (Eq.
(1); Kim et al., 2007) or from —6.6%, to —6.4%, (Eq. (2);
Patterson et al., 1993). The 5'0 values of active speleo-
thems (—6.60 + 0.189,; Section 4.4.2) and very young top
parts of stalagmites (—6.28%, for FR0510-1 and —6.38%,
for FRS) agree with the calculated values. It demonstrates
that the aragonite precipitates at oxygen isotopic equilib-
rium in Furong Cave.

Two morphologies formed on in situ glass plates (Fig. 8).
A mixture of 10-50-um acicula and rhombus is observable
on glass plates MP1 and MP2. On plate MP3, only rhom-
bohedral calcite with a 8'30 value of —6.85%, precipitated.
Using an oxygen isotope fractionations of 0.4-0.8%, be-
tween equilibrium aragonite-water and calcite-water sys-
tems (e.g., Tarutani et al., 1969; Patterson et al., 1993;
Kim et al., 2007), the derived possible aragonite 5'%0 is
from —6.459, to —6.05%,, which is consistent with the cal-
culated range and the measured values of top subsamples of
active speleothems. This agreement supports that Furong
Cave stalagmite grew at an oxygen isotopic equilibrium
condition.

4.7. Aragonite stalagmite 5'0

Oxygen data of waters and carbonates show that the
modern aragonite stalagmites have deposited at oxygen iso-
topic equilibrium in Furong Cave (Section 4.6). To care-
fully assess the ability of these stalagmites to serve as
paleoclimate archives, we need to consider the following
three important factors in more detail.

4.7.1. Mineral transformation

The first is the aragonite-to-calcite transformation,
which has been observed to occur as quickly as a couple
hundred years, with 99% replacement at 1.2 thousand years
ago, in Grotte de Clamouse, France (Frisia et al., 2002).
The in situ EBSD techniques show that the mineral compo-
sition is 100% aragonite for depth 5.2cm (1.4ka) of
FRO0510-1 and for the depths of 11 cm (11.3ka), 12cm

(12.1ka), and 22cm (16.1 ka) of FRS5, and with only
0.013% intrusive calcite at the depth of 22 cm (Fig. 5).
The absence of an aragonite-to-calcite transformation indi-
cates that no post-depositional recrystallization took place
on FRS over the past 16 thousand years.

4.7.2. Hendy Test

The second factor is the well-known Hendy Test (Hen-
dy, 1971) (Fig. 9). Despite 5'*C values vary from 0.7%, to
1.3%, for coeval subsamples on five selected layers of stalag-
mite FR5 (Fig. 9A), only a small 3'%0 variation of +0.11-
0.199, for different fabrics on individual horizons (Fig. 9B)
is observed. There is no relationship between §'%0 and §'°C
values (Fig. 9C). Combined with the water-active speleo-
them data (see Section 4.4.2), the evidences indicate that
the stalagmite formed under oxygen isotopic equilibrium
conditions.

4.7.3. Comparison of Chinese stalagmite 5'$O records

The third factor is the contemporaneity of stalagmite
3'%0 records from different settings (e.g., Wang et al.,
2001, 2008), which has been emphasized in review articles
(e.g., Fairchild et al., 2006; Lachniet, 2009). The FRS
3'%0 values range from —3.8%, to —8.5%, between 16 and
6 kyr BP. The FR5 §'%0 record has a sharp decrease of
3.5%, over the EAM Termination I and an %0 enrichment
of 29/, at the Younger Dryas (YD) (Fig. 10). The amplitude
and timing of the 8'30 changes in records of FR5, Hulu
H82/YT (Wang et al., 2001), and Dongge D4 (Yuan
et al., 2004; Dykoski et al., 2005) are not significantly differ-
ent within dating errors. Synchroneity of these climate
events between cave records indicate that the FR5 §'%0 re-
cord expresses regional-scale conditions.

Shifts of Chinese cave §'%0 data have been considered to
be changes in the ratio of summer to winter precipitation
(Wang et al., 2001) or simplified to reflect summer precipi-
tation and relate to summer EAM variability (Yuan et al.,
2004; Wang et al., 2008; Cheng et al., 2009). In addition to
the cave hydrological condition (Fairchild et al., 2006;
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FR5, (B) Hulu H82/YT (Wang et al., 2001), and (C) Dongge D4
(Yuan et al., 2004; Dykoski et al., 2005) during 16-6 kyr BP. >°Th
ages and 2¢ errors are color-coded by stalagmite. Hulu ***Th dates
are from Wang et al. (2004b). Shaded bands represent cold periods
in Greenland, Heinrich stadial 1 (HS1, 17.5-14.5 kyr BP, Broecker
and Barker, 2007) and YD. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version
of this article.)

Lachniet, 2009), the speleothem 3'®0 in the Chinese EAM
region is attributed to changes of sea surface temperature
and marine oxygen isotopic composition (Wang et al.,
2008), shifts of moisture sources (Maher, 2008) and rainfall
patterns (Cheng et al., 2009), and isotopic fractionation
associated with atmospheric transport (Wei and Lin,
1994). This precipitation proxy has thus been adopted as
a qualitative index of summer EAM intensity (after Wang
et al., 2001). The consistency of three cave records from
central (Furong), eastern (Hulu) and southern (Dongge)
China supports the inferred EAM variability, with an orb-
itally-controlled long-term trend punctuated by millennial-
scale events, such as Weak Monsoon Intervals (Cheng
et al., 2009) and Chinese interstadials (Wang et al., 2001).
These were driven primarily by high-latitudinal forcings
in the Northern Hemisphere (e.g., Wang et al., 2001; Cheng
et al., 2009). However, the decoupling of intensified summer
EAM (Fig. 10) and decreasing temperatures in Greenland
(Steffensen et al., 2008) during the Belling—Allered (BA)
could have resulted from an interhemispheric bipolar see-
saw mechanism. A strengthened winter Australian mon-
soon would enhance cross-equatorial moisture and heat
transport from low latitudinal oceans to the northern hemi-
sphere, which induced the strong summer EAM during the
BA (An, 2000; Shen et al., 2010).

4.7.4. Discrepancy of a weak inferred summer EAM at
14.0 kyr BP between Chinese cave records

Although the general consistency of Chinese cave-in-
ferred climate sequences between Chinese cave &0
(Fig. 10), there is one notable exception at 14.0 kyr BP. A
130-yr weak summer EAM in the Furong FRS5 record is
aligned with the 120-yr Older Dryas (OD) event in Green-
land ice cores in timing and duration (Fig. 11). This event
is also concurrently shown in Yamen Cave, Guizhou Prov-
ince, China (Yang et al., 2010). However, this weak summer
EAM lasted 230 yrs at 14.2 kyr BP in the Hulu H82 record,
which is asynchronous with the event in Furong Cave, Ya-
men Cave, and Greenland NGRIP ice-core 80 records
(Fig. 11). This +200-yr discrepancy indicates almost no per-
fect stalagmite age models due to variable deposition rates
and limited absolute-dated layers, which should be consid-
ered for comparison of cave proxy records and also
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Fig. 11. Comparison of proxy records from Greenland and
Chinese caves during 15.6-13.5 kyr BP. (A) Greenland NGRIP
ice core 8'%0 record [GICCO5 timescale (NGRIP, 2006)]. The error
bars indicate 20 age uncertainties at the t-BA and the onset of OD.
Shaded bands represent t-BA and OD. (B) Furong aragonite
stalagmite FR5 5'%0. (C) §'%0 records of Hulu calcite stalagmites
H82 and YT (Wang et al., 2001) with updated >**Th dates (Wang
et al, 2004b). 2°Th ages and 20 errors are color-coded by
stalagmite. Gray shaded bands denote the weak EAM in Furong
and Hulu Caves. Dark shaded bands represent individual 2¢ age
uncertainties of the t-BA (see text). (For interpretation of the
references to color in this figure legend, the reader is referred to the
web version of this article.)
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between different natural archives. Another possibility is
the climatic responses could be spatially asynchronous in
mainland China.

4.7.5. Advantages of high precision and resolution

The ppm uranium levels in Furong aragonite stalagmite
allow for precise 2*°Th dating, producing tight temporal
constraints on the timing and duration of climatic events.
The timing of the transition into the BA (t-BA) at Termina-
tion I is 14,645+ 60 yr BP according to Hulu records
(Fig. 11), a figure which was estimated using annual band
counting and **°Th dates on 1-1.5 g of powdered subsam-
ples from 2-mm width horizons of stalagmite YT (Wang
et al., 2001). The *°Th age, 14,563 & 71 yr BP, at a depth
of 2.6 mm on stalagmite YT with a U content of 108 ppb
(Wang et al.,, 2001), covers a wide time interval of
170 yrs, estimated with a growth rate of 0.012 mm/yr be-
tween depths of 1.6-3.4 mm (14,489-14,639 yr BP; Wang
et al., 2001). In Furong Cave, t-BA can be determined di-
rectly at 14,588 + 29 yr BP from 53 mg carbonate with high
U content (5.2 ppm). The sample for this measurement was
drilled from a narrow 1-mm horizon and corresponds to
only 48 yrs of deposition.

5. CONCLUSIONS

Two-year observations of 5'%0 and §'*C-DIC dynamics
in water samples in the Furong Cave are characterized by
three features. (1) The infiltrating rainwater was homoge-
nized with a residence time longer than 1 yr in the upper
300-500-m vadose zone. (2) Monthly variability of cave
water 8'%0 was repressed and drip water 5'0 represents
the weighted average 5'0 values of regional precipitation.
(3) With the evidence of 19-month cave air CO, records, the
seasonal 8'*C-DIC variations of 5-7%, in the pool water
and of 2-39/, in drip water could be attributed to seasonal
soil CO, production and a kinetic degassing processes. Ac-
tive speleothems show the aragonite deposition at oxygen
isotopic equilibrium; while complicated carbon isotopic
fractionation is observed. Our systematic hydrological
and cave monitoring program first demonstrate the climatic
applicability of aragonite stalagmite 5'%0. The coherent
stalagmite oxygen isotope variations in Furong, Hulu and
Dongge Caves at the t-BA and during the YD offer the di-
rect robustness of paleoclimatic interpretation for Chinese
cave 8'%0 records in the EAM province. However, the
200-yr discrepancy of a weak summer EAM at 14.0 kyr
BP between Hulu and other Chinese caves may result from
different regional hydrological conditions or chronological
uncertainty of stalagmite proxy time series with limited dat-
ing points and variable growth rates. Clearly, ppm-U-level
aragonite stalagmites from Furong Cave can offer precise
chronological control for inferred climatic/environmental
events and further understanding the timing of dynamical
forcings responsible for past climate variability.
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