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A low-resolution strontium isotopic ratio (87Sr/86Sr) record coupled with a high-resolution Sr concentration
profile covering the last deglacial period were obtained for a stalagmite, SJ3, collected from Songjia Cave,
northeast Sichuan province, Central China. Both Sr and 87Sr/86Sr display significant variations during the
period between 20 and 10 ka, which correlate well with oxygen isotope records from Greenland ice cores
and speleothems in the East Asian summer monsoon regime, with higher Sr and more radiogenic 87Sr/86Sr
values occurring during cold-dry climatic phases and vice versa. The Sr in SJ3 shows a negative linear
relationship between 87Sr/86Sr and 1/Sr, suggesting the binary mixing of two end-members, the host rock of
Late Permian limestone with a relatively lower 87Sr/86Sr ratio (∼0.7071) and an exotic Sr source with a
relatively radiogenic 87Sr/86Sr ratio (∼0.7109 deduced from the 87Sr/86Sr-1/Sr correlation). Atmospheric dust
activity was suggested to be the most probable factor influencing the two indices. Because the carbonate
fraction in wind-blown dust is enriched in Sr and has a more radiogenic 87Sr/86Sr ratio, enhanced
atmospheric dust activity under stronger Asian winter monsoon which is associated with cold-dry climate
would lead to higher Sr concentrations and more radiogenic 87Sr/86Sr ratios in SJ3 and vice versa. This
interpretation is supported by the general parallelism of the two Sr indices to winter monsoon proxy from
East Asia such as the dust flux and quartz median diameter in Luochuan loess profile during the same period.
This study suggests that the speleothem 87Sr/86Sr ratio and Sr concentration, especially the former in
northeastern Sichuan Province can be used to investigate the atmospheric dust activity and Asian winter
monsoon.
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1. Introduction

In areas intensively influenced by the East Asian summermonsoon
(EASM), speleothem-derived stable oxygen isotope (δ18O) records
have been widely and successfully used to reconstruct summer
monsoon intensity and amount of precipitation (Wang et al., 2001;
Zhao et al., 2003; Yuan et al., 2004; Dykoski et al., 2005; Wang et al.,
2008;Hu et al., 2008; Zhou et al., 2008a,b).Meanwhile, however,much
less attention has been paid to other proxies such as annual layer
thickness of stalagmite, trace elements and uranium and strontium
isotopic compositions (234U/238U and 87Sr/86Sr) (e.g., Fairchild et al.,
2006a). These proxies, especially trace elements such as magnesium
(Mg), strontium (Sr) and barium (Ba) have been demonstrated to be
appropriate andwere often used for reconstruction of past climate and
environment (Goede et al., 1998; Roberts et al., 1998, 1999; Fairchild
et al., 2001; Huang et al., 2001; Baldini et al., 2002; Ma et al., 2003;
Treble et al., 2003; Li et al., 2005a; Cruz et al., 2007). In the EASM
regime, only a few attempts have been made to investigate past
climate and environment using speleothem-derived trace element
records (Ma et al., 2003; Hu et al., 2005; Li et al., 2005a; Johnson et al.,
2006; Zhou et al., 2008c,d). For example, Li et al. (2005a) reported a
long-term record of Sr/Ca ratio butwith a relatively low resolution. The
trace metal records reported by Johnson et al. (2006) had a high
resolution but covered a very short period, less than 20 years, and thus
cannot inform us how these trace metals behave duringmajor climate
shifts such as glacial–interglacial transition in the EASM regime.

In this paper, a high-resolution long-term Sr record is recovered
from a stalagmite SJ3 collected from central China. This stalagmite
was developed during the late Pleistocene from 38 to 10 ka and its
stable isotopes (δ18O and δ13C) and rare earth elements have been
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reported previously (Zhou et al., 2008a,c,d). For comparison, the Mg
and Ba records for SJ3 are presented as well.

In addition to trace elements, 87Sr/86Sr data for SJ3 are also
reported in this paper. Until now, only a few speleothem 87Sr/86Sr
records have been reported (Banner et al., 1996; Goede et al., 1998;
Ayalon et al., 1999; Bar-Matthews et al., 1999; Verheyden et al., 2000;
Frumkin and Stein, 2004; Li et al., 2005a), which could be mainly due
to the high cost for 87Sr/86Sr measurement. Speleothem 87Sr/86Sr ratio
directly records the Sr isotopic composition of cave water and its
Fig. 1. Location of Songjia Cave [the star in (A)]. The cave is on the south flank of Qinling Mou
northwest China; the hatched area is the Tibet Plateau; the thick dashed line indicates the no
ofwintermonsoon and dust transportation. 1-Buddha Cave (Li et al., 2005a). 2-Sanbao Cave
5-Dongge Cave (Yuan et al., 2004). 6-the Luochuan loess profile (Xiao et al., 1995). 7. Jing
variations reflect changes in relative contribution of various Sr sources
that have different 87Sr/86Sr signatures (Faure and Mensing, 2005).
One of the most important Sr sources for speleothem is the host rock
(Banner et al., 1996; Goede et al., 1998; Ayalon et al., 1999; Bar-
Matthews et al., 1999; Verheyden et al., 2000; Frumkin and Stein,
2004; Li et al., 2005a). Other significant sources include overlying soil
layer, wind-blown dust and sea spray. In particular, previous studies
suggested that speleothem 87Sr/86Sr variations might be related to
atmospheric dust activity (Ayalon et al., 1999; Bar-Matthews et al.,
ntain Ranges. In (A), the shaded area is the Loess Plateau; the dotted areas are deserts in
rthwestern limit of the East Asian summer monsoon; the dashed arrows indicate routes
(Wang et al., 2008). 3-Heshang cave (Hu et al., 2005). 4-Hulu cave (Wang et al., 2001).
dong Cave in North China (Ma et al., 2003).



Fig. 2.Monthly mean temperature (T) (bars) and precipitation (P) (curves) at Bazhong
(1952–1980) (A) and Wanyuan (1952–1980) (B), two meteorological stations closest
to our study site (Fig. 1B). Data source: http://www.naturalresources.csdb.cn/newzrzy/
gxzai1.asp.
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1999; Goede et al., 1998; Verheyden et al., 2000; Frumkin and Stein,
2004). Central China is on the main dust trajectory (Ginoux et al.,
2001) and the Loess Plateau,which is a depocenter ofwind-blowndust
and deposits the thickest aeolian sediments in the world during
Quaternary (Liu, 1985), is close to the study site (Fig. 1). Would the
signal for past dust activity leave any imprint in speleothem 87Sr/86Sr
record recovered from this area? This question arouses our interest in
exploring the 87Sr/86Sr record of SJ3 and its paleoclimatic implications.

The main objectives for this study are (1) to investigate whether
and how the speleothem-derived 87Sr/86Sr ratio and high-resolution
Sr record are correlated with past climate and environment in the
EASM regime during the great climate shift associated with the last
deglaciation, and (2) to clarify whether Sr and 87Sr/86Sr bear
information about past climate and environment that may not be
revealed in speleothem δ18O record, as the latter was related almost
exclusively to the EASM strength and amount of associated precip-
itation (Wang et al., 2001; Zhao et al., 2003; Yuan et al., 2004; Dykoski
et al., 2005; Wang et al., 2008; Zhou et al., 2008a,b). In particular,
whether Sr and 87Sr/86Sr could provide information about dust
activity which is associated with winter monsoon variations? If yes,
the combination of trace elements, 87Sr/86Sr, and the commonly used
δ18O and δ13C would enable us to obtain a more comprehensive
reconstruction of past climate and environment in the EASM regime.

2. Geological backgrounds and sample description

Stalagmite SJ3, 12.6-centimeter in length, was collected in 2004
from Songjia Cave in northeastern Sichuan Province, central China
(107°10′45″E, 32°24′46″N) (Fig. 1). A detailed description of SJ3 and
its geological backgrounds was given in Zhou et al. (2008a). In brief,
Songjia cave, which is hosted in the Late Permian limestone (Bureau
of Geology and Mineral Resources of Sichuan Province, 1991), is
located in the south flank of the Qinling Mountain and is close to the
Loess Plateau (Fig. 1). This site experiences a typical summer
monsoon climate at present with an annual mean temperature of
∼15 °C and an annual mean precipitation between 1000–1200 mm
(Sinomaps Press, 1984). The highest temperature occurs during the
summer season and most of the precipitation falls from May to
October (Fig. 2). The site is also significantly influenced by the Asian
winter monsoon at present and atmospheric dust activity is intensive
during the winter season. Aeolian sediments are distributed sparsely
in this area (Lei et al., 1998; Fang et al., 1999), suggesting that
atmospheric dust activity was intensive as early as in Middle
Pleistocene. Aeolian sediments are also the dominant source for
local soil. The overlying soil layer on the limestone is usually less than
30 cm or absent in places. Local vegetation consists mainly of trees
including pine, cypress and some deciduous broadleaf species.

On the exposed lengthwise cut surface of SJ3, a growth hiatus is
apparent at depth of ∼84 mm from its top (Fig. 3). Mg, Sr and Ba and
87Sr/86Sr ratio were determined for the part above the hiatus,
corresponding to the time period from 20 to 10 ka. In general, the
upper part of SJ3 (above the depth of ∼40 mm) looks relatively
pigmented compared with the section between the depths of 84 and
40 mm which seems to be relatively “clean” (Fig. 3). In particular, the
top 6 mm of SJ3 is porous and rich in detrital materials (Zhou et al.,
2008a), indicating several growth hiatuses (Figs. 3 and 4).

3. Methods

3.1. 230Th dates and age model

Seven 230Th dates previously reported (Zhou et al., 2008a) indicate
that SJ3 developed between ∼38 and ∼10 ka and displays a nearly linear
growth rate above the hiatus at 84 mm. Additional 230Th dates, which
were determined at the High-precisionMass Spectrometry and Environ-
ment Change Laboratory (HISPEC) of the National Taiwan University
(Shen et al., 2002; Frohlich et al., 2009) and the Radiogenic Isotope
Laboratory of the University of Queensland (Table 1), however, indicate
that the growth rate of SJ3 changes notably above the hiatus (Fig. 3). The
dating method used in the University of Queensland was described in
detail in Zhao et al. (2001) and Zhou et al. (2008b). As to the procedure
used in the HISPEC, 238U level was calculated frommeasurement of 235U
and the assumed natural 238U/235U atomic ratio of 137.88 with 2-sigma
range of ±1‰ (e.g., Stirling et al., 2007; Weyer et al., 2008). The decay
constants used are 9.1577×10-6yr−1 for 230Th and 2.8263×10−6yr−1

for 234U (Cheng et al., 2000), and 1.55125×10−10yr−1 for 238U (Jaffey
et al., 1971). Age corrections were calculated using an initial 230Th/232Th
atomic ratio of 4±2 ppm; those are the values for a material at secular
equilibrium with the crustal Th/U atomic ratio of 3.8 (Taylor and
McLennan, 1985) with arbitrary uncertainty of 50%.

Analog to Zhou et al. (2008a), age model for SJ3 was established by
linear interpolation according to depth between adjacent dated points
except only for the layer at depth of 39 mm (Fig. 3). This is because the
point at 39 mmhas a 230Th date precision of±1.1 ka, 3–10 timesworse
than others due to ahigh 232Th level, anddisplays a small reversion if the
errors are not considered (Table 1). Although the growth rate of SJ3may
have changed during the period between 20 and 10 ka (Fig. 3), the
similarity of the overall trend of the SJ3 δ18O record to other speleothem
δ18O records from the EASM regime (Wang et al., 2001; Dykoski et al.,
2005; Wang et al., 2008) and the Greenland ice core δ18O record
(Grootes et al., 1993; Stuiver et al., 1995) suggests that the age model is
acceptable (Fig. 5). However, it must be emphasized that the agemodel
for the 10–15 ka period has an age uncertainty of around ±500 years
due tohigh levels of non-radiogenic 230Thcorrection as reflectedbyhigh
232Th (Table 1). In addition, the true age for the dirty porous section of
the top 6 mm may not be reliable due to the unsuitability of material
from this section for dating and obvious growth hiatuses in this section
(see Zhou et al., 2008a; Fig. 4).

http://www.naturalresources.csdb.cn/newzrzy/gxzai1.asp
http://www.naturalresources.csdb.cn/newzrzy/gxzai1.asp


Fig. 3. Stalagmite SJ3 and its revised age model. Vertical bars indicate age error for each age determination. The vertical dashed line indicates the hiatus at 84 mm depth from top. On
the image of SJ3, vertical black ellipses indicate the locations of 230Th dates, the rectangle on the top indicate the location of Fig. 4. Arrows indicate locations of growth hiatuses in the
dirty top of SJ3. Five previously reported 230Th dates above the hiatus suggest a nearly linear correlation between date and depth (Zhou et al., 2008a). Additional 230Th dates,
however, indicate that the growth rate of SJ3 changes notably above the hiatus. The revised age model was established by linear interpolation between dated points according to
depth from the top of SJ3 except the point at depth of 39 mm (see the text for explanation).

Fig. 4. Microscopic photos of the top dirt part of SJ3. The black arrows in (A) suggest
several growth hiatuses and detrital materials are apparent in (B).
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3.2. Sample collection

3.2.1. Sub-sampling of SJ3
Sub-samples from SJ3 for Mg, Sr and Ba measurement were

obtained in the same way as those for δ18O and δ13C analysis (Zhou
et al., 2008a), i.e. scraped with a scalpel along a thin slab previously
taken along the central growth axis. The spatial resolution for Mg, Sr
and Ba measurement is ∼0.5 mm and a total of 168 sub-samples
were analyzed with an average temporal resolution of ∼60 years.
Sub-samples for 87Sr/86Sr determination were also obtained along
the central growth axis using a micro-drill with a spatial resolution
of 2.5 mm. A total of 34 sub-samples were measured for 87Sr/86Sr
ratios.
3.2.2. Sampling of the host rock, overlying soil layer, waters and cave
sediments

In addition to stalagmite SJ3, the country rock hosting Songjia
Cave, overlying soil layer and waters associated with Songjia Cave and
cave sediments were also sampled. Three samples of the host rock of
Late Permian limestone were collected with a hammer. Four soil
samples were obtained from a soil profile above the cave, ∼40 cm in
depth and each represents a 10-cm interval. Three water samples
were collected, including two pool water samples from Songjia Cave
and a river water sample from the Nuoshuihe River which flows
through the study area (Fig. 1). Water sample was firstly put into a big
container (with a capacity of 5 L). After ∼4 hours of particle
settlement, ∼500 ml of water was transferred into a bottle (with a
capacity of 500 ml) and acidified to pH<2 immediately with doubly
distilled HNO3 before the sample was transported to laboratory for
geochemical analysis. Three cave sediment samples were collected on
the floor in the cave using a shovel. These sediments were wet and
loose and composed mostly of silicate materials. They would be
leached by Milli-Q water to provide additional information on the Sr
isotopic ratio of modern cave waters.
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3.3. Analytical methods

Mg, Sr and Ba concentrations and 87Sr/86Sr ratios of SJ3 were
obtained in the Radiogenic Isotope Laboratory, the University of
Queensland. For trace element analysis, 3–5 mg of carbonate powder
was dissolved in 2% nitric acid and diluted to between 1000 and 1200
times. Trace element measurement was performed on a Thermo X-
series ICP-MS following the method of Eggins et al. (1997) with
modifications as described in Li et al. (2005b) and 6Li, 115In, 187Re,
209Bi and 235U were used as internal standards. 87Sr/86Sr measure-
ment was conducted on a VG Sector-54 thermal ionization mass
spectrometer (TIMS) after Sr was separated following standard cation
exchange column procedures and standard SRM 987 was used for
external calibration. The Sr blanks with the resin are less than 50 pg
and at least four orders of magnitude lower than the sample Sr
(>1000 ng). A SRM 987 standard was run after every ten samples
were measured. Long-term repeated measurement of the SRM 987
standard on this machine yields a mean 87Sr/86Sr value of 0.710250±
0.000032 (2σ).

Soil samples were firstly crushed and gently ground. Then ∼5 g of
soil powder was put into a 50 ml centrifuge tube and about 25 ml of
Milli-Q water was added to extract soluble metals in the soils (Liu
et al., 2002a). After mixing evenly, the soil samples were ultrasoni-
cated for 10 min at room temperature, centrifuged and the decanted
solution was transferred into another pre-cleaned tube. Then 1%
acetic acid was used to release carbonate-bounded elements as was
adopted in leaching of loess and lacustrine sediments (Haskell et al.,
1996; Yang et al., 2000; Liu et al., 2002a). It was added by once ∼1 ml
until complete reaction of carbonates. Totally ∼5.5 g of 1% acetic acid
was added and was mixed evenly with the residue. After 15 min
further ultrasonication at room temperature, the mixture was
centrifuged and the decanted solution was transferred into a third
tube. The solutions leached consecutively with Milli-Q water and 1%
acetic acidweremeasured for trace elements and 87Sr/86Sr ratio at the
Earth Dynamic System Research Center (EDSRC) of the National
Cheng-Kung University (NCKU). Trace elements were analyzed using
a SF-ICP-MS (Element 2, Thermo Fisher Scientific) equipped with
dual-type quartz spray chamber and micro-concentric PFA nebulizer
(100 μm, ESI) as sample introduction system. 87Sr/86Sr ratios were
determined on a Finnigan Triton TIMS after Sr was separated. The
procedural blank of Sr is estimated to be ∼300 pg, negligible
compared with the amount of Sr analyzed which is usually greater
than 600 ng. Reference material SRM 987 was used for quality control
and a standard was run after every ten samples were measured. The
long term reproducibility for SRM 987 on this machine is 0.710276±
0.000010 (2σ).

Cave water and river water and host rock samples were measured
for Ca, Mg, Sr and Ba with a Varian Vista-PRO ICP-AES at Guangzhou
Institute of Geochemistry. Water samples were 10–15 times pre-
concentrated on hotplate before analysis. Preparation of cave
sediments is similar to that of soil samples, but cave sediments
were leached only with Milli-Q water and analyzed only for 87Sr/86Sr
ratio. The 87Sr/86Sr ratios of these leachates and the water and rock
samples were also measured at the EDSRC of NCKU.

4. Results

4.1. Sr and other elements

The Sr concentration of SJ3 is illustrated in Fig. 6a. It generally
ranges from 100 to 260 ppm with an average of ∼186 ppm and
displays significant centennial variations with the highest concentra-
tion of ∼290 ppm occurring at depth of ∼48 mm and the lowest value
of ∼100 ppm at depth of ∼7.5 mm from the top (Fig. 6a). With an
overall decreasing trend from 84 to ∼7 mm in depth, the Sr
concentration of SJ3 shows clear increase from ∼65 to 40 mm in



Fig. 5. Comparison of the δ18O records between SJ3 and other speleothem archives in the EASM regime and polar ice core from Northern high latitude. (a) The SJ3 δ18O record scaled
with the age model revised in Fig. 3. (b) The PD δ18O record fromHulu Cave in East China (Wang et al., 2001). (c) The SB3 δ18O record from Sanbao Cave in Central China (Wang et al.,
2008). (d) The D4 δ18O record from Dongge Cave in Southwest China (Yuan et al., 2004). (e) The GISP2 ice core δ18O record from Greenland (Grootes et al., 1993; Stuiver et al., 1995).
The gray areas indicate two cold-dry phases associated with the Heinrich event 1 (H1) and Young Dyras (YD). The hatched area indicates the top part of SJ3 that might not precipitate
under isotopic equilibrium (Zhou et al., 2008a). It is worthwhile to note that the SJ3 chronology for the period of 10–15 ka has a 2-sigma uncertainty of ∼500 years. See Fig. 1 for
locations of the caves in the EASM regime mentioned in text.

238 H. Zhou et al. / Chemical Geology 268 (2009) 233–247
depth (Fig. 6a). For the top dirty part of SJ3, the Sr concentration
shows a remarkable increase from ∼110 ppm to ∼200 ppm (Fig. 6a).
Mg in SJ3 ranges from ∼3200 to 9200 ppm and averages ∼4900 ppm
(Fig. 6b) while Ba in SJ3 ranges from 24 to 80 ppm and averages
∼37 ppm (Fig. 6c). The general trend of Ba is parallel to the Sr record,
but both are notably different from the Mg record (Figs. 6a–c and 7).

Ca in the three water samples ranges from 31.6 to 48.7 ppm, while
the ranges for Mg, Sr and Ba are 6.9–11.0 ppm, 91.9–110 ppb and
11.1–23.8 ppb, respectively (Table 2). Also listed in Table 2 are the
ratios of Mg/Ca, Sr/Ca and Ba/Ca for the host rock.

Ca, Mg, Sr, Ba, Al, Na, Mn and B leached consecutively from the soil
samples by Milli-Q water and 1% acetic acid are listed in Table 3. It is
clear thatmore Ca andMgwere leached out, either byMilli-Qwater or
by 1% acetic acid, compared to those reported in Li et al. (2005a). This
may be due to difference in geological background and/or climate of
the two sites. For example, the overlying soil layer and related loess
deposits are 6–8 m thick at Zhen'an (Li et al., 2005a), but usually
<30 cm at Songjia cave; annual precipitation at the study site is 1000
to 1200 mm (Fig. 2), much higher than ∼560 mm at Zhen'an (Li et al.,
2005a). The Ca, Mg, Sr and Ba leached out by 1% acetic acid are several
times higher than those by Milli-Q water. This is consistent with the
report by Liu et al. (2002a). Mg, Sr and Ba seem to be more easily
leached by 1% acetic acid compared with Ca, leading to relatively
higher Sr/Ca, Mg/Ca and Ba/Ca ratios in the 1% acetic acid leachate. Ca,
Mg and Sr leached by 1% acetic acid from the lowest soil sample SJ-SI-
Soil-4 are remarkably higher than leached from the above three soil
samples (Table 3), which may be due to incorporation of small grains
of limestone bedrock.

4.2. 87Sr/86Sr ratios

As illustrated in Fig. 6d, the 87Sr/86Sr ratios of SJ3 fall between
0.7085 and 0.7102 and average 0.7099. The highest 87Sr/86Sr ratio
occurred at depth of 40 mm and the lowest at 2.5 mm. The top three
87Sr/86Sr ratios, which are from the top 6 mm porous and dirty part of
uncertainty age (see Zhou et al., 2008a), are remarkably lower than



Fig. 6. The Sr (a), Mg (b), Ba (c) and 87Sr/86Sr ratio (d–e) records of SJ3. The solid line in (a), (b) and (c) represents a five-point running average trend of the data. Panel (e) is an
enlargement of (d) for clarity. The values of average 87Sr/86Sr ratio of the host rock, cave water and soil leachate (by Milli-Q water) are shown on panel (e) for comparison.
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the rest ratios; however, the remaining 87Sr/86Sr values still display
significant variation (Fig. 6d). The 87Sr/86Sr ratio started with a
decreasing trend from 0.7101 at depth of 82.5 mm to 0.7099 at
67.5 mm. Then it increased slightly until it reached a plateau of
around 0.7101 at 60 mm. The plateau continued to the depth of
35 mm, and thereafter, the 87Sr/86Sr ratio decreased quickly and
reached a value of 0.7095 at depth of 7.5 mm.

The 87Sr/86Sr data of the host rock, the cave and river waters, and
leachates from overlying soil layer (leached by Milli-Q water and 1%
acetic acid) and cave sediments (leached by Milli-Q water) are listed
in Table 4. The 87Sr/86Sr ratios of the host rock have a narrow range
from 0.7070 to 0.7072 and average ∼0.7071, in line with the low
87Sr/86Sr ratio of seawater during the Late Permian (Burke et al.,
1982; Hodell, 1994). The 87Sr/86Sr ratios of the leachates from soil
samples fall between 0.7115 and 0.7121 with an average of 0.7118,
consistent with the top 87Sr/86Sr ratio of carbonates from the
Heimugou section at Luochuan in the Loess Plateau (Yang et al.,
2000). In particular, for three of the four overlying soil samples,
leachates by Milli-Q water have a little higher 87Sr/86Sr ratio than
the subsequent leachates by 1% acetic acid. Two cave waters have
87Sr/86Sr ratios of 0.7084 and 0.7087, respectively, which are
between the 87Sr/86Sr ratios of the host rock and the leachates
from the overlying soil layer, suggesting that the Sr in cave water
may be a mixture of Sr from the two sources. River water has a
higher 87Sr/86Sr ratio than the cave waters have, implying Sr
contributions from multiple, predominantly more radiogenic Sr
source(s) in the catchment. Leachates from cave sediments are a
little more radiogenic than cave waters (Table 4).



Fig. 7. Correlations among Mg, Sr and Ba of SJ3 for the period between 20 and 10 ka.
(A) Sr–Mg; (B) Ba–Mg; (C) Ba–Sr.

Table 2
Ca, Mg, Sr and Ba in water samples (including cave water and river water) and host rock s

Sample ID Locus Sample type Ca
(ppm)

Mg
(ppm

SJDO Songjia Cave Pool water 48.7 11.0
SJDE Songjia Cave Pool water 37.1 9.4
RW Nuoshuihe River River water 31.6 6.9
LF-SZ-R Limestone
SZ-R-in Limestone
SI-SJ-R Limestone
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5. Discussion

5.1. Association of Sr and 87Sr/86Sr ratio with past climate

Whether and how the significant variations of SJ3 Sr concentra-
tions and 87Sr/86Sr ratios (Fig. 6a, d–e) are associated with changes in
past climate and environment as is found in previous investigations
(Banner et al., 1996; Goede et al., 1998; Ayalon et al., 1999; Bar-
Matthews et al., 1999; Verheyden et al., 2000; Ma et al., 2003;
Frumkin and Stein, 2004; Li et al., 2005a)? In Fig. 8 we compare the Sr
concentrations and 87Sr/86Sr ratios of SJ3 with δ18O records from the
same stalagmite (Zhou et al., 2008a) and stalagmite PD from Hulu
Cave in East China (Wang et al., 2001), and the Greenland ice core
GISP2 (Grootes et al., 1993; Stuiver et al., 1995). The Mg and Ba
records for SJ3 are also shown for comparison. The general trends of
four curves, including the Sr concentrations and 87Sr/86Sr ratios of SJ3
and two speleothem δ18O records, are similar, suggesting that the two
Sr proxies are probably climatically related. Both Sr and 87Sr/86Sr
display peak values during the coldest climatic phase of H1 and
decreased notably after the transition to the Bϕlling–Allerϕd (B/A)
warm period. It may be noted that during the top part of SJ3 the Sr
concentration increases significantly from ∼110 ppm to ∼200 ppm
(Figs. 6a and 8c), while the 87Sr/86Sr ratio displays an opposite trend,
decreasing significantly from ∼0.7095 to 0.7086. As suggested in
another paper (Zhou et al., 2008a), this part may not have been
deposited under isotopic equilibrium condition. Several growth
hiatuses and obvious detrital grains (Fig. 4) indicate that this part of
SJ3 may have developed after the flow path for SJ3 was changed and
when SJ3 was occasionally fed by dripwater during rainfall extremes
(Zhou et al., 2008a). The duration of the growth hiatuses in the top
∼6 mm (Fig. 4) is unknown and it is unclear whether this top section
grew in the early Holocene or much more recently, when the
hydrology had significantly changed. Two 87Sr/86Sr ratios at depths
of 2.5 and 5.0 mmmay be obtained on growth hiatuses. Multi-proxies
including δ18O and δ13C (Zhou et al., 2008a), trace elements such as
Sr, Mg, Ba (Fig. 8) and petrographic structure (Fig. 4) imply that
precipitation of calcite in this part may be caused mainly by
evaporation between individual intensive percolations of groundwa-
ter resulted from rainfall extremes, leading to a significant increase in
the concentration of Sr, Mg and Ba (Figs. 6 and 8) and a remarkable
positive shift of δ18O and δ13C (see Fig. 4 in Zhou et al., 2008a).
Associated decrease of 1/Sr due to evaporation may also be
responsible for the excursion of the two 87Sr/86Sr ratios at depths of
2.5 and 5.0 mm from the negative linear 87Sr/86Sr-1/Sr correlation as
indicated in Fig. 7.

The Ba record displays a trend somehow parallel to the Sr record
(Figs. 6 and 8). This parallelism was also revealed by some previous
studies (Ayalon et al., 1999; Finch et al., 2001; Hellstrom and
McCulloch, 2000; Roberts et al., 1998). Unlike Ba, Mg in SJ3 displays
a trend very different from Sr (Figs. 6 and 8). A striking character of
the Mg record is that it does not show any evident imprint of the H1
cold phase (Fig. 8g), which is well expressed in the δ18O and δ13C
records (Zhou et al., 2008a) and the Sr concentrations and 87Sr/86Sr
ratios (Fig. 8) of the same stalagmite, as well as in other climatic
amples associated with Songjia Cave.

)
Sr
(ppb)

Ba
(ppb)

Sr/Ca
(×10−3)

Mg/Ca Ba/Ca
(×10−3)

91.9 15.4 1.89 0.226 0.316
110 11.1 2.98 0.253 0.299
108 23.8 3.40 0.218 0.753

0.808 0.015 0.003
0.824 0.008 0.002
1.14 0.012 0.003



Table 3
Trace elements in the overlying soil layer leached sequentially with Milli-Q water and 1% acetic acid.

Sample ID Depth
(cm)

Leachate with Milli-Q water

Ca
(ppm)

Mg
(ppm)

Sr
(ppb)

Ba
(ppb)

Al
(ppb)

Mn
(ppb)

Na
(ppb)

B
(ppb)

Sr/Ca
(×10−3)

Mg/Ca Ba/Ca
(×10−3)

SJ-SI-Soil-1 0–10 132 19.8 62.7 46.4 825 4.74 89.4 48.9 0.475 0.150 0.352
SJ-SI-Soil-2 10–20 153 19.6 65.9 48.8 422 4.00 95.9 85.4 0.431 0.128 0.319
SJ-SI-Soil-3 20–30 99.4 12.0 41.4 33.5 752 4.16 93.5 23.5 0.416 0.121 0.337
SJ-SI-Soil-4 30–40 194 18.9 74.6 42.9 292 3.66 111.3 14.0 0.385 0.097 0.221

Sample ID Leachate with 1% acetic acid

Ca
(ppm)

Mg
(ppm)

Sr
(ppb)

Ba
(ppb)

Al
(ppb)

Mn
(ppb)

Na
(ppb)

B
(ppb)

Sr/Ca
(×10−3)

Mg/Ca Ba/Ca
(×10−3)

SJ-SI-Soil-1 460 80.6 332 529 531 923 38.6 43.4 0.722 0.175 1.15
SJ-SI-Soil-2 508 80.8 323 520 630 1895 42.4 36.8 0.636 0.159 1.02
SJ-SI-Soil-3 491 66.2 314 512 619 4199 50.8 25.4 0.640 0.135 1.04
SJ-SI-Soil-4 1696 116 552 485 25.8 178 41.9 8.99 0.325 0.068 0.286

Concentration of trace element was reported relative to bulk dry soil sample.
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proxies from East Asia (Ren et al., 1996; Wang et al., 2001; Dykoski
et al., 2005). Like Sr, both Ba and Mg show a significant increase in the
top dirty section of SJ3 (Figs. 6 and 8f–g), which may be due to
aforementioned evaporation of dripwater between individual inten-
sive percolations of groundwater.

In the study of stalagmite SFL from Buddha Cave at Zhen'an in
southern Shanxi Province, Central China (about 200 km northeast of
Songjia Cave, Fig. 1), Li et al. (2005a) found that most of the Sr in SFL
came from the overlying soil layer and that higher 87Sr/86Sr ratios
occurred under relatively warm-humid climate. They suggested that
87Sr/86Sr ratios were dominated by Sr released in chemical weather-
ing of the soil and that increasing chemical weathering of the soil
under relatively warm-humid climate was responsible for the relatively
higher 87Sr/86Sr ratios in SFL. The association of speleothem 87Sr/86Sr
ratio with climatic phase recorded in SJ3, with higher 87Sr/86Sr ratio
corresponding to colder and drier climate (Fig. 8), is opposite to what
documented in SFL (see Fig. 7 in Li et al., 2005a). This may be due to
aforementioned differences in their local soil layers and climates (see
Table 4
87Sr/86Sr ratios of the Late Permian limestone, leachates of the overlying soil layer and
cave sediments, river water and cave waters.

Sample ID Sample Type 87Sr/86Sr Within-run error (2σm, ×10−6)

LF-SZ-R Limestone 0.707127 8
SZ-R-in Limestone 0.707000 9
SI-SJ-R Limestone 0.707212 12
Average 0.707113
RW River water 0.709580 8
SJDE Cave water 0.708428 7
SJDO Cave water 0.708661 11
average 0.708545
SJ-en-in Cave sediments 0.709005 46
SJ-en-out Cave sediments 0.708931 27
SJ-en-outc Cave sediments 0.708857 31
Average 0.708931
SJ-SI-soil-1 Soil 0.711562 7

(0.711528) (7)
SJ-SI-soil-2 Soil 0.711666 13

(0.711670) (6)
SJ-SI-soil-3 Soil 0.712080

(0.711949)
10
(7)

SJ-SI-soil-4 Soil 0.712019
(0.711887)

11
(7)

average 0.711832
(0.711759)

Note: (1) The long term reproducibility for standard NBS 987 on the TIMS at EDSRC of
NCKU is 0.710276±0.000010 (2σ). (2) The data in parentheses represent solution
leached by 1% acetic acid, while the others represent solution leached by Milli-Q water.
Section4.1).Weatheringprofile (withmore radiogenic 87Sr)might have
made a much higher Sr contribution to stalagmite SFL than to SJ3. In
addition, leaching of the overlying soil layer by precipitation should be
more effectiveat the study site thanatZhen'anandvariationof Sr supply
directly from atmospheric dust activity should be more sensitively
recorded in the 87Sr/86Sr ratio of SJ3.

The Young Dryas (YD) cold reversal was not evident in the 87Sr/
86Sr variations (Fig. 8d). This may be due to insufficient sampling
resolution and a much larger uncertainty in our U/Th dates for the YD
period, or alternatively a different mechanism operating during the
YD period. In the Western Pacific and East Asia, whether the YD
cooling event has been ubiquitously registered is still in debate (see
literature reviewed in Zhou et al., 2007). The Sr record, however,
seems to show aweak YD signal where a YD-like event was previously
suggested by Zhou et al. (2008a) (Fig. 8c). A detailed comparison
between the SJ3 Sr record and the GISP2 δ18O record (Grootes et al.,
1993; Stuiver et al., 1995) indicates that five centennial cold events
during the B/A warm period and the YD cold reversal in the polar
region seem to correlate well with the Sr record within age errors
(Fig. 8b–c).

5.2. Sources of Sr

Possible sources for Sr in speleothems include the host rock, the
overlying soil layer and some other potential sources such as
atmospheric dust and sea spray (Nakano et al., 1993; Banner et al.,
1996; Goede et al., 1998; Ayalon et al., 1999; Bar-Matthews et al.,
1999; Verheyden et al., 2000; Frumkin and Stein, 2004; Richter et al.,
2004; Hu et al., 2005; Li et al., 2005a). At the study site, Sr contribution
from sea spray should be negligible because Songjia Cave is far away
from coastline (>1000 km, Fig. 1); whereas atmospheric dust activity
is intensive during the winter season. As at nearby Zhen'an, aeolian
sediments are the sources for the overlying soil layer (Li et al, 2005a).
Thus Sr in SJ3 can be regarded to come from two sources, the host rock
(Late Permian limestone) and wind-blown dust, the latter being
abundant in the Qinling Mountain since the Middle Pleistocene (Lei
et al., 1998; Fang et al., 1999) and its carbonate fraction having much
higher Sr concentration (>1000 ppm) and more radiogenic 87Sr/86Sr
ratio (∼0.710) compared with the host rock (Gallet et al., 1996; Yang
et al., 2000; Jahnet al., 2001; Table 4). This is supported by the 87Sr/86Sr
ratios of SJ3 which fall between the host rock and the leachates of the
overlying soil layer (Table 4).

The aeolian sediments in central China are composed mostly of
silicate minerals but also contain some carbonates (Wen et al., 1989;
Gallet et al., 1996; Yang et al., 2000; Jahn et al., 2001). The carbonate
fraction is more removable under natural weathering than the silicate



Fig. 8. Comparison of the Sr concentration (c) and 87Sr/86Sr ratio (d) variations of SJ3 with the speleothem δ18O records of the same stalagmite (SJ3) (Zhou et al., 2008a) (e) and PD
from Hulu cave in East China (Wang et al., 2001) (a), and the polar ice core δ18O record (Grootes et al., 1993; Stuiver et al., 1995) (b). Also shown are the Ba (f) and Mg (g) records of
SJ3. The solid line in (c), (f) and (g) represents a three-point running average trend of the data. The longer light grey bars indicate the two cold phases of the Younger Dyras and H1
events. The five shorter grey bars marked with 1–5 indicate small Sr peaks corresponding to five centennial cold events in the polar ice core during the B/A warm period and the YD
cold reversal.
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minerals. Previous investigations suggest that the carbonate fraction
usuallyhas a Sr concentration of>1000 ppm,muchhigher than thoseof
the silicate fraction of the aeolian sediments (∼100 ppm, seeGallet et al.,
1996 and Jahn et al., 2001) and marine carbonate rocks such as
limestone (e.g. ∼100–300 ppm in Nothdurft et al., 2004; Table 2). The
following evidence suggests that the carbonate fraction, rather than all
the minerals in the aeolian sediments is one of the main sources for Sr
incorporated into SJ3. (1) The 87Sr/86Sr ratios of the leachate from the
overlying soil layer is very close to the 87Sr/86Sr ratio of the carbonate
fraction of the aeolian sediments in the top of the Luochuan loess-
paleosol series (Yang et al., 2000); (2) Except two 87Sr/86Sr ratios in the
top dirty part of SJ3, the 87Sr/86Sr ratio and the reciprocal of the Sr
concentration (1/Sr) of SJ3 showa negative linear correlation (r2=0.75)
(Fig. 9), which suggests that the Sr sources for SJ3 may be dominated by
mixing of two end-members, one more radiogenic with a higher Sr
concentration and the other less radiogenic with a lower Sr concentra-
tion (Faure and Mensing, 2005). Extrapolating the linear 87Sr/86Sr-1/Sr
relationship to (1/Sr)=0, we obtain a 87Sr/86Sr ratio of 0.7109, which is



Fig. 9. The linear negative relationship between (1/Sr) and (87Sr/86Sr) for SJ3, reflecting two-component mixing, one component with lower Sr and 87Sr/86Sr (the Late Permian
limestone), and the other with higher Sr and 87Sr/86Sr (the carbonate fraction of the aeolian sediments). The 87Sr/86Sr ratios of the two end-members, cave waters and sediments and
river water are indicated above the 1/Sr–87Sr/86Sr plot. The average 87Sr/86Sr ratio of 20–10 dust carbonate is from Yang et al. (2000). For waters and cave sediments, the percentages
in parentheses indicate Sr proportion from the Late Permian limestone. The two data points in the circle are for samples from the top 6-mm section of the stalagmite, and deviate
significantly from the 1/Sr–87Sr/86Sr relationship defined by the rest of the data points. See text for discussion.
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consistent with the 87Sr/86Sr value for the carbonate fraction in the 20–
10 ka wind-blown dusts in the region (∼0.7107±0.0002, calculated
using data fromYang et al., 2000). Although Sr from the silicateminerals
in the aeolian sediments cannot be excluded completely, it should
account only for a very small proportionbecauseSr released fromsilicate
minerals under chemical weathering usually has a high 87Sr/86Sr ratio
(Capo et al., 1998). For example, Jahnet al. (2001) andGallet et al. (1996)
estimated that the 87Sr/86Sr ratio of the silicate minerals in the loess-
paleosol series in the Loess Plateau was between 0.720 and 0.725. Sun
(2005) found that the fine fraction (<20 µm) of the silicate minerals in
the aeolian sediments had 87Sr/86Sr ratios averaging 0.7246. If a mean
87Sr/86Sr ratio of 0.723was assumed for thesilicateminerals (Gallet et al.,
1996; Jahn et al., 2001; Sun, 2005) and a 87Sr/86Sr ratio of 0.7116 was
assumed for the modern carbonates (Yang et al., 2000) in the aeolian
sediments, both our leaching experiments, whether by Milli-Q water or
by 1% acetic acid, suggest that more than 95% of the Sr is released from
the carbonate fraction of the aeolian sediments (Table 4).

The three bedrock samples give a mean 87Sr/86Sr ratio of 0.7071
(Table 4). If amean 87Sr/86Sr ratio of 0.7118 is assumed for the leachates
from the overlying soil layer, calculation using isotope mixing model
(Faure and Mensing, 2005) indicates that on average ∼70% of the Sr in
the cave water was derived from the host rock while the remaining
∼30% from the overlying soil layer (Fig. 9). As to the cave sediments, Sr
leached byMilli-Qwater gives amean 87Sr/86Sr ratio of 0.7089 (Table 4),
suggestingmore than 60% of which deriving from the host rock (Fig. 9).
Similarly, stalagmite SJ3 should derive its Sr from the two sources, the
host rock and the carbonate fraction of the aeolian sediments. However,
the latter had a 87Sr/86Sr ratio slightly lower than 0.7118 when SJ3
developed. The data from Yang et al. (2000) give a 87Sr/86Sr ratio of
0.7107±0.0002 at 20–10 ka, consistent with the value deduced from
the 87Sr/86Sr-1/Sr relationship of SJ3 (Fig. 9). Because Luochuan is more
than 400 km apart from the study site (Fig. 1) and the SJ3 87Sr/86Sr
record has a resolution twice better than the data of Yang et al. (2000)
have, we assume 0.7109, the maximum value deduced from Fig. 9 for
the exotic Sr source, for the carbonate fraction of aeolian sediments
deposited at the study site at 20–10 ka. Except the top three points, the
87Sr/86Sr ratios of SJ3 suggest a Sr contribution of 19–37 % from the host
rock, remarkably lower than the values for modern cave water (∼70%)
and leachates from cave sediments (>60%) (Fig. 9). This suggests that
compared with cave sediments and modern cave water, stalagmite SJ3
developed at 20–10 ka during the last glacial has a much higher Sr
contribution from the carbonate fraction of aeolian sediments.

5.3. Mechanisms controlling 87Sr/86Sr ratio variation

Variations in speleothem 87Sr/86Sr ratios reflect changes in relative
contribution of various Sr sources of different 87Sr/86Sr ratios feeding
the seepage water (Faure and Mensing, 2005), including the host
rocks and one or more other Sr sources such as the overlying soil layer
and atmospheric dust deposition (Banner et al., 1996; Goede et al.,
1998; Ayalon et al., 1999; Bar-Matthews et al., 1999; Verheyden et al.,
2000; Frumkin and Stein, 2004; Li et al., 2005a). For example, Banner
et al. (1996) attributed the 87Sr/86Sr variation of several speleothems
from Harrisons Cave on the island of Barbados to changes in
groundwater compositions that, in turn, were a function of rainfall
recharge in the area and interaction with bedrock. Goede et al. (1998)
found that both Sr concentrations and 87Sr/86Sr ratios of a stalagmite
from Frankcombe Cave in Tasmania (Australia) decreased significant-
ly since ∼70 ka and argued that higher Sr concentrations and 87Sr/86Sr
ratios prior to ∼70 ka were related to wind-blown 87Sr-enriched dusts
derived from the King Island region of what is now part of Bass Strait.
In the EASM regime, Li et al. (2005a) attributed the 87Sr/86Sr variation
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of stalagmite SFL from central China to changes in the provenance and
the extent of chemical weathering of the epikarstic sediments, which
were controlled by variations of paleo-summer monsoon.

Because the two Sr sources for SJ3 (the host rock and the carbonate
fraction of aeolian sediments) have distinct 87Sr/86Sr ratios (Table 4
and see Section 5.2), their relative contribution would determine the
variation of the 87Sr/86Sr ratio of SJ3. Although the 87Sr/86Sr ratios in
the calcite fraction of the aeolian sediments deposited at Luochuan
vary from 07104 to 0.7118 during the last glacial-interglacial cycle,
their variation during marine isotope stage 2 was generally limited to
0.7105–0.7109 (Yang et al., 2000) and such variation alone could not
account for either the large range or the trend of the 87Sr/86Sr values
observed in SJ3 (Figs. 6d and 8d). The host rock is much less
radiogenic compared with the leachate from the overlying soil layer
(Table 4). An increase in Sr input from wind-blown dusts, or a
reduction in Sr input from the host rock, or a combination of the two
effects would result in an increase in the 87Sr/86Sr ratio of SJ3.
Assuming that on average, the two Sr sources for SJ3 have 87Sr/86Sr
ratios of 0.7109 and 0.7071, respectively, the Sr input from each
source is calculated and illustrated in Fig. 10. Although there some
small fluctuations, the Sr input from the host rock is relatively stable
during 20–10 ka except the two sub-samples at growth hiatuses. The
Sr input from wind-blown dust, however, displays remarkable
variation. Especially during the H1 cold phase, the Sr input from
wind-blown dust increased significantly (Fig. 10). These observations
suggest that changes in Sr input from wind-blown dust dominate
87Sr/86Sr variation in SJ3.

5.4. Factors influencing Sr variation

Compared with the 87Sr/86Sr ratio, Sr in SJ3 is affected by much
more complicated processes. For examples, there would be selective
leaching of Sr from limestone (Fairchild et al., 2000) and fractionation
of Sr would happen during precipitation of carbonate because the
distribution coefficient of Sr between solution and carbonate (DSr) is
significantly lower than unity (Veizer, 1983 and references therein).
In general, Sr in speleothems was considered to be controlled by
hydrological mixing in the epikarstic zone and vadose-zone dissolu-
tion-precipitation processes (Roberts et al., 1998, 1999; Fairchild
et al., 2000, 2001; Huang et al., 2001). On annual scale, Fairchild et al.
(2006a) had suggested three basic idealized patterns to interpret
variations of trace element in speleothems, the fluid-dominated
pattern, the crystal-dominated pattern and the temperature-con-
trolled pattern. The fluid-dominated pattern primarily reflects
changes in trace element concentration, or ratio of trace element to
Ca2+ or CO3

2− in the dripwater. For example, covariation of Sr and Mg
resulted from prior calcite precipitation (PCP) (Fairchild et al., 2000;
McMillan et al., 2005; Johnson et al., 2006) and significant increases in
Sr and Mg at low flows (Baker et al., 2000; Fairchild et al., 2006b) are
two typical cases of this pattern. The crystal-dominated pattern refers
Fig. 10. Input of Sr in SJ3 from the host rock (Srrock) and wind-blown dust (Srrock). The
grey bar indicates the coldest climatic phase (H1) since the LGM which is clearly
presented in speleothem δ18O records from the EASM regime (Wang et al., 2001; Zhou
et al., 2008a).
to the dominance of crystallographic factors in controlling trace
element incorporation. A change in supersaturation state, or the
presence of impurities, could lead to a change in crystal morphology
and availability of surface sites at which trace species can be adsorbed
and incorporated into the growing crystal. Mineralogy is also an
important factor influencing Sr incorporation because DSr of aragonite
is about 7–9 times greater than that of calcite (Veizer, 1983; Haskell
et al., 1996 and references therein). Annual alternation of calcite and
aragonite was previously reported in a stalagmite from Botswana
(Railsback et al., 1994). The temperature-controlled pattern is the
expected situation where significant temperature changes occur
during the year since the Mg partition coefficient is temperature-
dependent (Katz, 1973; Huang and Fairchild, 2001). More generally,
as suggested by Fairchild et al. (2006a), the behaviour of trace
elements can be influenced by different proportions of the three
effects than is the case on the annual time-scale. For example, Treble
et al. (2003), Finch et al. (2003) and Cruz et al. (2007) provide
examples of elemental trends that reflect decadal and longer trends in
rainfall, which differ in part from the behaviour of elements on the
subannual scale.

The temperature effects on DSr determined by Katz et al. (1972)
and Malone and Baker (1999) are too small to explain large variation
of Sr in SJ3 (Figs. 6a and 8c), especially considering the fact that
temperature variation in China since the Last Glacial Maximum (LGM)
is usually less than 15 °C (Liu et al., 2002b) and that temperature in
karstic cave is more stable than outside the cave. More importantly,
higher Sr concentration occurs in colder phase such as H1 in SJ3
(Fig. 8c). This is opposite to the temperature effects on DSr. SJ3 is
composed only of calcite and therefore, the influence of changing
carbonate mineralogy on Sr concentration in SJ3 can be excluded.
Impurity-related change in crystal morphology should not be
responsible for the Sr increase during the H1 cold phase because
Mn in SJ3, which could be regarded as an indicator of impurity, does
not display significant change associated with the transition from the
LGM to H1 (see Fig. 2 in Zhou et al., 2008c). Thus we suggest that the
dominant controller of the long-term Sr trend of SJ3 should be the
fluid, i.e. the chemical composition of groundwater seeping into
Songjia Cave.

While studying the chemical composition of cave waters from
Clamouse and Ernesto, Fairchild et al. (2000) suggested that there
were four controlling mechanisms, (1) differential dissolution of
calcite and dolomite in the host rocks, (2) PCP along flow paths, (3)
incongruent dolomite dissolution, and (4) selective leaching of Mg
and Sr with respect to Ca. As to SJ3, although CO2 degassing and PCP
along flow paths cannot be excluded and most probably occurs,
however, they should not be the dominant factors responsible for the
Sr variation because they usually results in co-variation of Sr/Ca and
Mg/Ca (Fairchild et al., 2000; Johnson et al., 2006), which is not
observed in SJ3 (Fig. 7A). All the distribution coefficients of Mg, Sr and
Ba in carbonates are usually much smaller than unity (Veizer, 1983). A
positive correlation between Mg and Sr or Ba would aid to be
explained with significant CO2 degassing. Although in addition to
limestone, there are also some flint- and dolomite-limestone in the
country rock at the study site (Zhou et al., 2008a), differential
dissolution of the host rock would lead to higher Mg during cold-dry
periods if it made a significant contribution to trace element variation
(Fairchild et al., 2000). This is not observed in SJ3 (Fig. 8g). Like the
PCP mechanism, selective leaching cannot explain either the totally
different trends of Mg and Sr (Fig. 6a–b).

Long-term variations in Sr in speleothems may reflect not only
palaeohydrology, but also changing source materials (Fairchild et al.,
2000). We suggest that the most probable mechanism responsible for
the long-term variation of Sr in SJ3 may be change of the relative
contribution of the two Sr sources, the host rock and the overlying
dust-derived soil layer. In addition to higher 87Sr/86Sr ratio, the
carbonate fraction of wind-blown dust in Central China was expected
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to have a Sr concentration of >1000 ppm (Gallet, et al., 1996; Jahn
et al., 2001), significantly higher than the Sr concentration of the host
rock (Table 2). Because atmospheric dust activity was intensive
during the LGM and H1 cold phases and weakened since the last
deglaciation (Xiao et al., 1995; Porter, 2001), its Sr export to SJ3 would
be higher during the two cold phases and reduce progressively
thereafter. With regard to Sr input from the host rock, on one hand,
increased precipitation and decreased pH value of groundwater due to
enhanced bio-activity and decomposition of organic matter under
warm-humid climate should aid to dissolve more limestone. On the
other hand, increased precipitation would strengthen the hydrolog-
ical dynamics of the karstic groundwater and, in turn, reduce its
residence time in aquifers and interaction with the host rock (Banner
et al., 1996). It is not clear which effect is dominant when climate
phase shifts. Thus change in Sr input from the host rock is determined
by an integration of the two effects. The data illustrated in Fig. 10
suggest that the Sr input from the host rock is relatively stable,
suggesting that the two opposite effects are comparable when SJ3
developed. Therefore, change in wind-blown dust is the dominant
controller of Sr variations in SJ3.

5.5. A linkage of SJ3 Sr indices to the Asian winter monsoon

Both Sr and 87Sr/86Sr ratio of SJ3 are demonstrated to be controlled
mainly by atmospheric dust activity. In East Asia, dust activity is
thought to be an indicator of winter monsoon (Xiao et al., 1995;
Porter, 2001) and some parameters of wind-blown dust such as grain
size (Liu and Ding, 1998; Xiong et al., 2003) and flux (Xiao et al., 1995;
Porter, 2001) are used as winter monsoon proxies. Greater grain size
Fig. 11. Comparison of Sr concentrations (c), 87Sr/86Sr ratios (d) of SJ3 and calculated Sr inp
2001) (a) and quartz median diameter (Qmd) from Luochuan section (Xiao et al., 1995). Th
and higher flux indicate stronger winter monsoon. In Fig. 11 the Sr
and 87Sr/86Sr ratio of SJ3 were tentatively compared with two winter
monsoon records, the dust flux (Porter, 2001) and quartz median
diameter (Qmd) (Xiao et al., 1995) reconstructed from the Luochuan
loess profile (Fig. 1). Although the two winter monsoon records have
much lower resolution (Xiao et al., 1995; Porter, 2001), their general
trends are parallel to the Sr and 87Sr/86Sr ratio of SJ3 (Fig. 11a–e). This
suggests a potential linkage between the SJ3 Sr geochemistry and the
Asian winter monsoon. Enhanced winter monsoon indicated by
greater flux and grain size under cold-dry climate (Xiao et al., 1995;
Porter, 2001) has caused strengthened atmospheric dust activity and
deposited more dust-derived carbonates, leading to higher Sr and
87Sr/86Sr ratio in SJ3.

6. Conclusion remarks

A long-term high-resolution Sr concentration profile coupled with
a lower resolution 87Sr/86Sr record for stalagmite SJ3 from Sichuan
province in Central China, which cover the last deglacial period, are
shown to be closely associated with changes in past climate and
environment, with higher Sr andmore radiogenic 87Sr/86Sr ratio of SJ3
corresponding to cold climatic phases and vice versa. Atmospheric
dust activity in this region is demonstrated to dominate variations of
the two Sr indices, and a potential mechanism is suggested to link the
SJ3 Sr geochemistry and Asian monsoon variations. Enhanced
atmospheric dust activity associated with strengthened winter
monsoon under cold climatic phases causes more dust-derived
carbonates deposited at the study site and results in higher Sr and
more radiogenic 87Sr/86Sr ratio recorded in SJ3. This study suggests
ut from wind-blown dust (e) with dust flux from Xiaheimu section, Luochuan (Porter,
e solid line in (c) indicates the five-point running average trend of the data.



246 H. Zhou et al. / Chemical Geology 268 (2009) 233–247
the possibility to use speleothems at the study site to reconstruct
atmospheric dust activity and the Asian winter monsoon, which
cannot be derived from conventionally used speleothem δ18O and
δ13C records in the EASM regime. Especially, it suggests that
speleothems developed at northeastern Sichuan Province have the
potential to investigate the variability of atmospheric dust activity in
East Asia on shorter time scales (such as centennial- to decadal-scale)
because speleothems could be dated precisely (Edwards et al., 1987;
Musgrove et al., 2001) and sampled at high spatial resolution. This
seems impossible for dust-based researches due to dating limitation
of the loess sediments and sampling resolution.

Although Sr concentration and 87Sr/86Sr ratio of speleothems have
been suggested to be related with atmospheric dust activity in other
areas (Goede et al., 1998; Ayalon et al., 1999; Bar-Matthews et al.,
1999; Verheyden et al., 2000; Frumkin and Stein, 2004), this is the
first attempt to correlate the speleothem-derived Sr and 87Sr/86Sr
records with atmospheric dust activity andwintermonsoon evolution
in East Asia. However, this correlation needs to be corroborated with
more examples and confirmed by replication test. Especially,
monitoring seasonal variations of Sr and 87Sr/86Sr and annual flux of
Sr at the study site would provide us some critical information for our
explanation. Despite of these, the work presented here has far-
reaching implications and may open a new window for the
investigation of the Asian winter monsoon in the future.
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