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Abstract

Manganese (Mn) and rare-earth elements (REEs) in a stalagmite (SJ3) collected from Central China were analyzed, using an ICP-MS method
for the precise determination of N40 trace elements in geological samples by enriched-isotope internal standardization. Unlike speleothem Mn and
REEs investigated by cathodoluminescence, which may be incorporated into crystal lattice, the Mn and REEs analyzed in SJ3 should come largely
from colloidal and particle phases in groundwater and may be associated with non-carbonate inclusions. The Mn and REEs in SJ3 vary
significantly during the period between 20 and 10 ka. These elements show remarkable increases since ∼14.5 ka, suggesting enhanced weathering
of the overlying soil layer and the host rock since the onset of the last deglaciation and the strengthening of the Asian summer monsoon. In
addition, the Mn and REEs in SJ3 display significant centennial fluctuations which may reflect groundwater dynamics.
© 2008 University of Washington. All rights reserved.
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Introduction

Calcareous speleothems are becoming increasingly important
in the investigation of past climate and environment because
they can grow continuously for 103–105 yr, have a wide
geographical distribution, can be dated precisely using U–230Th
dating techniques and can be sampled at high resolution
(Edwards et al., 1987; Musgrove et al., 2001; Mickler et al.,
2004; McDermott 2004; Fairchild et al., 2006). Speleothem-
based studies have led to significant advances in identifying and
dating major shifts in the climate system (Wang et al., 2001;
2004; Yuan et al., 2004). These studies have involved many
geochemical proxies, including stable oxygen and carbon
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isotopes (δ18O and δ13C) (Bar-Matthews et al., 1999; Wang
et al., 2001; Yuan et al., 2004; Wang et al., 2004), uranium and
strontium isotopic compositions (234U/238U and 87Sr/86Sr)
(Banner et al., 1996; Goede et al., 1998; Kaufman et al., 1998;
Bar-Matthews et al., 1999; Li et al., 2005; Zhou et al., 2005), and
trace elements such as Sr, Mg, Ba, P, U, and Si (Roberts et al.,
1998; Fairchild et al., 2001; Huang et al., 2001; Hu et al., 2005).
Many speleothem proxies cannot be interpreted unequivocally.
For example, speleothem δ13C record may be governed by the
relative proportions of C3- versus C4-plants (Holmgren et al.,
1995; Dorale et al., 1998), changes in ecosystem productivity in
areas where C4-type vegetation is not present (Genty et al.,
2003), changes in the δ13C value of atmospheric CO2 (Baskaran
and Krishnamurthy, 1993), or changes in water–rock interac-
tions (Baker et al., 1997; McDermott, 2004). This is particularly
so for more subtle shifts and shorter time periods. However,
ed.
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multiproxy studies have enormous potential in identifying
process controls and fulfilling the potential of speleothems in
paleoclimatical and palaeoenvironmental analysis (Fairchild
et al., 2006). Therefore, identifying new proxies is one of the
important fields of speleothem-based investigation of past
climate and environment.

Recently, Richter et al. (2004) measured Mn2+ and some
rare-earth elements (REEs) (such as Sm3+ and Dy3+) in eight
stalagmites from Germany using cathodoluminescence (CL).
They found that the enrichment of Mn2+ and REE3+ reflected
times of more intense weathering, which usually correspond to
warm and humid climatic phases. This points to some new
climatic and environmental proxies in speleothem archives and
suggests the possibility for investigation of a paleo-weathering
process with high resolution and precisely dated chronology as
well as convenience and lower cost. Although strontium isotope
ratios (87Sr/86Sr) are also a good proxy for weathering (Bar-
Matthews et al., 1999; Frumkin and Stein, 2004; Li et al., 2005),
87Sr/86Sr determination is costly at present. Spectral analysis of
speleothem growth layer using CL is also very time-consuming,
and the detection limits for Mn2+ and some REEs are apparently
higher than obtained using other methods such as ICP-MS
(Eggins et al., 1997; Richter et al., 2004). In this paper, we
report the Mn and REEs records retrieved from a stalagmite
(SJ3) sampled from Central China using an improved ICP-MS
method, that of Eggins et al. (1997).

Geological backgrounds and sample description

The geological setting and the δ18O and δ13C profiles from
stalagmite SJ3 has been reported in a companion paper (Zhou
et al., in press) and the samples have been described in detail
therein. In brief, SJ3 was collected from Songjia Cave in Central
China (107°10′45″E, 32°24′46″N) (Fig. 1). The cave is host of
the Late Permian limestone and there is no non-carbonate rock
type found around the cave (Bureau of Geology and Mineral
Resources of Sichuan Province, 1991). Atmospheric dust
Figure 1. Locations of Songjia Cave (SC) in Central China (this work) and Hulu
Cave (HC) in East China (Wang et al., 2001). Songjia Cave is on the south flank
of the Qinling Mountain. The shaded area is the Loess Plateau. The dotted areas
are deserts in Northwest China. The hatched area is the Qinghai–Tibet Plateau.
The thick dashed line indicates the northwestern limit of the East Asian summer
monsoon. The dashed arrows indicate routes of winter monsoon and dust
transportation.
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activity is intense in this area during the winter season and
aeolian sediments are the major material sources for local soil.
The overlying soil layer on the limestone capping the cave is
thin (usually less than 30 cm) or absent in places, but Late
Pleistocene aeolian sediments can be found sparsely in this area
(Lei et al., 1998; Fang et al., 1999). This site has a typical
summer monsoon climate at present with an annual mean
temperature of 15°C and an annual mean precipitation of 1000
to 1200 mm. Most of the precipitation falls in the summer half
year. Local vegetation consists mainly of pine, cypress and
some deciduous broadleaf species.

SJ3 is 12.6 cm long. It was dated with the TIMS 230Th method
(Zhao et al., 2001) and seven 230Th dates indicate that SJ3
developed between∼38 and∼10 ka. However, a hiatus is clear at
a depth of∼84mm from the top of SJ3, representing a no-growth
period between ∼35 and 20 ka (Fig. 2) (see also Zhou et al., in
press). Mn and REEs were analyzed for the upper part of SJ3.

The upper part of SJ3 displays apparent changes in color and
structure (Fig. 2). The top 6 mm of SJ3 is porous and dark grey.
Dissolution of sub-samples from this section indicates a large
quantity of detrital material. Microscopic examination indicates
several growth hiatuses in this section. Downwards to a depth of
∼40mm, the stalagmite looks light grey in general but with clear
laminations. At the depth between 40 and 84 mm, the stalagmite
looks milky and compact, in which lamination is also clearly
identifiable under microscope. The thickness of the laminae is in
the range of tens to hundreds of micrometers, much larger than
the calculated annual growth rate of SJ3 (Zhou et al., in press),
showing that these are not annual laminae. In general, for the
section above the hiatus at ∼84 mm, the upper half (above the
depth of∼40 mm) is more deeply pigmented than the lower half
(between the depths of ∼84 and ∼40 mm) (Fig. 2).

Methods

The TIMS 230Th dating for SJ3 is described in Zhou et al.
(in press). The locations of the dates are indicated in Figure 2.
An age model for SJ3 was established by linear interpolation
between contiguous dates according to depth from the top of
SJ3. Sub-samples for trace element analysis (including Mn and
REEs) were obtained in the same way as those for δ18O and
δ13C analyses (Zhou et al., in press), with a spatial resolution of
0.5 mm. Each sub-sample for trace element analysis weighs
between 3 and 5 mg. A total of 168 sub-samples were analyzed
with an average temporal resolution of ∼60 yr per sub-sample.

The calcite sub-samples from SJ3 were analyzed at the
Advanced Centre for Queensland University Isotope Research
Excellence (ACQUIRE), University of Queensland using the
ICP-MS method improved by Eggins et al. (1997). Sub-samples
were dissolved in 2% nitric acid and diluted with dilution factors
between 1000 and 1200 and then were analyzed with a Thermo
X-series ICP-MS in the HEPA and charcoal filtered clean
laboratories. In case detrital materials were found (in some sub-
samples from the top porous 6 mm of SJ3) the sub-sample was
centrifuged and the decanted solutionwas used for analysis. This
method uses multiple enriched isotopes including 6Li, 115In,
187Re, 209Bi and 235U for internal standardization. A natural rock
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Figure 2. Stalagmite SJ3 and its Mn, P, La, Ce and total REEs records during 20–10 ka and comparisonwith the GISP2 δ18O record from northern high latitude (Grootes
et al., 1993; Stuiver et al., 1995). On the top, LGM: the last glacial maximum; H1: the cold climatic phase associated with the Heinrich event one; B/A: the Bølling–
Allerød warm period; YD: the Younger Dryas cooling event; PB: the pre-Boreal period. The two grey rectangles represent the H1 cold phase and the YD cooling event
recorded by the GISP2 ice core (Grootes et al., 1993; Stuiver et al., 1995). The orange rectanglemarkedwith “SJ3YD?” indicates the possible correlation in SJ3with the
YD event (Zhou et al., in press). On the scanning image of SJ3 show a scale bar and the locations for TIMS 230Th dating (vertical ellipses). It's clear that since the onset of
the last deglaciation, Mn, La, Ce and total REEs in SJ3 show remarkable increase and significant fluctuations, indicating stronger weathering and higher frequency of
rainfall extremes and flushing events. (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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standard, W-2 was used to replace the basalt standard BHVO-1
as used by Eggins et al. (1997) for external calibration. There
are also some other minor modifications to the method used by
Eggins et al. (1997) (cf. Kamber et al. (2003)). As suggested by
Eggins et al. (1997), the detection limits for this method
vary within a range from b1 to 10 ppt (b1–10 ppb sample
oi.org/10.1016/j.yqres.2008.02.005 Published online by Cambridge University Press
equivalent) for most higher-mass elements (with massN
80 amu) and for lower-mass elements (with massb80 amu)
between 10 ppt and 1 ppb (10 ppb–1 ppm sample equivalent).
For REEs, Lawrence et al. (2006) suggested that the detection
limits should be in the range of tens to hundreds of ppq (in
solution).
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Figure 3. Concentrations of Al, Mn, Ca, Sr, Mg and Ba in cave waters and river
water before and after filtering with 0.45 μm Millipore membrane.
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River water and cave waters were collected for trace element
analysis. Cave waters, including dripping water and pool water,
were collected from Songjia cave and some other caves nearby.
Cave water was firstly put into a big container (with a capacity
of 5 l). After ∼4 h of settlement, ca. 500 ml of water was
transferred into a bottle (with a capacity of 500 ml) directly and
acidified to pH b2 immediately with double distilled HNO3.
Another 500 ml of water was filtered with 0.45 μm Millipore
membrane before being transferred into a bottle and acidified to
pH b2. After returning to the laboratory, about 50 ml of water
from each sample was used for analyses of Ca, Mg, Sr, Ba, Al
and Mn. These water samples were 10–15 times enriched on a
hotplate before they were analyzed using a Varian Vista-PRO
ICP-AES at the Key Laboratory of Geochemistry and Geo-
chronology, Guangzhou Institute of Geochemistry.

Results

The variations of Mn and rare-earth elements La and Ce in
SJ3, the two having the highest concentrations among all REEs,
are displayed in Figure 2. Also shown in Figure 2 are the P
concentration and total REE in SJ3. For comparison the
Greenland GISP2 δ18O record (Grootes et al., 1993; Stuiver et
al., 1995) is also presented in Figure 2.

The Mn concentration usually ranges from hundreds to tens of
thousands of ppb with an average of∼5000 ppb, while La and Ce
mostly fall between several to hundreds of ppb and average ∼51
and∼103 ppb, respectively. Compared withMn and REEs, P has
a much higher concentration, with the lowest value of ∼50 ppm
and the highest of more than 1000 ppm, averaging ∼220 ppm.
Total REE displays almost the same trend as La, Ce and Mn and
averages ∼262 ppb. It's clear that variations of Mn, La, Ce and
total REE in SJ3 could be divided into two stages, which
correspondwith the color change of SJ3 (Fig. 2). In the pigmented
portion (above 40mm in depth), the concentrations ofMn, La, Ce
and total REE are notably higher and display significant
fluctuations comparedwith the relatively “clean” portion between
40 and 84 mm in depth. The concentrations of Mn, La, Ce and
total REE for the pigmented portion average 9900 ppb, 100 ppb,
209 ppb and 507 ppb, respectively; while for the lower portion,
they average 500 ppb, 7 ppb, 8 ppb and 40 ppb, respectively.

The significant shifts in concentrations and variations of Mn,
La, Ce and total REE in SJ3 at the depth of∼40 mm correspond
with the remarkable change in climate and environment at
∼14.5 ka, the transition from the cold climatic phase associated
with the Heinrich event 1 (H1) to the relatively warm and humid
Bølling-Allerød (B/A) period that is indicated in the δ18O and
δ13C records for SJ3 (Zhou et al., in press) and other speleothem
records from East Asia (Wang et al., 2001; Yuan et al., 2004), as
well as in the Greenland ice core records (Grootes et al., 1993;
Stuiver et al., 1995) (Fig. 2). During the cold climatic phases
before the transition (including the cold climate associated with
H1 and the last glacial maximum (LGM)), Mn, La, Ce and total
REE in SJ3 are relatively stable with lower concentrations.
Since the onset of the last deglaciation when climate became
relatively warm and humid, concentrations of Mn, La, Ce and
total REE increased remarkably with significant fluctuations.
rg/10.1016/j.yqres.2008.02.005 Published online by Cambridge University Press
P in SJ3 displays a trend generally parallel with theMn, La, Ce
and total REE records (Fig. 2), but it also shows some differences.
For example, the outstanding shift at 14.6–14.5 ka, which is
evident in the Mn, La, Ce and total REE records, is not recorded
by P, which P displays a notable increase much later (after
∼12.8 ka) (Fig. 2).

A period of very high concentrations of Mn, P and REEs
occurs between∼10.8 and∼11.1 ka (Fig. 2). The concentrations
of Mn, P, La and Ce during this period are 78 ppm, 1653 ppm,
409 ppb and 737 ppb respectively, which are 7–16 times higher
than their respective averages. This period corresponds to the
lower part of the top 6 mm of SJ3 which is porous and rich in
detrital materials. Although ages for the top 6 mm of SJ3 were
linearly extrapolated and hiatuses in this part add uncertainty
to this extrapolation, it seems very unlikely that these detrital
materials come from human activity.

http://dx.doi.org/doi:10.1016/j.yqres.2007.11.001
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Figure 4. Linear positive correlation between the concentrations of Al and Mn in
cave waters and river water.
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The elemental concentrations of water samples are showed in
Figure 3. For unfiltered samples, Al ranges from 13 to 77 ppb
while Mn ranges from 0.3 to 2.9 ppb. Filtering removes most of
the two elements with Al decreasing to (1.8–7.4) ppb and Mn to
(0.01–0.53) ppb, suggesting that the two elements are mainly in
colloidal and/or particle phases in cave and river waters.
Contrary to Al and Mn, filtering has little effect on the
concentrations of Ca, Mg, Sr and Ba (Fig. 3), suggesting that the
four elements are in the dissolved phase.

Discussion

The major sources of speleothem REEs, as suggested by
Richter et al. (2004), include the siliciclastic portion of the host
rocks and siliciclastic components of the soil cover. Although
there is no non-carbonate host rock found around Songjia Cave,
there are some siliciclastic components in the host rock of the
Late Permian limestone (Zhou et al., in press). The overlying
soil layer on the limestone capping the cave results from aeolian
sediments and thus should be another important source of REEs
to SJ3 (Gallet et al., 1996; Ding et al., 1998). The Mn in SJ3
should have similar sources, especially the overlying soil layer
may be more important in providing Mn to SJ3 relative to the
siliciclastic portion of the host rocks because MnO in aeolian
sediments in the Loess Plateau amounts to 0.1% (Gallet et al.,
1996).

Mn could be transported mainly as organic complexes
(Richter et al., 2004), colloidal hydroxides and/or particle in
groundwater. Although all the three mechanisms might be
responsible for the Mn deposited in SJ3, the latter two, colloidal
and particle phases, appear more likely, based on the following
evidence. First, in the cave waters, Mn and Al concentrations
decrease more than 6 times after filtering with a 0.45 μm
membrane (Fig. 3, Table 1), and the concentrations of the two
elements are closely correlated with a linear positive relation-
ship (Fig. 4), suggesting that like Al, most of the Mn in the cave
waters is in colloidal/particle phases. Second, the Mn/Ca for the
unfiltered cave waters averages ∼25 ppm. This value is in
Table 1
Al and Mn concentrations in cave waters and river water

Sample
ID

Locus Water
type

Al/ppb Mn/ppb

Unfiltered Filtered Unfiltered Filtered

SJDO Songjia Cave Pool
water

13.1 4.11 0.407 0.043

SJDE Songjia Cave Pool
water

27.5 2.74 0.849 0.111

LFDPW Loufang Cave Pool
water

30.9 1.82 1.665 0.025

LFDDW Loufang Cave Drip
water

14.4 2.02 0.299 0.006

SID Shizi Cave Pool
water

28.0 7.37 0.690 0.084

LDW Longdongwan
Cave

Pool
water

71.8 2.51 2.908 0.524

RW Nuoshui
River

River
water

15.6 0.634

oi.org/10.1016/j.yqres.2008.02.005 Published online by Cambridge University Press
excellent agreement with the average Mn concentration of
∼9900 ppb for the pigmented portion of SJ3, which seems
to suggest that the ratio of Mn to Ca in SJ3 records directly the
Mn/Ca of its parent water considering that the present-day
intensity of summer monsoon may be similar to that during the
last deglacial period (Yuan et al., 2004; Dykoski et al., 2005).
This is not consistent with the distribution coefficient of Mn
between calcite and its parent solution which is much greater
than unity (Veizer, 1983 and references therein), suggesting that
most of the Mn in SJ3 may not be incorporated into carbonate
lattice, but is presented as non-carbonate minerals. Finally,
despite the similarity between the general trends of Mn and P,
there are some apparent differences between the two records,
especially at the transition from the cold phase associated with
H1 to the warm-humid B/A period (Fig. 2). Speleothem P was
previously suggested to come from vegetation decomposition
(Huang et al., 2001) and might be chelated to organic acids
(Samadi and Gilkes, 1998).

REEs are mobilized during weathering processes by
dissolution or alternation of host minerals in the soil cover
and in the transition zone between rock and soil. Since most
natural waters have extremely low REE abundances, previously
it was generally assumed that substantial REE mobility is
unlikely for expected fluid/rock ratios. However, many field-
based studies have suggested REE mobility during weathering
(McLennan, 1989; Ji et al., 2004). REEs in groundwater may
exist as free ions, complexes (e.g. carbonate (CO3

2−), hydroxide
(OH−) or organic complexes) (Brookins, 1989; McLennan,
1989) or adsorbed on mineral surface. The model for REEs
mobilization proposed by Nesbitt (1979) is as follows: (1)
aggressive CO2 and organic acid-charged rainwater percolates
through soil horizons where some REEs are removed into
solution, most likely as complexes; and (2) waters continue to
migrate down and react with less altered minerals and
meanwhile their pH values increase and the rare-earth elements
come out of solution, either precipitated as compounds,
exchanged for H+ on suitable clays or adsorbed on mineral

http://dx.doi.org/doi:10.1016/j.yqres.2007.11.001
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Figure 5. Correlations between Mn and La (a) and Ce (b) in SJ3. It is clear that
Mn correlates positively with the REEs in SJ3. For each correlation, the inset
shows an enlargement for clarity.
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surface. As to the REEs in SJ3, we suggest that at least a good
portion of them may be related with colloidal/particle phases of
Al, Mn and Fe etc in groundwater. This is supported by: that (1)
the REEs show high coherence with Mn in SJ3 (Figs. 2, 5); (2)
natural Mn and REEs have been found to occur commonly
jointly (Richter et al., 2004); and (3) most of the Al and Mn
were removed from cave waters after filtering with a 0.45 μm
membrane (Fig. 3, Table 1), suggesting dominance of colloidal/
particle phases of Al and Mn in the cave waters. Previous
researches also suggested that for the most common weathering
conditions, REEs are dominantly transported from weathering
profile by mechanical processes (Nesbitt, 1979; Middelburg
et al., 1988). Studies on REEs in seawater and foraminiferal test
indicate that coatings of FeMn-rich phase on detrital particle
and foraminiferal test were greatly enriched in REEs (Palmer,
1985; Sholkovitz et al., 1994). Thus we suggest that most of the
REEs in SJ3 may have been transported in groundwater in
rg/10.1016/j.yqres.2008.02.005 Published online by Cambridge University Press
association with colloidal/particle phases of Al, Mn and Fe etc
and deposited in SJ3 along with these materials. However, this
needs further investigation.

When Mn and REEs transported in colloidal/particle phases
in groundwater precipitate on speleothem, they might not be
incorporated into the calcite lattice. Instead, they may be asso-
ciated with non-carbonate minerals and presented as inclusions
in speleothem. Thus theMn and REEs wemeasured in SJ3 using
ICP-MS (Fig. 2) are possibly different from those detected by
Richter et al. (2004) using CL because only Mn and REEs
incorporated into the crystal lattice of speleothem can produce
luminescence emission and can be detected using CL (Gaft et al.,
2005). The Mn and REEs measured by ICP-MS should include
both those associated with non-carbonate mineral inclusions and
those incorporated into the crystal lattice of calcite. In SJ3,
however, the Mn and REEs in association with non-carbonate
mineral inclusions may be dominant.

Comparison of the data presented here with those reported by
Richter et al. (2004), however, indicates that the REE concentra-
tions in SJ3 are (1–2) magnitudes lower than those obtained in the
seven German stalagmites they measured. This may be explained
with two causes. (1) The absolute concentrations of REEs in SJ3
may be significantly different from those in the German
stalagmites, whichmay be relatedwith distinct geological settings.
(2) The distribution of REEs in speleothems is very inhomoge-
neous. While Richter et al. (2004) obtained the maximum values
using the CL method, representing only part of the annual
carbonate precipitation, the concentrations wemeasured using the
ICP-MS method represents averages of at least several years
(Thomas Götte, personal communication, 2007). If the average
concentrations of REEs don't differ significantly between SJ3 and
the German stalagmites, the 1–2 magnitudes difference between
the values obtained here and reported by Richter et al. (2004)
implies that calcite with high REEs as revealed by CL analysis
accounts for only a very small proportion of the annual
precipitation of calcite. However, this seems to be unlikely and
thus we suggest that the first cause should be significant.

Although Mn and REEs in SJ3 may be distributed
inhomogeneously in the annual precipitation of calcite, their
long-term trends (e.g. on centennial to millennial time scale)
appear to be well correlated with climate change, especially
with variations in the Asian summer monsoon. For example, the
significant increase in Mn and REEs in SJ3 since 14.6–14.5 ka
corresponds exactly with the onset of the last deglaciation in
northern high latitude (Grootes et al., 1993; Stuiver et al., 1995;
Fig. 2) and the quick and sharp strengthening of the East Asian
summer monsoon (Wang et al., 2001; Dykoski et al., 2005).

Fleet (1984) reported that warm and humid climate would
increase REE mobilization in weathering processes. This may
be due to increased pCO2 in soil air and reduced pH value in
soil solution because of enhanced microbial activity and organic
decomposition in soil, and increased organic matter concentra-
tion in soil and groundwater under warm and humid climate
(McCarthy et al., 1998; Spötl et al., 2005). More dynamic
hydrology of groundwater under warm and humid climate
(Banner et al., 1996) would also contribute to REE mobilization
and transportation. These mechanisms should also be applicable

https://doi.org/10.1016/j.yqres.2008.02.005
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for Mn. In addition, the O2 content of soil air would be lowered
by increased microbial activity under warm and humid climate
(Richter et al., 2004), which should accelerate Mn mobilization
and transportation. Therefore, we speculate that under warm
and humid climate, more Mn and REEs are mobilized and
removed from soil cover and host rock, transported in ground-
water with most of Mn in colloidal/particle phases while most
REEs may be complexed with hydroxides of Al, Mn and Fe etc,
or adsorbed on colloidal/particle phases, eventually leading to
higher concentrations of Mn and REEs in speleothem. This is
consistent with what is observed in SJ3 (Fig. 2) because in the
Asian monsoon domain, stronger summer monsoon is usually
accompanied with higher temperature and more precipitation
(Liu et al., 1985; An, 2000), which would enhance Mn and REE
mobilization from the overlying soil layer and the host rock as
well as their transportation in groundwater.

Thus the mechanisms for the Mn and REEs in SJ3 appear to
be similar to that suggested by Richter et al. (2004) for these
elements detected in the German stalagmites using CL.
However, as mentioned above, the Mn and REEs detected by
Richter et al. (2004) in the German stalagmites using CL may be
incorporated into crystal lattice and come from dissolved phase
of Mn and REEs in groundwater; while the majority of the Mn
and REEs measured in SJ3 by ICP-MS should come from
colloidal/particle phases of Mn and REEs in groundwater and
may be presented in association with non-carbonate inclusions
in SJ3. Both the researches presented here and reported by
Richter et al. (2004) may suggest that under warm and humid
climate, Mn and REEs in groundwater increase in both
dissolved and colloidal/particle phases.

Other than the remarkable increases in concentration, Mn
and REEs also display significant centennial fluctuations since
the last deglaciation compared with the relatively stable state
before 14.6–14.5 ka (Fig. 2). While interpreting the intra-
annual variations of Mn and REEs in the German stalagmites,
Richter et al. (2004) suggested that these elements were
mobilized during the summer and autumn with more intense
weathering in the soil sequences, but they were removed from
soil in autumn as a result of long-lasting rainfall and a lower
potential evapotranspiration. This annual two-step mechanism,
however, may not be applicable for the significant centennial
fluctuations of Mn and REEs in SJ3. It seems unlikely that Mn
and REEs are mobilized in soil in some years and are removed
from soil in the following years. On a centennial time scale, the
weathering intensity should not fluctuate as significantly as
illustrated by Mn and REEs in Figure 2. A possible explanation
may be that these significant fluctuations of Mn and REEs
reflect flushing events which are caused by rainfall extremes
recharging karstic aquifers. This seems to be supported by the
extremely high concentrations of Mn and REEs in the top
porous 6 mm of SJ3. Other than growth hiatuses, detrital grains
could be found in this part under microscope, suggesting that
this part may have developed after the flow path for SJ3 was
changed and when SJ3 was occasionally fed by drip water
during rainfall extremes. Therefore, while the increased
concentrations of Mn and REEs indicate enhanced weathering
since the last deglaciation, the significant fluctuations of Mn
oi.org/10.1016/j.yqres.2008.02.005 Published online by Cambridge University Press
and REEs may reflect the hydrological dynamics of paleo-
groundwater.

It might be noted that the Younger Dryas (YD) cooling event,
which is evident in the GISP2 ice core record (Grootes et al.,
1993; Stuiver et al., 1995) and the Hulu and Dongge speleothem
records (Wang et al., 2001; Yuan et al., 2004; Dykoski et al.,
2005), was not recorded by the Mn and REEs in SJ3 (Fig. 2). In
another paper (Zhou et al., in press), it was indicated that the YD
event recorded by the δ18O and δ13C for SJ3 was short-lived
(Fig. 2) and was different from that revealed by the GISP2 ice
cores in northern high latitude (Grootes et al., 1993; Stuiver
et al., 1995) and the speleothem records from Hulu and Dongge
caves (Wang et al., 2001; Yuan et al., 2004; Dykoski et al.,
2005). This may impact the imprint of the YD event in the Mn
and REEs records for SJ3. On the other hand, however, the
speleothem δ18O record from the nearby Heshang Cave doesn't
show the YD cooling event either (Hu et al., 2005). In the west
Pacific, whether the YD event is recorded by marine sediments
is also still in controversy (Zhou et al., 2007). Anyway, the
reason why the YD cooling event has no effect on the Mn and
REE records for SJ3 is not clear at present and more inves-
tigations should be carried out in the future.

Conclusions

In stalagmite SJ3 collected fromSongjia Cave inCentralChina,
Mn and REEs vary significantly during the period between 20 and
10 ka, with higher concentrations occurring under relatively warm
and humid climate and lower concentrations under cold–
dry climate. The Mn and REEs show remarkable increases since
14.6–14.5 ka, suggesting enhanced weathering of the overlying
soil cover and the host rock since the onset of the last deglaciation
(Grootes et al., 1993; Stuiver et al., 1995) and the strengthening of
the Asian summer monsoon (Wang et al., 2001; Yuan et al., 2004;
Dykoski et al., 2005). This work suggests that the relationship
between speleothem Mn and REEs records and the weathering
process, first identified by Richter et al. (2004) in the German
stalagmites, should be wider in extent. However, unlike the Mn
and REEs detected by Richter et al. (2004) in the German
stalagmites, whichmay be incorporated into crystal lattice, theMn
and REEs measured in SJ3 by ICP-MS should come largely from
colloidal and particle phases of Mn and REEs in groundwater and
may be associated with non-carbonate inclusion in SJ3. Mn and
REEs in SJ3 display significant centennial fluctuations since the
last deglaciation, which may reflect the hydrological dynamics of
paleo-groundwater. Therefore, the Mn and REEs in SJ3 could
serve as appropriate proxies for weathering intensity and hy-
drological dynamics of paleo-groundwater.
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