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ABSTRACT. A two meters long core from the big “Proserpine” stalagmite of the Han-sur-Lesse cave, deposited from 
1800 (±75) U/O  years BP to recent, displays seasonal layering with two layers deposited during one year. Growth 
rates of up to 2.1 mm per year are observed. Similar changes are observed in the speleothem fabric, the δ18O and δ13C 
isotopic compositions and the growth rate along the longitudinal axis, suggesting common climatic and/or environ-
mental controls. A fi rst multi proxy approach is attempted, in order to interpret the constructed time-series in terms 
of changes in climate and environment. We interpreted the changes in proxy data from this speleothems mainly as 
changes in water recharge or precipitation minus evapo-transpiration. O e stalagmite recorded a generally wet Little Ice 
Age period with two drier and/or colder decennia around 1600 and 1710. O e stalagmite also registered the passage of 
early visitors in the cave from 1700 a AD with traces of fi res made on top of the stalagmite and the incorporation of 
straw from torches in the stalagmite. During the upper 170 years an increasing number of visitors are responsible for 
the incorporation of soot in the calcite.

Keywords: Speleothems, paleoclimate, multi-proxy, archaeology, Little Ice Age.

1. Introduction

Calcite speleothems or secondary chemical cave deposits, 
are now generally considered as valuable high resolution 
palaeoclimatic proxy tools. Recent studies demonstrated 
their important contribution, especially in establishing 
precise chronologies for climate changes on the continent 
(Barr-Matthews et al., 1999; Genty et al., 2003; Spötl & 
Mangini, 2002; Wang et al., 2001, 2005). TIMS or ICP-
MS uranium series dating of only a few 100 milligrams 
allow dating speleothem calcite with a precision of up to 
1% (Li et al., 1989; Shen et al. 2002). Counting of vis-
ible seasonal layering in laminated speleothems, permit 
dating with a precision of up to 0.5 year. Even if transfer 
functions are not always clearly determined, still valuable 
environmental and climatic information are successfully 
extracted from speleothems. In most speleothems from 
our regions, growth rate may give indications on the oc-

currence of favourable (warm and humid conditions) or 
unfavourable conditions for calcite precipitation (Genty et 
al., 2001). A good correlation between layer thickness and 
eff ective rainfall, i.e. rainfall minus evapo-transpiration, 
was observed in speleothems from Belgium (Genty & 
Quinif, 1996). By contrast, a correlation with precipita-
tion and temperature was observed in Chinese stalag-
mites (Qin et al., 1999; Tan et al., 2003). Stable oxygen 
isotopic composition of speleothem calcite is related to 
a series of climatic factors, such as temperature, rainfall 
amount, source and storm tracks (McDermott, 2004). 
Fleitman et al., (2004) related lower values of δ18O and 
higher layer thickness to higher eff ective moisture and 
monsoonal rainfall in Oman stalagmites. Carbon isotopic 
composition is mainly related to soil activity (Genty et 
al., 2003).

O e Proserpine stalagmite comes from the speleothem 
ensemble “Le boudoir de Proserpine” located in the 
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Salle du Dôme within the touristic part of the Han-sur-
Lesse cave system (southern Belgium). It is a tabular 
white stalagmite, which is fed by a rain of seepage water 
throughout the year. According to Perette (2000), this 
kind of “tam-tam” stalagmite is characterized by a rapid 
transfer of climate and environmental information from 
the surface to the cave. We expected therefore that the 
Proserpine stalagmite recorded seasonal and/or annual 
changes. A 10 cm diameter core, which was drilled along 
the longitudinal axis of the stalagmite, displays a very 
clear layering of white porous and dark compact layers 
over the last 700 years. We present here i) a description of 
the internal structure of the stalagmite and the infl uence 
of humans on the deposition of the stalagmite, ii) δ18O, 
δ13C and growth rate time-series, and iii) the fi rst results 
of the measurement of layer thickness. We discuss fi rst 
indications for a climatic and environmental interpreta-
tion of the data, in the light of isotopic measurements of 
local rainwater and cave seepage water.

2. Methodology

A 200 centimetre long core was drilled in the Proserpine 
stalagmite in February 2001. Nine U-series age determi-
nations were performed at Minnesota University (USA), 
using the procedures for chemical separation and purifi -
cation of uranium and thorium of Edwards et al. (1987) 
and Cheng et al. (2000) on powdered samples of 100 to 
400mg, taken with a dental drill. Measurements were 
performed on a Finnigan ELEMENT ionization coupled 
plasma mass spectrometer (ICP-MS) equipped with a 
double-focusing sector magnet in reversed Nier-Johnson 
geometry and a single MasCom multiplier, following 
procedures modifi ed from Shen et al. (2002). Corrected 
230O  ages assume the initial 230O /232O  atomic ratio of 4.4 
±2.2 x10-6. O ose are the values for a material at secular 
equilibrium, with a bulk earth 232O /238U value of 3.8. O e 
errors are arbitrarily assumed to be 50%. Uncertainties on 
the ages are given at 2σ level.
One 14C dating was performed on straw embedded in the 
calcite at the Koninklijk Instituut voor kunstpatrimonium 
following the methodology of Van Strijdonck & van der 
Borg (1991). O e ratio 12C/14C ratio was measured with 
AMS at Leibniz Labor (Christian-Albrechts Universität, 
Kiel, Germany). Fractionations were corrected with δ13C 
measurements. Calendar ages were calculated with the 
OxCal software program (Stuiver et al., 1998; Bronk 
Ramsey, 2001).
O e δ18O and δ13C stable isotope analyses on speleothem 
calcite were performed following the method of McCrea 
(1950) at the Vrije Universiteit Brussel and at the Vrije 
Universiteit Amsterdam with a Kiel device coupled a 
Delta plus XL and a Finigan Mat 253 respectively. Re-
sults are given in ‰ . Analytical precisions were 
(2σ) ≤0.1‰ (δ18O) and ≤0.05‰ (δ13C), variations in 
measurements between the two laboratories lie within 

these uncertainties. Sub-samples from the Proserpine 
stalagmite were taken along the longitudinal axis of the 
core, every 0.5 cm for the upper layered part and every 
2 cm for the lower un-layered part. Higher resolution 
sampling (approximately every mm) was carried out at 
chosen heights in the stalagmite (the upper seven cm, 24 
to 28 cm, 50 to 56 cm. Very high resolution (every 100 
micrometer, 200 micrometers deep) were performed with 
a Micromill at the Vrije Universiteit Amsterdam for the 
last 20 years.
Hydrogen isotopic measurements of local rainwater and 
cave seepage water, dripping on the Proserpine stalag-
mite were performed at the LSCE (CEA, France) on a 
homemade Isotope Ratio Mass Spectrometer (IRMS) 
with online uranium reduction (Hageman & Lohez, 
1978; Vaughn et al., 1998) which is usualy used for ice 
core water analysis. All the isotopic values are given in ‰ 
. O e analytical error on the deuterium measure-
ment is typically 1.0 ‰ (2σ).
High-resolution image of a polished section of the stalag-
mite was obtained with a fl atbed scanner. Each layer was 
manually marked using Adobe® Photoshop® and layer 
thicknesses were determined by semi-automatic image 
processing with ImageJ software (available at http://rsb.
info.nih.gov/ij/).

3. Results

O is 200 cm long core can be divided into two parts 
according to the physical properties (Fig. 1): the lower 
125 cm (from 65 to 190cm) shows a chaotic pool-like 
morphology (small crystallization basins) (Fig. 2a), while 
the upper 64cm are regularly laminated with alternations 
of smaller compact brown to grey layers and thicker 
porous white layers up to 2 mm thick (Fig. 2b). From 36 
to 33cm the stalagmite is composed of generally darker 
calcite with ambiguous layering. Between 13.5 and 9 cm, 
a clear sedimentological perturbation occurs with fi rst 
deposition of brown layered calcite ending in a white 
granular calcite crust. Above, disconnected from the crust, 
un-layered calcite embedding pieces of straw occurs over 
approximately 2 cm. Above this perturbation, in the up-
per 9 cm, layered calcite is greyish and layers are much 
smaller than before. In total, for the layered upper 64 cm 
of the core, we counted 540 alternations (or 1080 layers) 
with 140 for the upper 9 cm.
Uranium-series dating indicates that the stalagmite 
started its growth at 200 (±75) a AD and ends at 2001 
a AD, when the stalagmite was cored (Fig. 1, table 1). 
O e U/O  datings are in logical stratigraphic order so 
they are believed reliable. Straw embedded in the calcite 
at approximately 10cm (Fig. 1) is dated by AMS, which 
further supports U/O  dating results (table 2).
Oxygen and carbon isotopic ratios (Fig. 3) display higher 
values up to -5‰ (δ18O) and -6‰ (δ13C) individually 
(Fig. 3) and important variations similar for δ18O and δ13C 
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Figure 1. The Proserpine stalagmite core with its lower chaotic 

pool-like structure and its upper regularly layered calcite. Black 

dots represent U/Th datings locations. The black rectangle 

represent the location of the straw that was 14C dated. 

in the lower non layered part of the core. A long-term 
decreasing trend is observed for δ18O as well as for δ13C. 
In the upper layered 64 centimetres, δ18O displays a more 
regular large U shaped curve with values between -7.5‰ 
and -6‰  with short-term fl uctuations. In recent 
times δ18O increases strongly. In contrast, the δ13C shows 
a rather fl at long-term trend around -10‰ with short-
term changes varying between -10.5‰ and -8‰ .. 
Six Hendy tests, for isotopic equilibrium (Hendy, 1971) 
were performed at diff erent heights in the layered part 

Figure 2. a: Chaotic pool-like structure of the lower part of 

the core. b: Regular layered calcite of the upper part of the 

stalagmite.

Figure 3. Growth rate, δ18O and δ13C time-series for the Proser-

pine stalagmite. Chronology is based on layer counting, ICP-MS 

U/Th dating of the calcite and 14C dating of embedded straw. 2σ 

errors are displayed for the U/Th data. Horizontal lines represent 

the mean isotopic values.

of the stalagmite (Fig. 4). A signifi cant (P≥0.95) correla-
tion between δ18O and δ13C, indicating non-equilibrium 
deposition, was observed at 8.5 cm (R2=0.94) and 12.5 cm 
(R2=0.62), while no correlation was observed at 26.5, 33, 
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Table 1. ICP-MS U/Th dates of the Proserpine stalagmite. (2 σ uncertainties are given.) 

Table 2. AMS 14C dates of the straw embedded in the calcite. 

34 and 49 cm. Along the longitudinal axis of the stalag-
mite core (Fig. 5), a strong correlation (at the 0,99 sig-
nifi cance level) was observed between δ18O and δ13C for 
the upper 14 cm (R2=0.71) and for the lower un-layered 
part (R2=0.71), while a correlation of only 0.43 (R2) was 
observed for the regularly layered part with thick layers 
in between (Fig. 5).
Hydrogen isotopic measurements of local rainwater 
(taken every two weeks between November 2003 and 
February 2004) indicates a high variability between -29‰ 

and  80‰ , but a constant value of -51.8‰ ±1.0‰ 
(2σ)  for the cave seepage water, dripping above 
the Proserpine stalagmite and taken every week, between 
July 2003 and February 2004) (Fig. 6).
Measurements of total layer thickness between 1900 and 
2000 a AD show a very similar variation pattern to the 
δ18O (Fig. 7), with thicker layers corresponding to lower 
δ18O values. Since dark layer thicknesses generally vary 
in the same way as white layer thicknesses, we further 
worked with total layer thickness.

PROS H (hout) KIA-24821: 255±35 BP

68.2% probability 1520AD (11.9%) 1550AD Improbable compared to the U/Th ages

1630AD (43,8%) 1670AD Improbable compared to the U/Th ages

1780AD (12.5%) 1800AD probable

95.4% probability 1510AD (25.9%) 1600AD Improbable compared to the U/Th ages

1610AD (49.4%) 1680AD Improbable compared to the U/Th ages

1760AD (17.1%) 1810AD Most probable

1930AD (3.0%) 1950AD Improbable compared to layer counting
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Figure 4. The Hendy tests (indicating non equilibrium deposition if δ18O varies along a single layer and if δ13C variations are similar 

to the δ18O variations), performed at different heights in the Proserpine stalagmite indicate a deposition close to isotopic equilibrium 

for the calcite with a regular thick layering (from 64 to 14 cm) and non equilibrium conditions for the upper 14 centimetres.
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4. Interpretation and discussion

4.1. Morphology

O e diff erences in crystal fabric between the unlayered 
lower and layered upper part of the core is more prob-
ably due to the location of the coring at the side of the 
stalagmite than to climatic or environmental changes (Fig. 
8), because in the upper part of the stalagmite, the core 
was well centred in the fl at part, where regular laminated 
calcite is deposited directly from the dripping cave seep-
age water. In the lower part, the core crosses the side of 
the stalagmite where pool-like structures were deposited 
after a fi rst deposition of calcite at the top. At the side of 
the stalagmite, precipitation from partly degassed water 
and evaporation processes, common in pool like struc-
tures, may change the initial isotopic and chemical signal 
contained in the water and carbonate. For this reason, we 
concentrate our study on the layered part of the stalagmite. 
Changes of calcite fabric inside the layered part may be 
of climatic, environmental or anthropogenic origin. If 
the onset of the sedimentological perturbation at 14 cm 
was not clearly related to a natural cause, the embedded 
straw is obviously anthropogenic and indicative of early 
visitors in the cave using torches. O e greyish calcite in 
the upper 9 cm is most probably due to the incorporation 
of soot from the torches used by the visitors (Fig. 9). O e 
deposition of whiter layer packages at 2.5 and 5.5 cm is 
possibly related to a decrease in the number of visitors. 
Since the end of the use of torches in 2000, a spectacular 
whitening of the speleothems is observed in the Salle du 
Dôme, especially for soda straw stalactites (Fig. 10).

Figure 5. The upper 7 cm, as well as the lower unlayered lower 

part display a good signifi cant correlation between δ18O and δ13C 

along the longitudinal axis, due to non-equilibrium deposition. 

The regularly layered part displays a poor but signifi cant correla-

tion, which expresses the climatic link between both variable.

Figure 6. Deuterium isotopic composition of Han-sur-Lesse 

rainwater displays large variations while and Han cave seepage 

water is rather constant throughout the year.

4.2. Chronology and seasonal layering

O e time-series are constructed based on layer counting, 
9 ICP-MS U/O  dates and one 14C date. O e top of the 
core was deposited in 2001, date of coring. Layer counting 
from the top (2001 AD) down to the sedimentological 
perturbation (133 layer alternations) places the restart of 
layering at 1868 AD. O e 14C dating of the straw embed-
ded in the calcite, deposited before the restart of layering, 
gives several possibilities after calibration (table 2). O e 
most recent ages (between 1930 and 1950 AD) are in 
opposition with the layer counting. O e ages, before 1680 
AD are very unlikely since they are in opposition with 
the U/O  dating performed ±15 centimetres below and 
indicating an age of 1634 ±30(2s) AD. As a consequence 
and with a mean growth rate of 1 mm/year, the sedimen-
tological perturbation, containing the straw, should start 
at least at 1750 AD (=1634-30(2s)+150mm/1mmper 
year). O erefore the most probable cal 14C date seems to 
us the date between 1760 and 1810 (17% within 95% 
probability). It means that between the straw embedded 
at the end of the perturbation (maximum 1810 AD) 
and the restart of the layering (1868 AD), a hiatus of at 
least 60 years occured. For the part deposited before the 
perturbation, the U/O  dates were interpolated.

Figure 7. Total layer thickness and δ18O values for the last 

century.
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Based on the datings it can be inferred that the studied 
200cm high stalagmite was deposited in less than 2000 
years, which indicates a high mean growth rate of over 
1mm per year. O e 540 layer alternations correspond 
well with the U/O  age of 540±25 a BP at the base of 
the layering and strongly support the seasonal character 
of the layers with an alternation of a white porous layer 
and a dark compact layer corresponding to one year. O e 
time periods between the diff erent U/O  ages correspond, 
within dating uncertainties, to the number of layer alter-
nations. It is still unclear during which period of the year 
the diff erent layers are deposited but former monitoring 
of the cave water in the Père Noël cave indicates a sudden 
increase of the drip rate and the conductivity of the cave 
water during autumn, when the decrease in vegetation 
activity permits an increase in water recharge (Genty 
& Defl andre, 1998). O is suggests that the larger white 
porous layers with smaller crystals due to rapid calcite 
deposition from ionically charged water with chaotic 
dripping formed during the autumn, winter and maybe 
even spring period, while the dark compact layers with 
large elongated crystals formed during summer season 
when deposition from less charged water was slow with 
a more regular dripping.

Figure 8. The core taken in Proserpine stalagmite. The upper 
part of the core crosses the stalagmite in its fl at top, while the 
bottom of the core crosses the fl ank of the palaeo-stalagmite 
with a typical “micro pool” like structure.

Figure 9. The upper 10 cm of the Proserpine stalagmite. At its 

base, the straw embedded in brown calcite. Arrows indicate 

two whiter bands, related to the decrease in number of visitors 

during last two world wars.

4.3. Anthropogenic perturbation

We know from written historical sources that fi rst tour-
istic visits of the Han-sur-Lesse cave occurred around 
1770 a AD (Timperman, 1989 and references herein). 
However, until 1814 a AD only a small part of the cave 
was visited and till now, we had no information about the 
knowledge and /or regular visit of the Salle du Dôme. O e 
presence and dating of the straw, a relict of used torches 
or fi res lit on top of the stalagmite as possibly suggested 
by the white crust of granular calcite indicates that the 
Salle du Dôme was already known between 1760 and 
1810 AD. If the sedimentological perturbation starting 
at 1700 AD is of anthropogenic origin, visits could have 
started much earlier than inferred from the fi rst known 
publications about the Han-sur-Lesse cave in 1743 AD. 
Regular visits have been recorded as grey soot-polluted 
calcite since 1870, when Eduard de Spandl bought the 
cave and equipped it to attract tourists (Bastin & Dulière, 
1995). He placed 300 candles and a dozen fi res in the 
Salle du Dôme. O e visits continued up to sampling in 
2001 AD with modern equipment but a historical show 
in the Salle du Dôme still used torches, which explains 
the soot incorporation up to 2001. During WWI and 
WWII, the cave was closed, explaining the whiter calcite 
deposited around 1917 a AD and between 1940 and 
1945 a AD (Fig. 9). Since the tourist attraction with the 
torch was abandoned in 2000, a spectacular whitening of 
recently deposited calcite is observable in soda straws and 
in the upper layers (2001-2005 a AD) of the Proserpine 
stalagmite.

Figure 10. A soda straw stalagmite in the Salle du Dôme close 

to Proserpine. Note the recent whitening of the calcite at the 

tip of the soda straw.



252 SOPHIE VERHEYDEN ET AL.

4.4. Stable oxygen and carbon isotopic composition of 
the calcite

An important distinction can be made between un-lay-
ered and layered parts of the speleothem core. O e heavier 
isotopic composition and larger variations in the lower 
part of the stalagmite may be related to non-equilib-
rium evaporation and degassing processes (common in 
pool environments) (Fig. 3). O is is also suggested by 
the high correlation between δ18O and δ13C (R2= 0.71, 
n=43, P≥0.999) along the longitudinal axis of the core 
(Fig. 5).
O e layered part of the stalagmite consists of calcite with 
a δ13C value in agreement with the C

3
 type vegetation at 

the surface and with the carbon composition of modern 
Belgian stalagmites, deposited in conditions close to 
equilibrium (between -12‰ and -10‰) (Verheyden 
2001). O e oxygen isotopic composition is in agreement 
with close to equilibrium deposited calcite at ±10°C from 
cave water with δ18O of -7.5‰ (Verheyden, 2001), cor-
responding to present-day conditions in the cave. O e 
Hendy tests (Fig. 4) suggest that only the very regular 
layered part with thick layers is deposited close to isotopic 
equilibrium. O e upper 14 cm with thin grey and brown 
layers, deposited during the last 300 years are deposited 
out of isotopic equilibrium. In these upper 14 cm, we also 
observe a high co-variation between δ18O and δ13C along 
the longitudinal axis as a consequence of non-equilibrium 
deposition. However, the non equilibrium processes may 
not be important enough to fully overprint the climatic 
signal, since the δ18O and δ13C values are still relatively 
close to the expected values.
In temperate climate settings and in isotopic equilib-
rium deposited calcite, lower δ13C values are related to 
an increased soil activity, mainly occurring during warm 
and humid conditions (Genty et al., 2003). O e oxygen 
isotopic composition depends on a combination of fac-
tors such as air temperature, changes in the source and 
storm-track trajectories of the rain water and amount of 
precipitation. In general (with exception of Norwegian 
speleothems (Lauritzen & Lundberg, 1999)), a lower 
δ18O was interpreted as representative of a colder period 
in Europe (Genty et al., 2003; Baldini et al., 2002; Spötl 
& Mangini, 2002). Verheyden (2001) calculated a change 
of approximately 0.2 to 0.3‰ per °C for our regions.
For calcite deposited in isotopic disequilibrium, δ18O 
and δ13C are dependent on kinetic processes such as 
evaporation and fast CO

2
 degassing. In the studied re-

gions, heavier δ18O and δ13C values have been observed 
to correspond to drier conditions (Verheyden, 2001, 
Niggeman et al., 2003). Mickler et al. (2004) also observed 
that 18O and 13C enrichment measured in present-day 
Barbados speleothems are related to higher growth rates, 
due to increased CO

2
 degassing or higher bicarbonate 

concentrations. However, experimental studies in the 
laboratory failed to demonstrate a dependency between 
precipitation rate and oxygen isotope partitioning in 

the calcite-H
2
O system ( Jimenez-Lopez et al., 2001; 

Kim & O’Neil, 1997). It seems therefore obvious at this 
stage that both in-situ and experimental studies still not 
provide an understanding of the diff erent controls on the 
isotopic incorporation in speleothems. Nevertheless, the 
diff erent controls (growth rate, metal and bicarbonate 
concentrations, drip rate, temperature,…) are more or 
less infl uenced by climate factors as demonstrated by 
recent studies relating speleothem proxies to climate 
(McDermott, 2004 and references herein). More and 
more evidence indicate that isotopic equilibrium is rarely 
reached in speleothems and a combination of temperature 
and water availability or recharge, governing the drip rate, 
the residence time of water in host rock (itself controlling 
the ionic charge of the water), the local humidity condi-
tions seem to be major controlling facors on speleothem 
growth, chemical and maybe even isotopic composition 
of the speleothems.
In recent times, anthropological perturbations should 
also be considered. Deforestation would increase the δ13C 
as well as the δ18O value, since it decreases the input of 
light carbon due to respiration and decomposition of 
soil organic matter and increases the eff ect of pure soil 
water evaporation, resulting in an increase of vadose 
water δ18O.
Since the layered part was deposited in quasi-isotopic 
equilibrium, we interpreted the long-term δ18O change 
as a change in mean annual surface temperature. O e 
stalagmite recorded a diff erence of approximately 1°C 
from the coldest period around 1600 - 1700 AD to the 
warmest period (last 30 years). Short-term changes are 
more susceptible to refl ect changes in the extent of kinetic 
processes. Changes in water recharge, as main control, 
may be interpreted in terms of climate changes in dif-
ferent ways. A lower water recharge may indicate higher 
temperatures and thus higher evaporation at the surface 
before it infi ltrates the soil or a lower rainfall amount or 
a combination of both.
O e long-term δ13C is rather constant around -10‰ 
during the last 700 years, indicating that the vegetation 
did not change drastically. Short-term changes, however, 
are important and especially anomalies similar to δ18O 
anomalies should be regarded as characteristic of kinetic 
processes (changing both δ18O and δ13C in the same way) 
and therefore be brought in relation to dry-wet changes. 
An increase in δ13C may therefore be interpreted as a 
dry and hot or a dry and cold but also as a wet and cold 
year, if δ13C changes are due to a lower vegetation activ-
ity (in that case the change in δ13C is independent of the 
change in δ18O). A decrease in δ13C means a hot and wet 
or a wet and cold year (but where the cold is not strong 
enough to harm vegetation activity). Superimposed on 
that, anthropogenic deforestation also needs to be taken 
into account. O is complexity clearly demonstrates that 
the sole isotopic composition of speleothem calcite will 
not provide enough information to reconstruct climatic 
or hydrological changes and that accurate climate recon-
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struction should rely upon the comparison of diff erent 
proxy data in the same speleothem, as well as in the 
comparison between diff erent speleothems from the same 
cave and from diff erent caves.

4.5. Stable isotopic composition of the cave water

A solution to better constrain transfer functions between 
climate and isotopic composition of speleothems is to 
directly study this transfer for recent times, in order to 
use a similar transfer in the past. First measurements on 
δD isotopes (Fig. 6) display a rather constant δD com-
position for the cave seepage water, while, as expected, a 
high variability is observed in the δD of local rainwater. 
Since δD is generally more sensitive than δ18O, we expect 
a similar behaviour for the δ18O. Previous results on δ18O 
in other parts of the caves of Han (Verheyden, 2001) 
indicate a constant δ18O for the cave water, representing 
the annual mean of local rainwater δ18O. Measurements 
are in progress to confi rm this for the seepage water 
feeding the Proserpine stalagmite. Based on isotopic 
measurements, the cave seepage water may, therefore, be 
considered as mean local rainwater, thus with an annual 
residence time in the vadose zone. O e fact that the drip 
rate rapidly reacts to variations in the amount of rainfall 
as observed by the cave guides, should be explained by 
the occurrence of a “piston eff ect”, with new recharge 
water pushing down old already mixed vadose water 
(Tooth & Fairchild, 2003) or by the occurrence of com-
plex fl ow patterns (pore and fi ssure fl ows) with diff erent 
residence times and where the isotopic characteristics of 
the water are infl uenced mainly by a long (approximately 
annual) residence time (Bottrell & Atkinson, 1992). As a 
consequence, it will probably not be possible to observe 
important seasonal variations in isotopic composition of 
the calcite layers, but other proxies may display a clear 
seasonal signal or register fl ood events due to diff erences 
in drip rate. A clear example of such a seasonal signal is 
the layered structure of the stalagmite.

4.6. Growth rate, layer thickness and δ18O.

Once chronological markers are present, the growth rate 
of the diff erent parts of the stalagmite can be calculated. 
We reconstructed a rough growth rate time-series by 
comparing packages of 10 to 20 layer alternations (or 
years) with their corresponding length of calcite deposi-
tion along the longitudinal axis. O e growth rate is com-
monly 1 mm/year, and extremely high growth rates (up to 
2.1 mm/yr) are observed between 1450 and 1550 AD. A 
drastic decrease in growth rate (under 1 mm/yr) together 
with a change in calcite fabric occurs at ca 1610 AD, 1530 
AD, around 1650 AD, and at 1700 AD (Fig. 12). During 
the embedding of the straw at ca 1785 a growth hiatus 
of approximately 100years probably exists.
In association with other proxies, the growth rate of 
stalagmites may be used as a relative palaeoclimate 

indicator (Genty et al., 2001). Growth rate is primarily 
dependent on the cave seepage water calcium ion con-
centration, linked with the residence time of the water 
in the limestone and thus with water recharge and with 
the amount of soil CO

2
 controlled by vegetation activity. 

In addition, there is a correlation between growth rate 
and mean annual temperature, due to the correlation 
between calcium ion concentration, soil pCO

2
 and surface 

temperature (Genty et al., 2001) or due to a pH eff ect, 
dominated by soil activity (Frisia et al., 2003). Fleitmann 
et al. (2004) demonstrated a strong correlation between 
layer thickness (and thus growth rate) and precipitation 
in the Oman monsoon climatic system. A correlation 
between growth rate and water supply is demonstrated in 
our regions by Genty & Quinif (1996) and by Genty et 
al. (2001). At this point of the study, we could not relate 
the growth rate to temperature or precipitation in the 
Proserpine stalagmite.
A precise time-series (with annual resolution) of layer 
thickness established by computer-aided techniques, is 
available for the last 100 years. Since layer thickness was 
demonstrated in our regions to be linked with water sup-
ply (Genty & Quinif, 1996) and since δ18O values are re-
lated to precipitation (Verheyden, 2001, Niggeman et al., 
2003), a fi rst comparison between these two parameters 
was performed (Fig. 7). O e variations in layer thickness 
for the period between 1850 and 2000 AD display similar 
variations as δ18O (despite a poor overall correlation of 
-0.4 =R2), which may suggest a relationship between δ18O 
and water amount. Correlation between temperature and 
rainfall data for the last 100 year are not conclusive but 
further investigation in the exact relation between these 
both potential proxies are continuing. Water supply (or 
recharge) can be very diff erent from rainfall amount, 
especially during hot years when evapo-transpiration is 
high. O erefore, further investigations will focus on the 
relation between eff ective precipitation or water recharge 
(precipitation minus evapo-transpiration) and δ18O and 
layer thickness.
O e close similarity between δ18O and layer thickness 
(or growth rate) changes may also suggest a dependence 
between growth rate or precipitation rate and isotopic 
composition, which therefore joins the idea of Mickler 
et al., (2004). Till now, however, no signifi cant seasonal 
δ18O changes were observed in the Proserpine calcite 
layers, while seasonal variations in growth rate between 
the layers are important. Ongoing higher resolution 
measurements may bring new insights in this problematic 
but also further detailed in-situ studies are necessary to 
empathize with the isotopic behaviour.

4.7. A preliminary multi proxy approach

As each individual proxy has its own limitations and 
problems, it seems clear that a multi-proxy approach is 
necessary. O e diff erent proxies may be partially inter-
dependent but they are all controlled in a more or less 
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direct way to climate and environment. O e Proserpine 
stalagmite displays simultaneous changes in isotopic 
composition, growth rate or layer thickness and crystal 
fabric (Fig. 11). We made a chronological reconstruction 
with the most important features and a fi rst refl ection on 
possible environmental or climatic controls.
O e start of layering at 1365 a AD, is probably more a 
sedimentological change due to the position of the core 
in the stalagmite than linked to an environmental or cli-
matic change. O e non layered lower part with microgours 
was deposited at the fl ank of the paleo-stalagmite with 
occurrence of strong non equilibrium processes aff ecting 
the oxygen and carbon isotopic composition as suggested 
by the high correlation between δ18O and δ13C along the 
longitudinal axis. O e upper layered part is therefore more 
suitable for paleo environmental reconstruction since this 
part, with exception of the upper 14 cm was deposited 
close to equilibrium. U/O  datings indicate a higher 
growth rate of 2.44 mm/yr between 1140 and 1365 a 
AD (onset of layering) than for the base of the core (0.79 
mm/yr) deposited between 200 a AD and 1140 a AD. O is 
high growth rate may be related to favourable conditions 
for speleothem deposition (hot and relatively wet) of the 
Medieval Warm Period (800 – 1300 a AD). After a short 
decrease around 1350-1400 a AD (onset of Little Ice 
Age), highest growth rates are observed from 1450 to the 
end of the 16th century (between 1.2 and 2.1 mm/yr). Ac-
cording to the Proserpine speleothem, the climate during 
this period did not aff ect vegetational activity drastically 
and low δ18O values are consistent with a high water re-
charge and thus a suffi  cient humidity level at the surface. 
Around 1600 a AD, a clear simultaneous signal occurs 
in the calcite fabric (deposition of grey compact calcite), 

the growth rate (sudden decrease) and the Oxygen and 
carbon isotopic compositions (sudden decrease of δ18O 
and δ13C). All these changes suggest a decrease in water 
availability, combined with a lower vegetational activity 
(since the δ13C increase precedes the δ18O increase, the 
δ13C change can not be only due to kinetic processes). 
O e deposition of compact translucent calcite (with low 
growth rate) seems typical of cold periods as also seen 
during the 8.2 ka BP event in a stalagmite from the Père 
Noël cave (Verheyden, 2001). O erefore the time-series 
suggests a colder and drier period around 1600 in our 
region, probably characterised by cold and dry winters 
and humid fresh summers, unfavourable for agriculture. 
O is interpretation can account for the drop in growth 
rate together with an increase in δ18O and δ13C and 
deposition of darker compact calcite at 1650 a AD. On 
the contrary, the drop in growth rate of 1630 a AD is 
confi rmed neither by a change in isotopic composition, 
nor by a signal in crystal habit.
O e sedimentological perturbation at 1700 a AD occurs 
simultaneously with an important increase of the δ18O 
and δ13C compositions suggesting a climatic cause for 
the onset of the perturbation (decreased recharge with a 
less important soil activity) rather than an anthropogenic 
cause. In addition, from between 1760 and 1810 a AD, 
humans visited the cave and left behind their burned 
torches or lit fi res on top of the Proserpine stalagmite. 
Calcite deposition stopped for approximately 100 years 
possibly not only due to the visits but also due to unfa-
vourable calcite depositional conditions, as indicated by 
the high δ18O (decreased water recharge) and high δ13C 
values (lower soil activity) at both sides of the hiatus. O e 
lower recharge also explains why Proserpine was an ideal 
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place to make a fi re, since besides of the strategic location 
in the Salle du Dôme and the fl at top, less water was prob-
ably dripping on the stalagmite. Today, this stalagmite 
would probably not be chosen due to the continuous 
“rain” falling on the entire surface of the stalagmite. For 
the last 100 years, δ13C values were low while δ18O seems 
rather stable (high soil activity and stable recharge condi-
tions) around 1930-1950 a AD. A recent strong increase 
in δ13C (decreased soil activity) and δ18O values (lower 
water recharge due to dryer/warmer conditions?) is ob-
served in the speleothem since 1950 a AD. Since 1880 
a AD regular visits with torches in the cave deposited a 
grey soot layer on the stalagmites. Deposition of white 
calcite around 1917 and between 1940 and 1945 a AD is 
consistent with a decrease of visits during the world wars. 
O e soot is disappearing only recently (visible in recent 
soda straws) with the end of the use of torches as tourist 
attraction in the Salle du Dôme.

5. Conclusions

O e Proserpine stalagmite grew between 200 and 2001 
a AD and displays a seasonal layering since 1350 a AD. 
Simultaneous changes in diff erent parameters such as 
crystal fabric, growth rate or layer thickness and isotopic 
composition, indicate that they are controlled by a com-
mon mechanism: climatic, environmental and/or anthro-
pogenic processes. However, caution is required since high 
similarity of changes may suggest a common control, 
probably linked with depositional dynamics. Nevertheless, 
even if partially interdependent, these parameters depend 
more or less directly on climatic fators, mainly the amount 
of water recharge, which is closely related to precipitation, 
air temperature, and vegetation coverage.
O e Proserpine stalagmite provides information on the 
climatic and/or environmental evolution of the Han-sur-
Lesse region as well as archaeological information, such as 
the early visiting of the Salle du Dôme from 1760-1810 
and a lowering in frequency of visits during both world 
wars. Oxygen and carbon isotopic composition, combined 
with growth rate and crystal habit suggests warm and 
humid conditions for the 11th to 14th centuries. Coldest 
periods occurred at 1600-1610, 1650 and 1700-1750 a 
AD. During the last 100 years a gradually dryer and/or 
hotter climate is registered in the stalagmite.
O e exact transfer functions between climate/environ-
ment and proxies in the stalagmite still need to be studied 
more in detail by further in-situ studies of the nowadays 
transfer of the cave water and its characteristics. δD 
measurements reveal the lack of seasonal signal in the 
isotopic composition of cave seepage waters. Compari-
sons between recent and historical meteorological data 
and proxies in the stalagmite indicate a more complex 
interaction than a simple correlation between a single 
proxy and temperature or amount of rainfall.

6. Acknowledgements

O e authors thank the Domaine des Grottes de Han for 
access to the caves and Etienne Lannoy for his help with 
the water sampling.

7. References

BALDINI J.U.L., MCDERMOTT F. & FAIRCH-
ILD I.J., 2002. Structure of the 8200-year cold event 
revealed by a speleothem trace element record. Science 
296: 2203-2206.
BAR-MATTHEWS M., AYALON A. KAUFMAN A. 
& WASSERBURG G.J., 1999. O e Eastern Mediter-
ranean paleoclimate as a refl ection of regional events: 
Soreq cave Israel. Earth and Planetary Science Letters 
166: 85-95.
BASTIN N & DULIERE, 1995. Grottes de Han S.A. 100 
ans. Ed. Bordeaux-Capelle, Dinant, Belgium 79pp.
BRONK RAMSEY C., 2001. Development of the 
Radiocarbon Program OxCal. Radiocarbon, 43 (2A): 
355-363
BOTTRELL S.H. & ATKINSON T.C., 1992. Tracer 
study of fl ow and storage in the unsaturated zone of a 
karstic limestone aquifer. Tracer hydrology, Proc. of the 6th. 
Int. Symp. on water tracing, Karlsruhe: 207-211.
CHENG, H., EDWARDS, R. L., HO., J., GALLUP, 
C. D., RICHARDS, D. A. & ASMEROM, Y. (2000). 
O e halfl ives of uranium-234 and thorium-230. Chem. 
Geol. 169, 17–33.
EDWARDS, R. L., CHEN, J. H. & WASSERBURG, 
G. J. (1986/87). 234U-238U-230O  systematics and the 
precise measurement of time over past 500,000 years. 
Earth Planet. Sci. Lett. 81, 175–192.
FAIRCHILD I.J., BORSATO A., TOOTH A.F., 
FRISIA S., HAWKESWORTH C.J., HUANG Y., 
MCDERMOTT F. & SPIRO B., 2000. Controls on 
trace element (Sr-Mg) compositions of carbonate cave 
waters: implications for speleothem climatic records. 
Chemical Geology 166: 255-269
FLEITMANN D., BURNS S.J., NEFF U., MU-
DELSEE M., MANGINI A. & MATTER A., 2004. 
Palaeoclimatic interpretation of high resolution oxygen 
isotope profi les derived from annually laminated spele-
othems from Southern Oman. Quaternary Science Reviews 
23: 935-945.
FRISIA S., BORSATO A., PRETO N. & MCDER-
MOTT F., 2003. Late Holocene annual growth in three 
Alpine stalagmites records the infl uence of solar activity 
and the North Atlantic Oscillation on winter climate. 
Earth and Planetary Science Letters 216: 411-424.
GENTY D., BAKER A. & VOKAL B., 2001. Intra- and 
inter-annual growth rate of modern stalagmites. Chemical 
geology 176: 191-212.



256 SOPHIE VERHEYDEN ET AL.

GENTY D., BLAMART D., OUAHDI R., GIL-
MOUR M., BAKER A., JOUZEL J. & VAN-EXTER 
S., 2003. Precise dating of Dansgaard-Oeschger climate 
oscillations in western Europe from stalagmite data. 
Nature 421: 833-837.
GENTY D. & DEFLANDRE G., 1998. Drip fl ow 
variations under a stalactite of the Père Noël cave (Bel-
gium). Evidence of seasonal variations and air pressure 
contraints. Journal of Hydrology 211: 208-232.
GENTY D. & QUINIF Y. 1996. Annually laminated 
sequences in the internal structure of some Belgian sta-
lagmites - importance for palaeoclimatology. Journal of 
Sedimentary Research, vol. 66, 1: 275-288.
HAGEMANN R. & LOHEZ P., 1978. Deuterium/
hydrogen isotope analysis ratio. Advances in Mass Spec-
trometry 74: 85-88.
HENDY C.H., 1971. O e isotopic geochemistry of spe-
leothems. O e calculation of the eff ects of diff erent modes 
of formation on the isotopic composition of speleothems 
and their applicability as paleoclimatic indicators. Geo-
chimica et Cosmochimica Acta 35: 801-824.
JIMÉNEZ-LÓPEZ C., CABALLERO E., HUERTAS 
F.J. & ROMANEK C.S., 2001. Chemical, mineralogical 
and isotope behavior, and phase transformation during 
the precipitation of calcium carbonate minerals from 
intermediate ionic solution at 25°C. Geochimica et Cos-
mochimica Acta 65(19): 3219-3231.
KIM S.T. & O’NEIL J.R., 1997. Equilibrium and non-
equilibrium oxygen isotope eff ects in synthetic carbonates. 
Geochimica et Cosmochimica Acta 61(16): 3461-3475.
LAURITZEN S.E. & LUNDBERG J., 1999. Calibra-
tion of the speleothem delta function: an absolute tem-
perature record for the Holocene in northern Norway. 
P e Holocene 9 (6): 659-669.
LI W., LUNDBERG J., DICKIN A.P., FORD D.C., 
SCHWARZ H.P., MAC NUTT R. & WILLIAMS D., 
1989. High precision mass-spectrometric uranium series 
dating of cave deposits and implications for palaeoclimate 
studies. Nature 339: 534-536
MCCREA J.M.,1950. On the isotopic chemistry of car-
bonates and paleotemperature scale. Journal of Chemical 
Physics 18 (6): 849-857.
MCDERMOTT F., 2004. Palaeo-climate reconstruction 
from stable isotope variations in speleothems: a review. 
Quaternary Science Reviews 23: 901-918.
MICKLER P.J., BANNER J.L., STERN L., AS-
MEROM Y., EDWARDS R.L. & ITO E., 2004. Geo-
chimica et Cosmochimica Acta 68 (21): 4381-4393.
NIGGEMANN S., MANGINI A., MUDELSEE 
M., RICHTER D.K. & WURTH G., 2003. Sub-Mi-
lankovitch climatic cycles in Holocene stalagmites from 
Sauerland, Germany. Earth and Planetary Science Letters 
216: 539-547.
PERRETTE Y., 2000. Etude de la structure interne des 
stalagmites : contribution à la connaissance géographique des 
évolutions environnementales du Vercors (France). Unpubished 
PhD thesis, Univ. de Savoie, Géographie, France. 277pp.

QIN X., TAN M., LIU T., LI T. & LU J., 1999. Spectral 
analysis of a 1000-year stalagmite lamina-thickness record 
from Shihua cavern, Beijing, China, and its climate sig-
nifi cance. P e Holocene 9 (6): 689-694.
ROZANSKI K., ARAGUAS-ARAGUAS L. & GON-
FIANTINI R., 1993. Relation between long-term trends 
of oxygen-18 isotope composition of precipitation and 
climate. Science 258: 981-984.
SHEN, C.-C., EDWARDS, R.L., CHENG, H., DO-
RALE, J.A., THOMAS, R.B., MORAN, S.B., WEIN-
STEIN, S., & EDMONDS, H.N. 2002. Uranium and 
thorium isotopic and concentration measurements by 
magnetic sector inductively coupled plasma mass spec-
trometry. Chemical Geology 185. no. 3-4, 165-178.
SPÖTL CH. & MANGINI A. 2002. Stalagmite from 
the Austrian Alps reveals Dansgaard-Oeschger events 
during isotope stage 3: Implications for the absolute 
chronology of Greenland ice cores. Earth and Planetary 
Science Letters 203: 507-518.
STUIVER M., REIMER P.J., BARD E., BECK J.W., 
BURR G.S., HUGHEN K.A., KROMER B., MCCOR-
MAC G., VAN DER PLICHT J. & SPURK M. 1998. 
INTCAL 98 - Radiocarbon Age Calibration, 24000-0 
cal BP. Radiocarbon 40 (3): 1041-1083.
TAN M., LIU T., HOU J., QIN X., ZHANG H. & LI T., 
2003. Cyclic rapid warming on centennial-scale revealed 
by a 2650-year stalagmite record of warm season tempera-
ture. Geophysical Research Letters 30 (12): 1617-1620.
TIMPERMAN M., 1989. La Grotte de Han au fi l des 
Siècles. Ed. Duculot, Gembloux, Belgium, 66pp.
TOOTH A.F. & FAIRCHILD I.J., 2003. Soil and 
karst aquifer hydrological controls on the geochemical 
evolution of speleothem-forming drip waters, Crag cave, 
southwest Ireland. Journal of Hydrology, 273: 51-68.
VAN STRYDONCK M. & VAN DER BORG K., 1991, 
O e construction of a preparation line for AMS-targets at 
the Royal Institute for Cultural Heritage Brussels. Bulletin 
Kon. Inst. Kunstpatrimonium 1990-91, 23: 228-234.
VAUGHN B.H., WHITE J.W.C., DELMOTTE M., 
TROLIER M., CATTANI O. & STIEVENARD M., 
1998. An automated system for hydrogen isotope analysis 
of water. Chemical Geology 152: 309 319.
VERHEYDEN S., 2001. Speleothems as palaeoclimatic 
archives. Isotopic and geochemical study of the cave environ-
ment and its Late Quaternary records. Unpubl. PhD thesis. 
Vrije Universiteit Brussel, Belgium 132pp.
WANG Y.J., CHENG H., EDWARDS R.L., AN Z.S., 
WU J.Y., SHEN C.C. & DORALE J.A., 2001. A high-
resolution absolute-dated Late Pleistocene monsoon 
record from Hulu cave, China. Science 294: 2345-2348.
WANG Y.J., CHENG H., EDWARDS R.L., He Y., KONG 
X., AN Z., WU J., KELLY M., DYKOSKI C.A., LI X., 2005. 
O e Holocene Asian Monsoon: Links to solar changes and 
North Atlantic Climate. Science 308: 854-857.

Manuscript received 31.03.2005 and accepted for pub-
lication 15.01.2006.


