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CALCULATION OF PAST DEAD CARBON PROPORTION AND VARIABILITY BY
THE COMPARISON OF AMS '“C AND TIMS U/TH AGES ON TWO HOLOCENE
STALAGMITES

Dominique Genty' » Marc Massault' « Mabs Gilmour? « Andy Baker® « Sophie Verheyden* «
Eddy Kepens*

ABSTRACT. Twenty-two radiocarbon activity measurements were made by accelerator mass spectrometry (AMS) on 2
Holocene stalagmites from Belgium (Han-stm1b) and from southwest France (Vil-stm1b). Sixteen thermal ionization mass
spectrometric (TIMS) U/Th measurements were performed parallel to AMS analyses. The past dead carbon proportion (dcp)
due to limestone dissolution and old soil organic matter (SOM) degradation is calculated with U/Th ages, measured calcite
14C activity and atmospheric 4C activity from the dendrochronological calibration curves. Results show that the dcp is dif-
ferent for the 2 stalagmites: between 10,800 and 4780 yr from present dcp=17.5% (0=2.4; n=10) for Han-stm1b and
dcp=9.4% (6=1.6 ; n=6) between 3070 and 520 yr for Vil-stm1b. Despite a broad stability of the dcp during the time ranges
covered by each sample, a slight dcp increase of about 5.0% is observed in the Han-stm1b sample between 8500 and 5200 yr.
This change is synchronous with a calcite 8'3C increase, which could be due to variation in limestone dissolution processes
possibly linked with a vegetation change. The dcp and 8!3C of the 2 studied samples are compared with 5 other modern sta-
lagmites from Europe. Results show that several factors intervene, among them: the vegetation type, and the soil saturation
leading to variable dissolution process systems (open/closed). The good correlation (R?=0.98) between the U/Th ages and the
calibrated '“C ages corrected with a constant dcp validates the '4C method. However, the dcp error leads to large “C age errors
(i.e. 250-500 yr for the period studied), which is an obstacle for both a high-resolution chronology and the improvement of
the 14C calibration curves, at least for the Holocene.

INTRODUCTION

Several studies have demonstrated the great interest in speleothems (stalagmites, flowstones) for the
study of paleoenvironments (Gascoyne 1992; Lauritzen 1995; Bar-Mattews et al. 1996). More
recently, the study of annual-growth laminae in stalagmites has shown the great chronological and
paleoclimatological potential of such deposits: annual growth laminae can be visible (Genty and Qui-
nif 1996) or luminescent under UV light (Shopov and Dermendjiev 1990; Baker et al. 1993). How-
ever, 2 major problems still motivate research work: 1) finding a good paleoclimatic signal that can be
transformed into a transfer function; and 2) checking the chronology by independent methods, espe-
cially for recent deposits where laminae can be counted. Paleoclimatic signals have already been
detected, such as laminae thicknesses as indicators of paleoprecipitation (Railsback et al. 1994; Genty
and Quinif 1996; Liu et al. 1997; Tan et al. 1997). Luminescence emission is also linked to rainfall
(Baker et al. 1997), but such high-resolution studies require an extremely accurate chronology to cal-
ibrate the laminae signal with the instrumental climate records or historical data. For that, we can use:

1. Annual laminae counting. Generally, this cannot go very far back in time because of hiatuses
or discontinuities in laminae series. The longest known laminae series is from China, where
more than 1100 luminescent laminae have been counted continuously, but that is exceptional
and linked with very regular climate variations such as monsoons (Tan et al. 1997).

2. Detection of the increase in C activity due to bomb activity. However, this only gives the posi-
tion of the pre-bomb period (around 1950-1955; Genty et al. 1998);

3. Excess 219Pb for the last 100 yr. This method has been applied successfully to only one stalactite
and needs more testing (Baskaran and Iliffe 1993).
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4. U/Th TIMS. This is problematic for young samples (i.e. a few hundred years old) because of
the low 230Th content, which is made worse by low uranium content samples.

5. 14C AMS. This has great potential for high-resolution chronology for recent deposits, provided
that the dead carbon proportion (dcp), due to the dissolution of the limestone and to the oxida-
tion of soil organic matter (SOM), is known (its value, error and variation over time).

The limestone dissolution equation shows that half of the carbon should come from the limestone
and the other half from soil CO,. Then, the expected dead carbon proportion should be theoretically
50%. This is not what we observe. As explained in a former study (Genty and Massault 1997), dcp,
up to recently, has been calculated in speleothems in different ways: 1) by measurement of the 4C
activity on modern stalagmites (Vogel 1983; Gewelt 1986); 2) by age-distance interpolation up to
the top of the stalagmite (linear least-square fit; Broecker and Olson 1960; Gey and Hennig 1986;
Railsback et al. 1994; Talma and Vogel 1992); 3) by comparison with pollen extracted from spele-
othems, which is an indirect way to find the age of the calcite deposit (Bastin and Gewelt 1986); and
4) by comparison with U/Th ages (Vogel 1983; Holmgren et al. 1994). From these earlier studies,
the average dcp (or dilution factor g, which is its complement, and more often used by hydrologists)
is 15% + 5 (q=0.85 + 0.05) (details in Genty and Massault 1997). More recently, using annually lam-
inated stalagmites and the AMS technique, we have demonstrated that dcp due to limestone disso-
lution can be calculated with pre-bomb values obtained on C activity time series of modern stalag-
mites (Genty et al. 1998, 1999). On the 3 sites already studied, the pre-bomb dcp (mid 1950s) varies
from 9.0% to 12.2% =+ 1.5. This shows that despite differences in climate and vegetation conditions,
the pre-bomb dcp is relatively homogeneous. This study’s aim is to calculate past dep to see if it has
changed during the Holocene. The study has at least 3 interests:

1. The study of hydrological and paleohydrological processes. Variation in dcp is the consequence
of variation in dissolution processes in the unsaturated zone. These processes are controlled by
the vegetation and climate.

2. Speleothem dating. The variation range of dcp during a specific period (i.e. Holocene) will con-
trol the error of speleothem !4C ages. If dcp is stable, then AMS !4C dating will be very useful
for dating speleothems mainly because it is cheaper, requires less material (10 mg of calcite is
sufficient), and is more convenient (laboratory preparation is much faster and simpler) than the
U/Th method.

3. Construction of calibration curves. If we demonstrate that the past dcp is relatively constant and
that it can be calculated with pre-bomb 14C activity, as we have done on modern stalagmites,
then past atmospheric C activity could be calculated using U/Th ages and measured spele-
othem #C activity.

SITE AND SAMPLE DESCRIPTIONS

The 2 stalagmites chosen for investigation in this study are Vil-stm1b from the Villars cave (Dor-
dogne, France; L = 45°30'N, 1 = 0°50’E, Z = 175 m), and Han-stm1b from the Han-sur-Lesse cave
(Belgium; L = 50°08'N, 1 = 5°10’E, Z = 180 m). The Villars cave developed in Jurassic limestone,
whereas the Han-sur-Lesse cave developed in Devonian limestone. Forest covers most of both sites,
but the area just above Vil-stm1b is composed of grassland. Han-stm1b is 138 cm high and dark
brown calcite. Vil-stm1b is composed of white calcite and is 109 cm high. Both samples are com-
posed of an alternation of porous/compact calcite every few tens of centimeters. Growth laminae are
visible on most of the upper half of Vil-stm1b.
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METHODS

Mass Spectrometric Measurements

The main advantage of using AMS for 4C, and TIMS for U/Th, is that very little sample is needed:
12-77 mg for AMS and 600-3000 mg for U/Th. This quantity of calcite corresponds to 2—10 yr of
deposits for AMS and 5-50 yr for TIMS, depending on the sample’s average vertical growth rate.

AMS 4C Measurements

Calcite powders were reacted with H;PO, to obtain CO,. The gas was graphitized on iron with
hydrogen at 650 °C for 100 min. Residual gas was used for stable isotope measurements on a SIRA
spectrometer. Carbon atoms were counted with an accelerator mass spectrometer (Tandetron, Gif-
sur-Yvette, France). Analytical errors, including laboratory errors, are + 0.1%o for 8'3C and between
0.4 and 1.0 pMC for 4C activity. The blank correction is 0.4 pMC. Errors on '“C ages include the
dcp errors, which increase the final error by about 3 times (see below).

TIMS U/Th Measurements

TIMS U/Th measurements were done at 2 different laboratories: the Open University (England) for
Vil-stm1b, and the GEOTOP Laboratory at the University of Quebec at Montreal (Canada) for Han-
stm1b. Analytical procedures are summarized for both samples.

Samples were dissolved with nitric acid and spiked with a mixed 229Th-236U spikes (Vil-stm1b) and
229Th-236U-233U (Han-stm1b). Uranium and thorium fractions were separated on anion exchange
columns using standard techniques (Edwards et al. 1987). Both uranium and thorium were loaded
onto graphite coated Re filaments and analyses carried out using Finnigan MAT262 (Vil-stm1b) and
VG Sector (Han-stm1b) mass spectrometers. The former is equipped with a potential quadrupole
and a secondary electron multiplier, the latter with an electrostatic analyzer and an ion-counting
Daly detector. Errors were propagated from the in-run statistics and the uncertainties on the spike
isotopic composition. The relatively high error on 29Th/22Th results for Vil-stm1b reflects the low
count rates obtained for these small young, low uranium content samples. The detrital calculation
used corrects for both uranium and thorium detrital contribution to the sample. It is assumed that the
detrital component has a 232Th/?3U molar ratio of 5, that the detrital uranium is in secular equilib-
rium, and that all the 232Th is of detrital origin. Since 23°Th/232Th activity ratios for all samples were
>50, they can be viewed essentially as having negligible detrital input (except for U/Th-G sample at
the base of Han-stm1b), hence the detrital age corrections are typically very small. Ages were cal-
culated using the standard equation and the decay constants used for 234U, 238U, 230Th and 232Th
were 2.835 x 1076, 1.55125 x 10710, 9.1952 x 10-¢ and 4.9475 x 10~!1 yr!, respectively.

Dead Carbon Proportion Calculations
The past dcp (depp) of the 2 stalagmites studied was calculated as the following:
14
depp =| 1-| =St 11009
a atm. init.

(H

where a'%C;;,_is the initial '*C activity of the calcite and a'*Cyy, ini.. is the atmospheric '4C activity
of the time of deposition, they are defined by:

https://doi.org/10.1017/5003382220005712X Published online by Cambridge University Press


https://doi.org/10.1017/S003382220005712X

254 D Genty et al.

14
a C mes.

“exp(\-t)

14

a 'C int.

2)

with t=U/Th age in years and A is the decay constant of 14C, using 5730-yr half life where a'*C e,
is the measured calcite activity and a'*Cyyy. inic. is found with the U/Th age on the calibration curves
(bidecadal A“C values of the Calib 3.0 data set; Stuiver and Kra 1986; Bronk Ramsey 1994).

Another method has been used to estimate the dcp on modern stalagmites (dcp yoderm) (Genty et al.
1998, 1999). We briefly describe this method here as we compare and discuss modern dcp and past
dep. The calcite '4C activity time series was reconstructed using modern stalagmites that possess
annual growth laminae. Laminae counting permits to obtain a high resolution chronology. The 14C
activity curves obtained have shown that the #C peak due to nuclear weapon tests is time delayed
in the stalagmites by up to 20 yr and that the decrease in the 14C activity is highly variable from one
site to another. The dcp podem 1 given by the following:

14
dCPmogem =[1—(§%&)].100%
atm. (3)

where a'4C,,, is the pre-bomb calcite C activity and a'“C,, is the pre-bomb atmospheric '“C
activity.

Dead Carbon Proportion Errors

For equation (3) it can be reasonably assumed that the average error on dcp is 1.5% because average
error on AMS measurements is 0.7%, and we suppose the same for the atmospheric measurement
(Genty and Massault 1997). For equation (1), the error has been calculated using: 1) error on
a'4C,. 3 2) error on U/Th age; and 3) error on past atmospheric *C activity read on the dendrochro-
nological calibration curve (Bidecadal A™C values of the Calib 3.0 data set; Stuiver and Kra 1986;
Bronk Ramsey 1994). Results show that dcp error is relatively high: 2.7% for Han-stm1b and 4.0%
for Vil-stm1b (Tables 1 and 2).

RESULTS AND DISCUSSION

Dead Carbon Proportion and Calcite 3'3C Variations
The past dep calculated on Vil-stm1b and Han-stm1b stalagmites gives these results (Tables 1-6):

1. Average dcp is higher for Han-stm1b (17.5%; 16=2.4; n=10) than for Vil-stm1b (9.4%; 16=1.6;
n=6) (Figure 1).

2. In the Han-stmlb stalagmite, the dcp goes through a broad maximum between 8500 and
5200 yr (19.6%; 16=0.8; n=5) while it is about 5% lower elsewhere.

3. Vil-stm1b average dcp are within error margins.
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Dcp Difference between Han-stm1b and Vil-stm1b Stalagmites
Differences between averaged dcp in Han-stm1b and Vil-stm1b can be due to numerous causes:

1. Differences in limestone dissolution processes (i.e. difference in the relative importance of
open/closed systems; Hendy 1971; Dulinski and Rozanski 1990) due to differences in the soil
and host rock characteristics (porosity, thickness) and/or in climate and vegetation conditions.

2. A different time residence of the seepage water. The longer the water stays in the micro-fissure
network, the more limestone is dissolved and the dead-carbon proportion is greater. The resi-
dence time of the water can be controlled by the limestone thickness above the studied site.
Because limestone thickness above Han-stm1b is 50 m while it is 10 m above Vil-stmlb, it is
possible that this thickness variation explains the higher dcp for the Han-stm1b sample.

Table 5 8'3C of Vil-stmlb stalagmite

Position Estimated d13C
Sample name  (cm/base) U/Th age error (—yr) (%0 PDB, £0.1)
Vil-stm1-0 0.00 —-1100 BC 90 -10.80
Vil-stm1-2 2.00 —-1060 BC 90 -10.77
Vil-stm1-4 4.00 —-1020 BC 90 -1045
Vil-stm1-10 10.00 -900 BC 90 -10.65
Vil-stm1-20 20.00 —680 BC 85 -10.42
Vil-stm1-30 30.00 -380BC 80 -11.09
Vil-stm1-40 40.00 10 AD 70 -10.77
Vil-stm1-50 50.00 400 AD 50 -11.32
Vil-stm1-60 60.00 750 AD 30 —9.88
Vil-stm1-74 74.00 860 AD 50 -8.39
Vil-stm1-80 80.00 1315 AD 30 -8.72
Vil-stm1-90 90.00 1470 AD 15 -10.01
Vil-stm1-100 100.00 1870 AD 15 -9.74
Vil-stm1-106 106.00 1940 AD 10 —-8.84

Except for the high dcp (30-35%) found in a stalagmite from Castelguard cave (Canada) where no
soil develops (Gascoyne and Nelson 1983), the past dcp found in Han-stm1b and Vil-stmlb is in
agreement with the already published dcp found in modern speleothems from temperate countries
(15% + 5; see above for references). The dead carbon proportion (or the dilution factor g, which is its
correlant, often used by hydrologists [q=(100-dcp)/100)], is the consequence of limestone dissolu-
tion processes in the unsaturated zone. Limestone dissolution can occur, theoretically, under 2 pro-
cesses called open and closed systems (Hendy 1971), or coincident and sequential systems (Drake
1983, 1984). In an open system, the seepage water is in contact with soil CO, during limestone dis-
solution, while in a closed system, dissolution occurs when the seepage water is isolated from soil
CO,;. In the first case, dissolved inorganic carbon (DIC) (HCO5™), which comes from limestone dis-
solution, is changed by dissolved CO, which can be degassed; consequently, old C can be removed
from the seepage water leading toward a low dcp. In the second case (closed system), limestone dis-
solution, which brings the dead carbon in the water, is limited by the quantity of dissolved CO, which
is itself controlled by the soil pCO,. After complete dissolution, theoretical dcp goes up to 50%.

Soils in karst areas are generally very thin (5-20 cm thick) and carbonate is quickly reached by the
infiltrated water, so consequently the 3 phases (CO,, water, and limestone) are gathered, and an open
system is more likely to occur, at least during the first stage of seepage. During water infiltration, the
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CO, gas volume in contact with water and limestone decreases and dissolution conditions become
closer to the closed system conditions. As explained by earlier studies (Hendy 1971; Drake 1984), the
real situation in the karst unsaturated zone is an intermediate between these 2 dissolution processes
for 3 reasons: 1) vegetation roots penetrate the rock formation up to several meters and by their res-
piration they produce CO,, which can play an important role in the pCO, balance and then in the dis-
solution process; 2) it has been demonstrated that in most karst areas the micro-fissures are filled by
both water and gas, the main components of a 2-phase seepage (Mangin 1975; Fleyfel 1979; Fleyfel
and Bakalowicz 1979), and this might increase the possibility of open system conditions at different
depths in the karst; and 3) depending on the meteorological conditions (i.e. rainfall intensity, evapo-
transpiration), the seepage will be variable and exchanges between the different phases will also vary.
The dead carbon difference observed between the 2 samples studied could be the consequence of a
different proportion of open and closed regimes during the dissolution process.

’ M’W«MJW M

Dead Carbon Proportion (dcp) %
©
d13C per mil PDB

||1|1|b|ll(|x||||!)x||r|x»||1|1
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Figure 1 Dead carbon proportion (dcp) and 8'3C (thin lines) vs. U/Th ages of the 2 studied stalagmites. Note that for each
stalagmite, the dcp stays relatively stable during the growth: average dcp is 17.5% (0=2.4%; n=10) for Han-stm1b and
is 9.4% (6=1.6% ; n=6) for Vil-stm1b. However, we note a slight increase of the dcp and of the 8'3C between 8500 and
5200 yr for Han-stm1b. This could be the consequence of a vegetation change (see text).

873C Differences between Han-stm1b and Vil-stm1b Stalagmites

Because limestone 8'3C is much higher than soil 8!3C (between —2%o and +2%o, and between —20%o
and —24%o for soil CO, under C3 plants), 8!3C measurements in the precipitated calcite give useful
information about the sources of the DIC species, and consequently on the dissolution processes.
The '3C content of the precipitated calcite in speleothems is controlled by the following:

1. Soil CO, 8'*C, which depends on the photosynthetic pathway and hence on the vegetation type:
under C3 plants 8'3C is about —22%o, whereas it is about —12%. for C4 plants (Dever et al. 1982;

_ Dorr and Miinnich 1986; Fleyfel 1979; Hendy 1971).

2. The temperature, which controls the isotope fractionation between soil CO, and DIC (Mook et
al. 1974), and between DIC and precipitated CaCO3 (Mook 1980).

3. The quantity of dissolved limestone and its 8'3C (—1.2%o for Han-sur-Lesse site, —1.9%. for Vil-
lars site), controlled by the dissolution process (open/closed system proportions).

https://doi.org/10.1017/5003382220005712X Published online by Cambridge University Press


https://doi.org/10.1017/S003382220005712X

Circulation of Past Dead Carbon Proportion 261

Table 7 Calculation of the theoretical calcite 8'3C under different environmental conditions
using a mixing model (dcp) and isotopic fractionation factors (see text for details)?

Temp. Soil 313C dep Limestone $13C CaCoO,
(°C) 813C <diss. (%) 813C >diss. 83C
A
Villars site 10 -20.30 -10.70 9.40 -1.90 -9.87 -9.72
11 -20.30 -10.82 9.40 -1.90 -9.98 -9.77
12 -20.30 -10.93 9.40 -1.90 -10.08 -9.83
13 -20.30 -11.05 9.40 -1.90 -10.19 -9.88
14 -20.30 -11.17 9.40 -1.90 -10.29 -9.93
15 -20.30 -11.28 9.40 -1.90 -10.40 -9.99
16 -20.30 -11.39 9.40 -1.90 -10.50 -10.04
Han-sur-Lesse site 6 -17.80 -7.72 17.50 -1.20 -6.58 —6.64
7 -17.80 -7.84 17.50 -1.20 -6.68 -6.68
8 -17.80 -7.96 17.50 -1.20 -6.78 -6.73
9 -17.80 -8.08 17.50 -1.20 -6.88 -6.78
10 -17.80 -8.20 17.50 -1.20 -6.97 -6.82
11 -17.80 -8.32 17.50 -1.20 -7.07 -6.86
12 -17.80 -8.43 17.50 -1.20 -7.17 -6.91
B
Villars site 13 -17.00 -7.75 9.40 -1.90 -7.20 -6.89
13 -18.00 -8.75 9.40 -1.90 -8.11 -7.80
13 -19.00 -9.75 9.40 -1.90 -9.01 -8.70
13 -20.00 -10.75 9.40 -1.90 -9.92 -9.61
13 -21.00 -11.75 9.40 -1.90 -10.82 -10.51
13 -22.00 -12.75 9.40 -1.90 -11.73 -11.42
13 -23.00 -13.75 9.40 -1.90 -12.64 —-12.33
Han-sur-Lesse site 9 -15.00 -5.28 17.50 -1.20 -4.57 -4.47
9 -16.00 -6.28 17.50 -1.20 -5.39 -5.29
9 -17.00 -7.28 17.50 -1.20 -6.22 -6.12
9 —-18.00 -8.28 17.50 -1.20 -7.04 -6.94
9 -19.00 -9.28 17.50 -1.20 -7.87 -7.77
9 -20.00 -10.28 17.50 -1.20 -8.69 -8.59
9 -21.00 -11.28 17.50 -1.20 -9.52 -9.42
C
Villars site 13 -20.30 -11.05 5.00 -1.90 -10.59 -10.28
13 -20.30 -11.05 7.00 -1.90 -10.41 -10.10
13 -20.30 -11.05 9.00 -1.90 -10.23 -9.92
13 -20.30 -11.05 11.00 -1.90 -10.04 -9.73
13 -20.30 —-11.05 13.00 -1.90 -9.86 -9.55
13 -20.30 -11.05 15.00 -1.90 -9.68 -9.37
13 -20.30 -11.05 17.00 -1.90 -9.49 -9.18
Han-sur-Lesse site 9 -17.80 —8.08 12.00 -1.20 -7.25 -7.15
9 -17.80 —-8.08 14.00 -1.20 -7.12 -7.02
9 -17.80 -8.08 16.00 -1.20 -6.98 -6.88
9 -17.80 -8.08 18.00 -1.20 -6.84 -6.74
9 -17.80 -8.08 20.00 -1.20 -6.70 —6.60
9 -17.80 -8.08 22.00 -1.20 -6.57 -6.47
9 -17.80 -8.08 24.00 -1.20 -6.43 -6.33
D
Han-sur-Lesse site 6 -18.40 -8.32 14.20 -1.20 -7.31 -7.37
10 -17.40 -7.80 20.50 -1.20 -6.45 -6.29

4A: T changes, soil 8'>C and dcp are constant. B: soil §'3C changes, T and dcp are constant. C: dcp changes, T and
soil 8!3C are constant. D: temperature, soil §'3C and dcp changes to take into account the observed calcite §'3C vari-
ation in the Han-stm1b stalagmite (see text). Numbers in bold correspond to our measurements.
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As Figure 1 shows, similar to the dcp, the average 8'’C is higher in Han-stm1b (-6.7%c; 6=0.5;
n=135) than in Vil-stm1b (-9.8%c; 6=1.1; n=17). We have calculated the theoretical precipitated
calcite 8!*C using a simple mixing model (dcp for limestone dissolution; see Genty et al. 1999 for
details) and hypotheses have been made for temperature, soil CO, 8'3C and dcp variations (Table 7).
Apparently, the main factor that controls the calcite 8'3C is soil 3'*C, and reasonable changes in
temperature (+3 °C, which is much higher than the Holocene temperature variation) and in dcp do
not significantly change the calcite 8'*C. For Vil-stm1b, the theoretical calcite 8'3C agrees well with
measured 8'3C for a mean temperature of 13 °C and a soil CO, 8'3C of -20.5%0, which is in the
range of accepted values —20%o to —22%. for soil under C3 vegetation (Fritz et al. 1978; Dorr and
Miinnich 1986 etc.). However, for the Han-stm1b stalagmite, the calculated calcite 8'3C can fit with
the measured values only if we use a very high soil CO, 8'3C (~17.8%o0). Here, reasonable variations
in dcp or in temperature do not change the calculated calcite 8'3C sufficiently. This suggests 2 expla-
nations. The first, a different vegetation with a higher proportion of C4 vegetation (which produces
a higher soil CO, 8'3C) above the Han-sur-Lesse cave, can be rejected because C4 plants character-
ize semi-arid climate, which did not occur during this period in Belgium (Bastin 1990; Bastin and
Gewelt 1986; Lamb 1995). The second explanation is that some process enriched the Han-stm1b in
13C. These processes could include 1) evaporation, unlikely because of the high humidity in the cave
(close to 100%) and also because other stable isotopes (8'80) satisfy the Hendy equilibrium criteria
(Hendy 1971); 2) increases in closed/open system ratio or decreases in soil pCO, as suggested by a
recent semi-dynamic model (Dulinski and Rozanski 1990); or 3) degassing and CaCO; precipitation
during seepage in the unsaturated zone (Baker et al. 1997).

Table 8 Examples of dcp and 8'3C variations in Holocene and modern stalagmites. On modern sam-
ples, the dcp has been calculated with the '*C activity curve on modern and laminated stalagmites?

dep 813C Nrof

Sample Location (%) Error %cPDB  Error analyses Method Stalagmitc age  Ref?

Fau-stm14  La Faurie 9 1.5 -10.3 0.1 21 Bomb-'#C curve Modern 1
(Dordogne,
SW France)

Han-stm5  Han-sur-Lesse 122 1.5 -94 0.1 14 Bomb-'*C curve Modern 2
(Belgium)

Pos-stm4  Postojna 116 1.5 -9.6 0.1 11 Bomb-'*C curve Modern 3
(Slovenia)

Vil-stm1 Villars 94 1.5 -9.9 0.1 11 U/Th-'4C age 3.07 kato O ka 3
(SW France) comparison

Han-stml  Han-sur-Lesse 175 1.5 -6.8 0.1 135 U/Th-"4C age Ilkato4.8ka 3
(Belgium) comparison

BFM-Boss Brown’sFollyMine 17.5 1.5 -10.0 0.1 5 Bomb-'*C curve Modern 4
(Great Britain)

SU Sutherland 355 15 -10.7 0.1 5 Bomb-"C curve Modern 4
(Scotland)

4Genty et al. (1998) and Genty and Massault (1999)
P1=Genty and Massault (1999); 2=Genty et al. (1998); 3=This study; 4=Baker and Genty, unpublished.

Comparison with Other Published Stalagmite dcp and §13C

To better understand the causes of the dcp and 8'3C variations, we compared our data with 5 more
data points from stalagmites already studied and where the dcp has been calculated (Table 8 and Fig-
ure 2; Genty et al. 1998; Genty and Massault 1999; Baker and Genty, unpublished). For these new
examples, the dcp was calculated with the '4C activity curve reconstructed over the last 50 years
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and, when possible, with annual growth laminae (visible or luminescent). The dead carbon propor-
tion is calculated at the pre-bomb level, as explained earlier, by comparing the atmosphere and the
calcite activity around 1950 AD. Figure 2 shows the following:

* 5 samples are grouped in a §!°C range between —10.3%0 and -9.3%0 PDB and a dcp range
between 9% and 18%;

* 1 sample has a high 8'3C and a relatively low dcp (Han-stm1);

* 1 sample has a low 8'3C and a high dcp (SU-96-7).

-5
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Figure 2 8'3C vs. dep; for Vil-stm1 and Han-stm1, dcp is the average of calculated past dcp (this study), for
Fau-stm14, Pos-stm4, Han-stm5, BFM-Boss and SU the dcp has been calculated on modern stalagmites with
the pre-bomb '“C activity curve (see text, Table 8 and Genty et al. 1998; Genty and Massault 1999).

Several factors can explain the §13C and dcp values of the different samples: 1) change in the open/
closed dissolution system proportion; 2) change in the type of vegetation (C3/C4) leading to a
change in the soil CO, 8'3C; or 3) possible degassing of the seepage water (and CaCOj; precipita-
tion) prior to entering the cave (Baker et al. 1997). The set of 5 stalagmites (Fau-stm14, BFM-Boss,
Vil-stm1b, Pos-stm1 and Han-stm5) corresponds to caves that develop in limestone (Jurassic and
Paleozoic). All are modern (i.e. <150 yr) except Vil-stm1b, whose mean dcp has been calculated on
the last 3 ka. Soil that develops above these caves is thin (<30 cm thick), vegetation is varied and of
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Figure 3 Growth curves of Han-stm1b stalagmite (Han-sur-Lesse Cave, Belgium). Note the very good cor-
relation between '“C (dcp corrected and calibrated ; diamonds and thin continuous line) and U/Th ages (thick

continuous line). Dashed lines are error limits for 'C ages, and have been calculated using an average dcp
error of 1.5% and analytical errors (horizontal bars on diamonds).

the C3 type (deciduous woodlands and grasslands) and, despite slight variations in rainfall and tem-
perature, climate is temperate and humid. Such environmental conditions seem to have favored an
open-system dissolution process. The Han-stm1b sample comes from the same cave as one of the
earlier samples (Han-sur-Lesse cave), but its average dcp and 8!3C were calculated on the first half
of the Holocene. As explained earlier, the high 8!3C is difficult to interpret, but its dcp is in the range
of the previous set. The SU-96-7 sample comes from a Scottish cave overlain by peat that develops
in a dolomitic rock formation (Baker et al. 1993). The high SU-96-7 dcp value suggests that the dis-
solution system is almost closed. Its low 8'3C (~10.7%0 0.1) is likely the consequence of closed-
system conditions and the very low soil CO, 8'3C (-29%o; Baker et al. 1999). These particular con-
ditions are the consequence of a peat layer overlying the cave that is 60—100 cm thick and always
saturated at the base; this prevents the occurrence of open-system conditions.
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Figure 4 Growth curves of Vil-stm1b stalagmite (Villars Cave, SW France). Except 1 sample, the correlation
between '“C (dcp corrected and calibrated; diamonds and thin continuous line) and U/Th ages (thick continuous
line) is very good. Dashed lines are error limits for '4C ages, and have been calculated using an average dcp error
of 1.5% and analytical errors (horizontal bars on diamonds).

Dead Carbon Proportion Time Variation

Despite the high dcp errors (Figure 1), one notes a broad parallel time variation of dcp and 8!13C on
the Han-stm 1b stalagmite. This is particularly visible between 10 ka and 7.2 ka, when dcp increases
from 14.2% t0 20.5% (6.3%), and 8!3C increases from —7.4%o to —6.3%0 (0.9%0). These dcp and 8!3C
variations might be the consequence of a vegetation change that occurred during this period in Bel-
gium (Bastin 1990; Bastin and Gewelt 1986; Blanchon and Shaw 1995; Dansgaard et al. 1989;
Lamb 1995), but because errors are large and because we have only one example, such a hypothesis
needs confirmation.

The Vil-stm1b stalagmite shows a significant increase of 8'3C (3.3%o) between 760 AD and 1315
AD. This increase coincides with a slight dcp decrease that might not be significant, as it is within
the error margin. We plan further measurements to try to interpret this 8'3C shift.
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Figure 5 Comparison of conventional '4C ages (dcp corrected), U/Th ages (of Han-stm1b and Vil-stm1b stalagmites),

and calibration curve from dendrochronology (Stuiver and Kra 1986). Note the good fit between our measurements and
the calibration curve.

Is 14C AMS Suitable for Dating Speleothems?

Comparison between 1“C and U/Th ages on speleothems has not always produced similar results,
even after dcp correction and calibration. In a Late Pleistocene stalagmite from Botswana (LII4,
Lobatse II Cave), 1“C ages are younger than U/Th ages by 5-10 ka. This was explained by post-dep-
ositional introduction of younger “C and by increased atmospheric '“C concentration (Holmgren et
al. 1994). Conversely, a stalagmite from the Cracow-Wielun Upland area (Poland) showed a much
older '“C age (23 ka = 0.2) than the U/Th age (18 ka = 0.8); this discrepancy has not found a satis-
factory explanation, but may be due to some unproven diagenetic processes (Pazdur et al. 1995).

We have compared here TIMS U/Th and AMS '“C ages corrected by a constant dcp (average of the
dcp page: 17.5% for Han-stm1b, and 9.4% for Vil-stm1b). Results obtained show that except for the
U/Th-F sample of the Vil-stm1b stalagmite, all TIMS U/Th ages are within the '*C error margins
(Figures 3 and 4). The correlation between the U/Th ages and the '“C ages (dcp corrected and cali-
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brated) is particularly good for the Han-stmlb stalagmite (R>=0.99; n=10; Figure 3). Conse-
quently, it is tempting to say that '“C AMS is a good method for dating stalagmites. However, the
following problems still need to be considered:

1. To assume a constant dcp, this must be estimated by another means on a modern speleothem
which can be a recent stalagmite or the top of an active one. Thus, the dcp can be calculated
with the pre-bomb '*C activity value;

2. If we consider a constant dcp, as above, the error on the '“C age will be controlled by the error
made on the modern dcp, which is about £1.5% (Genty and Massault 1997). This leads to an
age error between 250 and 500 yr for the Holocene (Tables 1 and 2). However, as we have dem-
onstrated here, the dcp can vary by more than 6% (Figure 1), and then the real uncertainty is
much higher and is dependent upon the unknown dcp ,, variability.

Are Stalagmites Suitable for the Construction of Calibration Curves?

One of the first comparisons between these 2 dating methods (U/Th and '*C) was made on a stalag-
mite from the Cango Cave (South Africa) and this suggested that between 30 and 40 ka BP, the level
of '*C in the atmosphere was higher (Vogel 1983). More recently on a stalagmite from the same site,
a calibration curve (conventional '4C ages vs. Uranium Series age) was established between 20 ka
and 50 ka BP, which demonstrated the potential of speleothems for the reconstruction of past atmo-
spheric '*C activity (Vogel and Kronfeld 1997).

Our results show that AMS C (dcp corrected with mean dep ) and TIMS U/Th ages fit relatively
well with the calibration curve; data points are parallel to the curve within the error margin and we
note that well pronounced variations of the calibration curve are followed by our data (for example
the small “plateau” between 8200 and 9000 yr; Figure 5). However, for the Holocene, it appears that
speleothems will not improve the accuracy of calibration curves, for at least 2 main reasons: analyt-
ical dcp error, and dcp variability.

For Holocene samples, analytical error is typically £0.7 pMC for AMS '“C, which is equivalent to
an age error of +60 yr. As explained above, the '*C age error is between 250 and 500 yr (for the
Holocene) if we suppose a constant dcp with an error of #1.5%. But, we have shown here that
despite the large errors made on dcp, (averages are #3.9% and +2.8% for Vil-stm1b and Han-
stm1b, respectively), it is likely that dcp has varied over time by several percent (6% in Han-stl1b
stalagmite; Figure 1). Consequently, the total error must be much higher. Compared to errors made
on existing calibration curves (between £10 yr and +60 yr for the Holocene), the error on spele-
othem samples is much too high for the improvement of the accuracy of such curves.

For the Glacial and Late Glacial periods, however, '*C analytical errors increase (for example,
between 50 yr and 490 yr in the V3 Cango stalagmite for ages <40 ka; Vogel and Kronfeld 1997) and
consequently, relative dcp error decreases. For these times beyond the range of dendrochronological
calibration, errors made on speleothems are comparable to errors made on other materials used for
calibration curves (corals, lake sediment macrofossils; Bard et al. 1990; Kitagawa and Van der Plicht
1998). Thus, if the dcp did not change more than +3% as observed in Han-stm1b, speleothems would
be good tools for the construction of calibration curves. However, we must keep in mind that 2 impor-
tant problems remain: 1) finding speleothems that grew during glacial periods, which probably
means low latitude areas (Lauritzen et al. 1990, 1995); and 2) ensuring that dcp did not change sig-
nificantly (i.e. more than the amount observed in Han-stm1b stalagmite), which might not be likely
during climatic transitions as we know that between glacial and Holocene periods, vegetation and cli-
matic conditions changed significantly.
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CONCLUSION
This study demonstrates that:

1. Calibrated AMS '“C ages, which have been corrected assuming a constant dead carbon propor-
tion, show good agreement with TIMS U/Th ages. However, when taking into account the error
estimated on the dcp, this will increase the final error on the C age by about a factor of 3;

2. In the 2 stalagmites studied, the dead carbon proportion did not change significantly during the
Holocene; we estimate 9.4% (o=1.6; n= 6) for Vil-stm1b stalagmite and 17.5% (c=2.4; n=10)
for Han-stm1b stalagmite. The difference between the 2 stalagmites is due to differences in the
limestone dissolution process, which is controlled by vegetation dynamics, climatic conditions
and geological settings as demonstrated by the 8'3C data. Comparison with other stalagmites
where dcp and 8'3C have been calculated demonstrate the variability and the complexity of the
dissolution processes from open to closed system conditions.

3. In the Han-stmlb stalagmite, despite the broad stability observed (17.5% %2.4%), dcp has
increased by more than 6% between 10 ka and 7.2 ka and remained high until 5.2 ka. This
increase is accompanied by an increase in the calcite 8'3C of 0.9%o. This could be the conse-
quence of a more intense dissolution process likely due to a change in the vegetation cover; but
more information is needed to confirm this hypothesis.

4. Calibrated AMS '“C ages, corrected with a constant dcp, show an excellent correlation with the
TIMS U/Th ages (R?=0.99); consequently, provided that the dcp can be calculated on a modern
part of a stalagmite (with the pre-bomb calcite '“C activity value) and that the past dcp remains
in the +3% range variability observed in our samples, the *C AMS technique can be a good
tool for the dating of the stalagmites, and despite the fact that dcp error greatly increases the
error made on the age, this technique still has the advantages of simplicity, requiring very little
matter, and a low price;

5. Using speleothems as a tool for establishing calibration curves is confronted by 2 problems: 1)
the '“C age error, which is much higher, at least for the Holocene, than the error found in the
already published curves; and 2) the hypothesis of a constant dcp, which is needed to reconstruct
past atmospheric '“C activity, and which is unlikely, especially during climatic transitions.
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