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Abstract

The dating of dirty speleothem calcite of Late Pleistocene or Holocene age can be problematic. This is notably the case with the
14C method, due to uncertainties in the initial '*C activity of the cave CO,, and with the 230Th—234U method, due to either low U
contents in the authigenic calcite, and/or to the presence of heterogeneous detrital particles containing high concentrations of U and
Th series isotopes frequently out of secular equilibrium. In this study of a ~60 cm-thick flowstone sealing archaeological remains of
the Magdalenian period in the Altamira Cave (NW Spain), we used a combination of isotopic approaches and analytical techniques
to confront dating methods and finally tried to validate chronological interpretations based on stable isotope paleoclimate
constraints. U-series data indicate the presence of a relatively important and heterogeneous detrital fraction resulting in *>Th/**°Th
mass ratios generally too high (0.1-0.25 x 10°) to allow precise TIMS measurements. MC-ICP-MS measurements provided more
reliable results and allowed the calculation of 2**Th-?**U isochron ages of 11.8+0.8 ka in the upper part of the flowstone, and of
~22Kka, in the lower part of it. In view of the calibrated '*C ages of these layers (~ 13 and ~ 15ka BP, respectively), the isochron age
of the lower unit of the flowstone seems erroneous, suggesting the presence of an isotopically heterogeneous contaminating fraction
in this layer. 2>°Ra/***Th ratio measurements indicate near secular equilibrium conditions. Seriate stable isotope measurements
indicate calcite precipitation in isotopic equilibrium with ambient waters. They suggest that flowstone deposition ended at the very
onset of the Younger Dryas. This transition seems to have occurred here at 11.8+0.8 (+20) ka (based on Th/U isochron), and
10.740.08 (= 1o) uncalibrated "*C kiloyears. The '*C activity for the cave CO, seems to have been near that of atmospheric CO,
during the precipitation interval. It is concluded that the '*C data provide here relatively reliable ages, in spite of the fact that
they partly fall into a period characterized by '*C-plateau effects, but that other isotopic data revealed essential in validating them.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction et al., 1989), U-series isotopes now offer a highly
competitive approach, even for the dating of recent

Several studies have demonstrated the interest of and/or U-poor speleothems (Ludwig et al., 1992;

speleothems (stalagmites, flowstones) for the study of
Late Quaternary palacoenvironments (Gascoyne, 1992;
Winograd et al., 1992; Goede, 1994; Bar-Matthews et al.,
1996; Dorale et al., 1998; Hellstrom et al.,, 1998;
Hellstrom and McCulloch, 2000). At the time scale of
the last few tens of thousand years, '*C measurements
may provide relatively precise ages. However in karst
systems, due to bedrock dissolution the contribution of
“dead carbon” may result in A"C values as high as
300%0 between atmospheric CO, and the cave equili-
brating-CO, (Gewelt, 1986; Genty and Massault, 1997).
Due to recent improvements in analytical methods (Li
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Hellstrom et al., 1998; Kaufman et al., 1998; Des-
marcheliers et al., 2000; Vesica et al., 2000).

Several important criteria must be fulfilled for the
direct determination of ***Th-***U ages in speleothem
calcite: (1) no “detrital” ***Th should be incorporated
into calcite when it forms, (2) afterwards, the system
must remain chemically closed to radionuclide migra-
tion (Li et al., 1989; Dorale et al., 1992; Ludwig et al.,
1992; Stein et al., 1993; Kaufman et al., 1998). The
presence of contaminating detrital particles is normally
revealed by the relatively high abundance of ***Th.
However, correction for such detrital contributions can
be achieved using the isochron approach (Kaufman and
Broecker, 1965; Rosholt, 1976; Ku et al., 1979; Hillaire-
Marcel and Causse, 1989; Schwarcz and Latham, 1989;
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Fig. 1. Location of the Altamira Cave, and location of the flowstone sequence in the cave.

Bischoff and Fitzpatrick, 1991; Luo and Ku, 1991).
These are usually based on the assumption that the
initial isotopic composition of the detrital fraction in the
sample is uniform and that the contaminating fraction is
proportional to the ***Th content of the sample. This is
not always true, notably in cases where the contaminat-
ing particles are partly composed of reworked carbonate
particles that are usually rich in U-series isotopes but
poor in ***Th (e.g., Hillaire-Marcel et al., 1995).

In this study, we examine the geochemical properties
of a flowstone sealing archaecological remains in the
Altamira Cave (northwestern Spain) with the objective
of dating the depositional interval, in order to obtain a
final minimum age for the human occupation of the
cave. This cave, located in the Cantabrian mountains
(Fig. 1), is well known for its rupestral art and related
archacological remains that have contributed to the
evidence of human development during the Magdale-
nian Period (Straus, 1975; Moure-Romanillo and Cano-
Herrera, 1979; Conkey, 1980). The cave ceiling collapsed
at the end of the Magdalenian occupation, closing the
entrance of the cave and burying all remains of earlier
human occupation. The flowstone cements boulders
fallen from the ceiling. Previous radiocarbon dating of
archaeological remains, such as bones or charcoal,
yielded (uncalibrated) ages ranging between ~ 15,960
and 14,480 B.P. (Almagro and Fernandez-Miranda,
1978). More recently, Valladas et al., 1992, reported
(uncalibrated) '*C ages of ca 14,000 B.P. for charcoal
remains used for the cave paintings.

It seems unlikely that during the Magdalenian
settlement, the '*C activity of the cave CO, had been
significantly lower than that of the atmospheric CO,,
because of the open ventilation required for human
occupation. However, after the sealing of the cave
entrance, i.e., during the deposition of the flowstone, the
cave CO, activity may have decreased due to isotopic
exchange with 'C-depleted dissolved carbon from
recharge waters and to radioactive decay. Therefore,
we decided to compare '*C-AMS and **’Ra->*Th->**U
ages in the flowstone, using data sets obtained from
different analytical methods (TIMS: thermal ionization
mass spectrometry, alpha spectrometry and MC-ICP-
MS: multi collector inductively coupled mass spectro-
meter). We also made seriate stable isotope measure-
ments for the reconstruction of paleoclimate conditions
during the deposition of the flowstone, in order to
compare radiometric ages with established regional
paleoclimate records.

2. Material and methods

The flowstone covering the major Magdalenian
archacological remains was sampled in the vestibule to
the left of the cave entrance (Fig. 1). The flowstone layer
is about 50-70cm thick and consists of three major
units. The top and bottom ones present laminaes with a
relatively well crystallized calcite. The intermediate unit
is essentially clayey, but it contains abundant carbonate
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nodules. During sampling, the top layer was split into
three distinct layers, identified as A, B and C, from top
to bottom. A, and B consist of a well laminated calcite,
whereas C tends to be more porous at its top and shows
evidence for the cementation of abundant detrital
particles, at its base. The intermediate clayey rich layer
yielded two samples (identified by the letters L and M;
Fig. 1). The bottom unit H consists of a relatively
homogeneous calcitic layer with lesser visible laminaes
and large calcite crystals.

2.1. Stable isotope analyses

Subsampling for stable isotope measurements was
made at ~ 5 mme-intervals throughout layers A, B, C and
H. Approximately 0.5 mg of calcite powder was ground
using a thin file. The analyses were performed using an
Isocarb™ preparation device in line with a triple
collector VG- PRISM™ mass spectrometer. Results are
expressed as 8'%0 and 8'°C, in per mil with respect to
the V-PDB standard (Coplen, 1995). The overall
analytical reproducibility as determined on replicate
measurements of laboratory standards is routinely
better than +0.05% (+ 1), both for '*O and *C.

2.2. U-Th analyses

Subsampling for *®U, 2**U, 2*’Th, *°Th series
measurements was made at 12 different depths (Fig. 3).
All sub-samples were heated at 500°C for 4 h in order to
carbonize any traces of organic matter, then crushed
into fine powder. Relatively large samples were needed,
especially for 2*°Th measurements, due to the relatively
young age of the carbonate and to its low U content. In
addition, due to technical difficulties encountered during
the course of the U and Th series analyses, three
different analytical methods had to be used. We used
first, whenever possible, TIMS. Some of these analyses
were inconclusive, due to the difficulty of measuring the
low 2*°Th contents in the samples. In these cases, alpha
spectrometry measurements provided more precise data
about **°Th activities. Unfortunately, the analytical
uncertainty associated with alpha counting was gener-
ally too large to allow precise isochron age calculations.
Finally, the acquisition of an MC-ICP-MS Isoprobe™
instrument, during the course of our study, allowed us
to complete our data set using this instrument.

Approximately 30g of material was used for each
TIMS analysis, ~ 15 g for alpha-spectrometry and ~1g
for each MC-ICP-MS measurements. U and Th extrac-
tion on all samples, and notably on those used to
calculate isochrons, was done after total sample
dissolution (TSD). Indeed, different studies indicate
that significant and unpredictable transfer of radio-
nuclides may occur from the detritus to the leachate
during most leaching procedures (Bischoff and

Fitzpatrick, 1991; Luo and Ku, 1991). All samples were
dissolved in a mixture of HCl and HNO; followed by
HF. Most samples were completely dissolved. In a few
cases, notably in layers L+ M and to a lesser extend C,
the presence of residual gel was noticed. In order to
insure the most entire recovery of U and Th, the gel was
washed with 6N HCI (2 or 3 times) and was loaded on
the resin column after centrifugation of the solution.
Therefore, we assumed that the recovery was complete.
Analytical procedures for U and Th chemical extraction
involved two stages. For the first one, the U and Th
separation stage, we used a Biorad AG 1x8™ resin
with 6N HCI and H,O. In the second stage, for
the purification of each metal, we used respectively a
U/Teva™ resin with 0.02N HNOj;, for U, and a AG
1x8™ resin with 6N HCI, for Th (Carter et al., 1999).
Chemical and ionization efficiencies were determined
using a combined **U->*U—"*Th spike.

The VG-Sector™ TIMS instrument used is equipped
with an 10cm electrostatic filter and an ion-counting
device. The abundance sensitivity of this device approx-
imates 12ppm as defined by Chen et al. (1992). The
overall analytical reproducibility as estimated from
replicate measurements of standard material, is usually
better than +0.5% for U concentration and 234U/238U
ratios, and ranges from +0.5% to 1% for *°Th/>**U
ratios (both +2 standard errors s.). With the Altamira
cave samples, the precision achieved for >*°Th measure-
ments was much lower (+5-13%). Low ***Th concen-
trations, resulting from low U contents and young ages,
and high ***Th concentrations, due to the abundance of
detrital particles, combined to make **°Th/***Th ratio
measurements difficult. We had to process samples large
enough to get **Th counts well above background. This
led us to load at the same time high amounts of ***Th,
because of the “dirty samples”. Unfortunately, the
ionization efficiency of Th decreases with increasing
amounts of Th loaded on the filament, as shown by
Edwards et al. (1987). In addition, ***Th/***Th mass
ratios over 180,000, in several samples, resulted in 230Th
counts indistinguishable from background level. This
led us to run, in parallel, alpha-spectrometry measure-
ments with an EGG-ORTEC™ instrument. We analyzed
both calcite samples from layers A, B, C, H, and the clay
fraction (< 63um) from layers L and M. Chemical
separation for U and Th was achieved as above, using
22U and **Th as combined tracers to determine the
chemical and counting efficiencies. Correction for the
22%Th-contribution from the decay of the sample ***Th
was made assuming secular equilibrium between the
latter and its daughter >**Th. After chemical separation
and purification, the U and Th solutions were electro-
deposited on steel discs. On a routine basis, the chemical
yields for Th and U extractions averaged 50% and 35%,
respectively. Spectral resolution was usually of the
order of 65KeV. The precision for ***U/*®U ratio
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measurements was generally better than +5% (+15s). It
ranged between 5% and 10% for ***Th/**?Th ratios in
the present study (+15s).

The chemical separation and spiking for MC-ICP-MS
measurements was as for TIMS measurements above.
Equipped with WARP (Wide Angle Retarding Poten-
tial), the MC-ICP-MS (isoprobe™) instrument has an
abundance sensitivity of 100 ppb, i.e., thus allowing to
determine 2 orders of magnitude **°Th/*’Th mass
ratios in comparison with TIMS. This feature is crucial
when analysing **Th rich dirty samples. In addition, Th
ionization with MC-ICP-MS is independent of the
quantity of Th injected. These properties allow practi-
cally to inject if needed large quantities in order to
obtain enough quantity of >*°Th. Nevertheless, for MC-
ICP-MS the solutions were introduced by aspiration
through a Teflon™ microprobe tubing and a glass
expansion nebulizer. The system was cleaned for several
minutes between sample runs with 4% HNO; followed
by a rinse with 2% HNO;. Baselines were measured
above each peak at the beginning of each block
(Hillaire-Marcel et al., 2000). The overall analytical
reproducibility, as estimated from replicate measure-
ments of standard compounds, is better than 2% for
Z4U/*8U and #°Th/>*U ratios.

Some corrections had to be made in order to calculate
isochron ages for the “dirty” calcite analyzed here, in
order to determine **°Th/***U and ***U/***U ratios in
the fraction of U-series isotopes strictly linked to the
fraction of U co-precipitated with calcite, in contrast to
the fraction inherited from the detrital particles incor-
porated into the calcite. Henceforth, we will refer to the
first of these fractions as to the “authigenic fraction”
(i.e., linked to calcite deposition), and to the second, as
to the “detrital fraction”. The >**U/***U and **°Th/>*U
ratios of the “‘authigenic fraction” were calculated using
Rosholt isochron plots: *°Th/***Th vs. 2**U/***Th and
Z4U/P2Th vs. 2®U/2?Th (Rosholt, 1976; Kaufman,
1993).

2.3. Radium analyses

Radium analyses were performed on ~1.5g of
powdered sample. As for U-Th analyses, we used total
sample dissolution. Chemical separation involved a
three-stage procedure. Ra and Ba were extracted using
the cation exchange resin Biorad™ AG 50W-X8 in 10 ml
columns using SN HNOj;, and subsequently using 6N
HCI (loaded in 3N HCI each time). Thereafter, Ra was
separated from Ba on a Sr-Spec™ resin in 1 ml columns
with 3N HNOs. Finally, Ra-purification was achieved
using a True Spec™ resin in 0.5ml columns with 2N
HNO; (modified from Chabaud et al.,, 1994). The
measurements were performed on a VG-Sector 54™
mass spectrometer equipped with a Daly ion-counting
detector. Because of the low radium content of the

samples (5 femtograms), a low-background ion-count-
ing system as well as good chemical blanks were
essential. The system used here had a reproducible
background of 4cps, whereas blanks were under
detection limits. The overall analytical reproducibility,
as estimated from replicate measurements of standards,
was better than +0.5%.

The concentrations and activity ratios of U-Th series
isotopes in calcitic layers and clayey layers, are listed in
Table 1, and are all quoted with their +2s error.

2.4. AMS-"*C measurements

Aliquots for '*C measurements by AMS were
recovered from 10 of the samples used for U and Th
series measurements, above. The analyses were per-
formed at the IsoTrace laboratory of the University of
Toronto (Canada). The results are corrected for natural
and sputtering fractionation to a base of 8'C = —25%,
and errors are given at + lo level (Table 2).

3. Results
3.1. "C ages

The conventional '*C ages obtained range from
10.7ka (top layer) to 12.9ka (bottom layer) (Table 2).
They correspond to calibrated ages ranging between
12,858 +70 and 15,510+350 BP, respectively. These
ages are slightly younger than those obtained on
archaeological material from the cave (e.g., Almagro
and Fernandez-Miranda, 1978). They would not be
incompatible with a Bolling-Allerdd age for the deposi-
tion of the flowstone, or a younger age, depending on
the '*C activity of dissolved carbon in the cave.

3.2. Stable isotope records

In order to determine the appropriateness of using
stable isotopic records for paleohydrological-paleocli-
mate reconstructions, the pre-requisite of calcite pre-
cipitation in isotopic equilibrium with ambient waters
must be ascertained. This usually requires low CO,
release rates during calcite precipitation. This is often
the case in poorly ventilated caves (e.g., Bar-Matthews
et al., 1996; Desmarcheliers et al., 2000). Altamira cave
is likely to have fallen into this category after the
collapse of its roof that resulted in the closure of its
entrance. A couple of isotopic criteria are commonly
used to assess isotopic equilibrium conditions (Hendy,
1971): 8'80 values should remain constant along a given
single growth layer, and there should not be any
correlation between 8'*0 and 8'°C values along such a
layer.



Table 1

U-Th—Ra measurements in the calcitic layers and clayey layers®

Samples Depth (cm)  Analyse U (ppb) *¥U (dpm/g) Th (ppb) **Th (dpm/g) *Th (dpm/g) *Ra (dpm/g)  (YUPU)  (POTh/FPTh)
Calcite fraction

A-top B 0.3-1 TIMS 39.0940.18  0.0291740.00013  18.2440.32  0.004486+0.000078  0.00530+0.00040 110440011 1.18140.87
A-top 1-3 TIMS 51.5540.20  0.03856+0.00015 13524032  0.003326+0.000078 nd 1.109+0.012  nd

A-top bis 0.7-3 TIMS 52504030  0.0391740.00023  10.65+0.13  0.002619+0.000031  0.00595+0.00042 115140.021  227+0.16
A-12 46 Alpha 448424 0.0334£0.0018 163433 0.0040+0.0008 0.006+0.001 0.0058+0.0003  1.18+0.096  1.5+0.4
A-12 4-6 MC-ICP-MS ~ 39.40+0.79  0.02940+0.00059  15.80+0.32  0.003887+0.000078 ~ 0.00574+0.00011 ~ 0.0055+0.0001 ~ 1.190+0.024  1.478+0.030
B-top 7.6-8.5 TIMS 43.3240.20  0.03232+0.00015 622412 0.0153140.00029  0.0119+0.0015 1.156+0.014  0.775+0.098
B-12 10-11.5 Alpha 60.0+2.9  0.0448+0.0022 39.844.9  0.0098+0.0012 0.0104+0.0012 1.14740.040  1.06+0.09
B-12 10-11.5 MC-ICP-MS ~ 4576+0.92  0.0341440.00068  28.83+0.58  0.0070940.00014  0.00771+0.00015 1.12540.023  1.087+0.022
B-bottom bis  12-13 TIMS 49.5940.14  0.03700+0.00011  24.08+0.22  0.005924+0.000055  nd 1.104+0.010  nd

B-11 13.5-147  Alpha 488432 0.0364+0.0024 398433 0.0098+0.0008 nd 1.03+0.18  nd

C-top bis 16.7-18.7  TIMS 41.0140.11  0.03060+0.00008 ~ 17.05+0.15  0.004194+0.000038  nd 1.10+0.01  nd

C-10 20.7-22 TIMS 40314021 0.03007+0.00015  31.75+0.71 ~ 0.00781+0.00018  nd 1.124+0.016 nd

C-11 22.7-237  Alpha 338432 0.025240.0024 41.1£24  0.010140.0006 0.0109 +0.0006 1.10+0.14  1.0840.10
C-bottom 24.2-262  TIMS 40.38+0.13  0.03013£0.00009  18.36+0.36  0.004515+0.000088  nd 112140.012 nd
C-bottom 242262 Alpha 784+4.6  0.0585+0.0034 166.3+6.5  0.0409+0.0016 0.0337+0.0014 0.97+0.16  0.824+0.046
H-11 442462 Alpha 49.0+4.2  0.0366+00.0031 305452 0.0075+0.0013 nd 1.1040.12  nd

H-top bis 472-487  TIMS 49.9340.16  0.03725+0.00012  18.05+0.14  0.004441+0.000035  nd 111140.010  nd

H middle 49.7-512  Alpha 554429 0.0413+0.0022 150416 0.003740.0004 0.0092+0.0008 12540.10  2.49+0.40
H-12 50-51.7 Alpha 639429  0.0477+0.0022 20.3£33  0.005040.0008 0.0081+0.0010 1.046+0.66  1.62+0.32
H-12 50-51.7 MC-ICP-MS ~ 50.8+1.0  0.03791+0.00076  16.73+0.33  0.004115+0.000082  0.00749+0.00015 1.1014+0.022  1.82140.036
H-10 49.8-51.5  TIMS 54024030  0.04030+0.00022  17.16+0.29  0.004222+0.000071  0.00936+0.00082 1.1234£0.014  22240.19
H-bottom 52-53.2 TIMS 54644032 0.04076+0.00024  17.54+0.14  0.004315+0.000035  0.00850+0.00024 1.1184+0.010  1.97040.054
Clayey fraction (<63 um)

L Alpha 553+ 34 0.41340.025 31384156 0.772+0.038 0.45540.029 0.839+0.039  0.589+0.048
M Alpha 472423 03522400172 2745+106 0.67540.026 0.409+0.020 1.0114+0.035  0.606+0.038

aNd: not determined. Data in italic are not used for isochron age determination because: (i) **Th analyse was not determined or not precise enough or, (ii) both alpha spectrometry and MC-ICP-
MS measurements were performed on these samples and MC-ICP-MS data were prefered.
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Table 2
Comparison between "*C and U/Th ages

Sample Depth 4C Age (ka) 4C Age (ka) U/Th Isochron
(cm) Uncalibrated BP Calibrated BP
Analyse Age (ka)
A-Top B 0.3-1 10.70+0.08 12.8540.07 TIMS 11.84+0.8
A-Top bis 0.7-3 — — TIMS
A-12 4-6 10.93+0.09 12.9540.08 MC-ICP-MS
B-top 7.6-8.5 10.89+0.09 12.9340.09 TIMS 11.9+1.8
B-12 10-11.5 — — MC-ICP-MS
C-11 22.7-23.7 12.40+0.13 14.54+0.41 Alpha 2243
C-bottom 24.2-26.2 12.20+0.08 14.21+0.14 Alpha
H-middle 49.7-51.2 12.70+0.08 14.9740.60 Alpha 2142
H-10 49.8-51.5 — — TIMS
H-12 50-51.5 12.48+0.10 14.504+0.32 MC-ICP-MS
H-bottom 52-53.2 12.90+0.08 15.514+0.35 TIMS
3.4 4 34 [ ]
2 2
O 36 C.e ]
38 ] 38 [ ]
4 ]
42 b T T T T A2 e
Al A2 A3 A4 A5 H1 H2H3 H4 H5 -10 -9.5 9 -8.5 -8

5i3c

Fig. 2. Hendy’s tests for growth layers in the studied flowstone. Left: near constant 5'*0 values along growth layers from units A and H. Right:
uncorrelated 8'%0 vs. 8'3C values along single growth layers from units A and H.

Tests were made using the A and H layers. 8'*0
values vary by not more than 0.2% and 0.1%o,
respectively, along these layers (Fig. 2). They also depict
uncorrelated 3'*0 and §'°C values, indicating that no
significant kinetic effects occurred during carbonate
precipitation (Fig.2). One may thus assume isotopic
equilibrium conditions during the deposition of the
flowstone.

The oxygen isotope profile (Fig. 3) depicts very small
fluctuations between a maximum value of approxi-
mately —2.9%0 (bottom of layer C) and a minimum
value of ~—3.8% (top of layer A), leading to the
conclusion that the flowstone formed during a period
showing relatively stable climate conditions. This is
confirmed by the fact that 3'3C values, often tightly
dependent upon hydrological conditions in the soils of
the groundwater recharge area (Dulinski and Rozanski,

1990; Baker et al., 1997), show negligible fluctuations
within a narrow range (—8.8 +0.5%0; Fig. 3).

3.3. U and Th series isotope data

Uranium concentrations are relatively constant, but
low when compared to other cave deposits where the
concentration range is generally 2-0.05ppm (Latham
et al., 1986; Gascoyne, 1992; Lauritzen, 1995; Kaufman
et al., 1998; Rihs et al., 1999; Hellstrom and McCulloch,
2000). **U concentrations range from 30 to 78 ppb. In
contrast, ***Th concentrations vary more widely be-
tween 11 and 160 ppb (Fig. 3; Table 1). They indicate the
presence of variable amounts of detrital particles in the
flowstone and could be considered as an important
content of detrital material due to the young age of the
samples and their relatively low U content.
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Fig. 3. U and Th concentrations (in ppb), >**U/**U activity ratio and stable isotope composition (in %o vs. V-PDB) of the flowstone sequence. The
black square on top of the 'O profile corresponds to equilibrium conditions under modern condition.

Table 3

230Th/?*U and **U/*8U ratios of the “authigenic” fraction vs. 2*°Th/**>Th ratios in the “detrital” component from isochrons of Fig. 4

Layers 207 234y 24y 23y 2307 232Th Age (ky)
Authigenic component Authigenic component detrital component

Layer A 0.103+0.006 1.186+0.018 0.583+0.073 11.840.8

Layer B 0.104+0.015 1.10140.003 0.579+0.097 11.9+1.8

Layer C 0.185+0.020 1.27440.038 0.698 +0.037 2243

Layer H 0.179+0.013 1.81340.094 <0 2142

Plotted as Rosholt diagrams, samples from layers A
and B yield highly correlated linear trends, allowing to
calculate precise 2*°Th/*?*U activity ratios for the
“authigenic fraction”. They average 0.103+0.006 and
0.10440.015 in layers A and B, respectively (Table 3;
Fig. 4). The corresponding **U/?**U activity ratios are
1.186+0.008 and 1.101+0.003, respectively (Table 3).
This allows the calculation of isochron ages of
11,820+800 and 11,900+1800 for the corresponding
layers (the errors on the slopes and ages were calculated
at +2s uncertainty using the Isoplot software).

Data from layers C, just above the clay-rich layer,
yielded very close points due to the presence of an
abundant detrital fraction (as depicted by >*Th
concentrations in sample C; Table 1) and cannot
provide reliable isochron age. Data from layer H, just
below the clay-rich layer, indicate scattered data
points with Rosholt isochron plots due to the hetero-

geneity of the isotopic composition of this fraction (see
below).

Radium measurements in layer A, were used to
calculate *°Ra/?*°Th activity ratios of 0.96+0.05 with
29Th measurement obtained by MC-ICP-MS, based on
MC ICP-MS measurements of the >*°Th concentrations
(Table 1). This value corresponds to an apparent age of
20,800 years for the 2>°Ra/***U system (see Section 4.2).

4. Discussion

4.1. U/Th isochron ages vs. isotopic heterogeneities in the
detrital fraction

The basic assumptions, when using Rosholt isochron
plots, are (i) that the “authigenic” U and its daughter
239Th behave as dilutants of an homogeneous “detrital”
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Fig. 4. Rosholt’s isochrons for layers A, B, C, H.

component (i.e., a component characterized by uniform
U/”*Th and *°Th/>*Th ratios; see a discussion in
Hillaire-Marcel et al., 1995), and (ii) that the system
maintained chemically closed since deposition of the
“authigenic” component. In Rosholt isochrons
[Z°Th/**Th vs. 2*U/*?Th and 2**U/*’Th vs.
238U/%2Th], the detrital component could show a slight
excess of *Th vs. its parent U (see discussion in
Bischoff and Fitzpatrick, 1991) due to U leaching in soil
processes. In situation when >**U/**¥U activity ratios are
not much different from secular equilibrium as it is the
case here (see Table 1), the intercept between the sample
regression lines and the X =Y lines (equipoint)
provides a good estimate for the **°Th/>**Th ratio in
the detrital endmember (see discussion in Bischoff and
Fitzpatrick, 1991). Here, equipoint values of
230Th/*2Th ratios of 0.583+0.073 and 0.579+0.097
are obtained in layers A and B, respectively. They are
almost identical to the ratios in the detrital layers L + M.
Therefore, we are led to conclude that the detrital
fraction remained unchanged, from an isotopic view
point, during the deposition of the A—B flowstone layer,
and that this deposition occurred during a very short
time interval. Considering the isotopic homogeneity of
the ““detrital” endmember and the identity of both
isochron slopes (Fig. 4), the corresponding isochron age
(11.84+0.8; Table 3) secems a robust estimate for the
deposition age of the uppermost flowstone unit.

For layers A and B, the authigenic fraction represents
an average of approximately 90% of the uranium
present, based on the estimate from the equipoint ratios
(see above) and U/Th ratios in layers A and B. This
yields a very low U/Ca mass ratio during precipitation
(about 1077), although not unusual in speleothem
calcites (e.g., Gascoyne et al., 1978)

Data sets for layer H, below, seem to indicate a real
lack of homogeneity in the isotopic composition of the
detrital fraction. In addition, semi-quantitative esti-

mates of calcite abundance by X-ray diffraction show
that the fine fraction (< 63 um) in layers L and M is
composed of 80-88% of calcite, and thus that it is
composed of a mixture of clay and calcite, either of
detrital or authigenic origin. Thus, differences in the
isotopic composition of the detrital fractions in the more
heterogeneous layers underlying units A and B, may be
due to variable grain size distributions or calcite/clay
ratios between their respective detrital fractions. Litho-
logic variations in detrital supplies could be linked to
changes in the hydrologic flow in the cave and/or in soil
conditions and climate during recharge.

4.2. Radium-226

The total **’Ra present in a given sample includes
three fractions. One (**°Ra)gewica is carried by the
detrital fraction incorporated into the sample. A second
one (226Ra)authigemC originates from the decay of the
“authigenic” uranium co-precipitated with the calcite. A
third one, (***Ra)excesss represents the residuals of the
226Ra initially present in groundwater’s and co-precipi-
tated with calcite. The isotopic signature of the detrital
endmember, as estimated above from the intercept
between the isochron line and the Y = X line, provides
a direct estimate for the first fraction (***Ra)gerrita. We
assume that 2*°Ra, 2°Th and **U from detrital
particles are in secular equilibrium. Then, the **°Ra
activity of this fraction may be simply derived from the
232Th activity of the sample:

232
(226 Ra)detrital ~ (230Th/ Th)intercept X (232Th)activity

The second fraction of the total **°Ra, i.e. that produced
by the “authigenic” uranium, builts up with the growth
of the intermediate 2*°Th. The **°Th-isochron age, as
calculated above, is thus used to calculate this
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where 4 are the decay constant of Ar, = A226p,,ATh =

723015 AU = 2234y -

At the time scale of ?*°Ra decay, one may assume a
constant 2**U/>*U activity ratio, i.e., a negligible weight
loss of the parent 2**U. Then, using the >**Th-isochron
age of 11.840.8 to carry on the daughter *°Ra activity
of the “‘authigenic” U to its present value, we obtain
2.75%x 1073+1.19 x 10 3dpm/g for this second **°Ra
fraction.

Subtracting the above two fractions from the total
radium-226 activity, one obtains the residual **’Racycess
value: 7.89 x 107°+1.27 x 10 *dpm/g. The isochron
age of 11.8+0.8ka is used to return to the correspond-
ing initial ?>°Ra cycess value, as follows:

226 226 ARa X1
[ Raexcess]o = [ lzaexcess]ResidualXe e

= 0.12340.046 dpm/g.

When comparing this activity to that of the “‘authi-
genic” uranium as estimated above, one obtains a
226Ra/?%U activity ratio of ~4.5 for the co-precipitated
component, suggesting a major fractionation process
between these two isotopes, either in soils, during
groundwater recharge, or later on during the under-
ground circulation of the water. Since uranium is a
redox sensitive element, in contrary to radium, reduced
conditions likely induced U-retention somewhere in the
hydrogeological pathway, upstream.

4.3. C dating

The use of '“C ages requires the estimation of the
dead carbon proportion, due to limestone dissolution or
to soil organic matter oxidation (Genty and Massault,
1997; Genty et al., 1999). Here, a comparison of the
normalized 'C ages (T14.) in layers A and B (mean
value: 10.940.1, ie., +10) with the corresponding
29Th-isochron age (Tisochron; here 11.8+0.4ka, i.e.,
+ lo), may allow an estimate of the initial (isotopically
normalized) deficit or excess in '*C of the cave DIC
(A1*C) and the atmospheric CO, (A}*C) at the time of
deposition of these layers as follows:

AMC(%O) = 103 X(eXP(;»MCRCaI Tisochron - }~14cLibby T14c) - 1)

with il“caeal standing for the radioactive decay constant
of "C, and }44%%y standing for the constant of Libby.

Here, we obtain a value of A}4C:73i50%0 (+10).
This value must be compared to the (normalized) '*C
activity of the atmospheric CO, of the period which may
be obtained from current '*C-calibration software. We
used here INTCAL 98 (from Stuiver et al., 1998). The
isochron age of 11.8+0.4 (+10) corresponds to an
uncalibrated '*C age of 10.65+0.20 ka, thus to an initial
AYC value of ~100+60% for the atmospheric CO,.
Accordingly, the difference in (normalized) "*C activity
between the cave CO, and the atmospheric CO, of that
period can be estimated to be ~30+80%o (+10). It is
concluded that, within standard deviation, the cave CO,
was in equilibrium or near equilibrium with the atmo-
sphere during the final deposition of the flowstone layer.
It seems highly probable that the same situation
prevailed since the human occupation of the cave, i.e.,
when a higher ventilation rate of the cave can be
inferred, and therefore that the calibrated '*C ages
(Table 2) of the layers deposited prior to units A and B
above, likely provide the best age estimates for the
depositional age of these lower units of the flowstone.

The relatively large uncertainties in the calculation of
the A'*C values above are not very significant since the
sets of ages of the flowstone partly fall into the "C
plateau interval of the Younger Dryas (Becker and
Kromer, 1993). As explained below, isotopic paleohy-
drologic interpretation can be used to constrain the
climatic and temporal frame of the final flowstone
depositional interval, with respect to the cold climate
conditions and the age of the Younger Dryas.

4.4. Isotopic paleohydrology

Under present day conditions, the mean annual
temperature (MAT) of the Altamira area is 14°C. Using
Dansgaard’s relationship between MAT and §'%0 in
precipitation (Dansgaard, 1964) and the carbonate
paleotemperature equation of Epstein et al. (1953), one
may calculate a first order estimate for the isotopic
composition of a calcite that would precipitate today
under equilibrium conditions (8'*0-CaCOs-eq. ~
—3.2%0). It will be used as a benchmark value to
compare with past conditions.

In the upper flowstone unit, 8'0 values decrease
from —2.9%o at the base of layer C to —3.8%o at the top
of layer A (Fig. 5). Taking into account the fact that the
oceanic source of atmospheric moisture was slightly
heavier during this period than it is today (by
approximately 0.4-0.5%o; see Shackleton, 1987), the
observed calcite-3'*0 values suggest a slightly colder
climate during the precipitation interval, than today.
The observed carbonate 3'*0 value suggest a slightly
colder climate (—1°C or —2°C) during the precipitation
interval than today. During the precipitation interval,
the shift in the estimated air temperature towards
minimum values (Fig. 5) correspond to the deposition
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of layers A and B. It seems that this occurs during a very
short period of time since layers A and B yield similar
age in standard deviation. This drop in temperature has
probably provoked a drastic change of the vegetation
(Penalba et al., 1997) and an interruption of the
deposition above layers A and B. Temperatures during
the Younger Dryas were estimated to be 8°C cooler than
today in the area (Duplessy et al., 1993; Penalba et al.,
1997). If this interpretation is valid, then the onset of the
Younger Dryas event precisely dates here at
11.8+0.8ka (+20) on a calendar time scale.

Based on the '“C age frame (Fig. 5), the flowstone
depositional interval should encompass the Older Dryas
event. The clayey layer, between units H and C, could
represent this interval. However, the stable isotope
record does not suggest any significant change in climate
at the upper and lower boundaries of this layer. Thus,
the Older Dryas might well have been too discrete here
to be recorded. Worthy of mention is the fact that
terrestrial paleoclimate records from the area also do
not indicate significant climate changes during the Older
Dryas (e.g., Penalba et al., 1997).

4.5. Linkage of "*C and >’ Th chronologies of the interval

The age for the onset of the Younger Dryas obtained
here could be compared with other time series from
nearby sites. Inland, these include notably a record of
Mg/Ca ratio changes in ostracods from La Draga

sequence (Lake Banyoles, NE Spain; Wansard, 1996)
and the Quintanar de la Sierra pollen sequence (Sierra
de Neila, N Spain; Penalba et al., 1997). A nearby North
Atlantic core (SU81-18; 37°46'N, 10°11’W), located off
Portugal (Bard et al., 1987; Duplessy et al., 1993), could
also be used for reference.

The **°Th-isochron age (11.84+0.8ka, 20) suggests a
slightly younger age for the onset of the Younger Dryas,
at the study site, than currently cited elsewhere based on
calibrated '*C ages. The onset of the Younger Dryas is
set at &~ 12,960 cal. years B.P. in the GISP2 ice core
record (Alley et al., 1993), at ~ 12,700 cal. years B.P. in
the GRIP record (Johnsen et al., 1992), at ~10,650 4c
B.P. (~ 12,885 cal. years B.P.), in the pollen sequence of
Quintanar de la Sierra, and at ~10,640 '*C BP
(~ 12,750 cal. years BP), in the SU81-18 record. On
the contrary, U-Th data from La Draga sequence,
yielded an age of ~ 11,900 years, compatible with our
data set.

The ~ 1ka difference between the calibrated '*C ages
and the *°Th ages for the onset of the Younger Dryas,
suggests either that (i) the Younger Dryas episode could
encompass a series of climate events that were not in
phase, or (ii) that the calibration of the '*C time scale at
the onset of the Younger Dryas is still not well
constrained (see Bard et al., 1990; Edwards et al.,
1993), or (iii) that our isochron age and the **°Th age of
la Draga sequence are wrong. However, we are led to
put some credit on the isochron age obtained here for
two reasons. Firstly, we have no geochemical indication
for a post-depositional gain in U that could account for
an age younger than expected, in addition to the fact
that such a secondary fixation of U would be highly
improbable here in view of the low porosity of the
flowstone layer. Secondly, variable contamination ef-
fects due to heterogeneities in detrital particles would
more likely have resulted in a *°Th-isochron slope
higher than that corresponding to the 11.8+0.8ka
isochron age. For instance, such ‘“aging” effects are
clearly shown by the data sets from the lower unit H.

5. Conclusion

Paradoxically, in the present study, '*C ages are
shown to yield the best age estimates for the deposition
of the Altamira cave flowstone post-dating the Magda-
lenian occupation of the cave. However, this conclusion
would have been impossible based only on '*C
measurements alone. Indeed, allowing for some '*C
depletion in the cave CO, and DIC, during calcite
deposition, the set of apparent '*C ages obtained (i.c.,
10-13ka), would not have been incompatible with a
precipitation episode occurring during the early Holo-
cene, for example. Complementary isotopic information
helped to discard such a possibility. It includes notably:
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(i) near secular equilibrium conditions between **°Ra
and 2*°Th, suggesting a depositional age >8ka (i.e., ~5
half-lifes of **°Ra); (i) *°Th/**Th vs. ***U/**Th
isochron age in the upper crust (A+B) of 12ka, and
(iii) oxygen isotope data suggesting precipitation under
climatic conditions compatible with a pre-Younger
Dryas age assignment. The array of isotopic data lead
to validation of the '*C ages for the precipitation
episode. The base of the flowstone is dated at
15,5004+300 cal BP years (an age consistent with the
archaeological frame here), and its top at ~11.8+0.8, at
the onset of the Younger Dryas. The flowstone deposi-
tion thus occurred during the Bolling—Allerdd period.
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