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cLaboratoire de Radio-Analyses pour l’Environnement, ENIS, BP W, 3038 Sfax, Tunisia
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Abstract

Calcareous deposits, mainly consisting of mollusc shell accumulations, which have been dated by the U/Th dis-
equilibrium method, mark the shorelines of paleolake highstands in the Great Chotts Area of Southern Tunisia. The 5

sites studied consist of discontinuous accumulations of fossils of marine-like organisms e.g.: Cerastoderma glaucum,
Melania tuberculata, Melanopsis praemorsa, Cerithium rupestre. U/Th isochron plots and age frequency histograms for
39 shell samples are reported here. Limited variations for U content and 234U/238U activity ratios (AR) of shells sup-

port the hypothesis of closure of the geochemical system with respect to this element. It is remarkable that 234U/238U
AR of shells collected in Chott Fejej or Chott Jerid are clustered around different values, reflecting probably different
groundwater recharge from the Continental Intercalaire (CI) or Complexe Terminal (CT) aquifers. Furthermore waters

collected near Wadi el Akarit show 234U/238U AR values comparable to those observed for shells. 14C determinations
made on aliquots of some of these samples suggested an age distribution between 18 and 34 ka BP. The U/Th data of
these 39 shell samples imply that 4 distinct flood episodes of these lakes occurred at about 30, 95–100, 130–150 and
180–200 ka. For the episode centred around 30 ka, the frequency histogram of ages shows a multimodal age group that

could represent the existence of several humid pulses rather than a unique event. Moreover, the comparison of d13C
and d18O with those of older humid Pleistocene phases, when very large palaeolakes have been recorded, suggests that
these young carbonate shells are not related to a true highstand lake. It is suggested that they represent a period of less

humid climatic conditions with carbonate accumulation in minor water ponds in which intensive biological activity
could have taken place. It should be noted that this period was less arid than the present.
# 2003 Elsevier Ltd. All rights reserved.
1. Introduction

In continental environments, palæohydrology is inti-
mately linked to palæoclimatology and is therefore
important to the understanding of global climate change.
Radical changes in hydrological balances during the Late
Quaternary are particularly evident in present-day arid

areas where fossil shell accumulations associated with
paleolakes, indicating much wetter conditions, can be
encountered. Such paleolakes were previously described
in the northern Sahara, for instance in Algeria (Conrad,

1969), or in Libya (Bellair, 1944). These fossil shells and
related humid episodes were initially attributed to the
Villafranchian period (ca. 1.8 Ma) but subsequent
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radiometric dating disproved this theory (Gaven et al.,
1981; Richards and Vita-Finzi, 1982; Fontes et al., 1983;
Causse et al., 1988).
The authors discuss here 39 Th/U age determinations

[20 of these are from a previous study (Causse et al.,
1989) and 19 are new analyses, 5 of which were per-
formed by the thermo-ionisation mass spectrometry

(TIMS) method] of mollusc shells collected around
Great Chotts area in southern Tunisia (Fig. 1). These
sites were initially studied by Coque (1962) who repor-

ted the existence of 2 major lake highstands, one ascri-
bed to the Villafranchian and the youngest to the Late
Pleistocene. These paleolakes were also the reference

sites of the PALHYDAF program (PALæoHYDrology
in AFrica) the aims of which were to reconstruct cli-
matic variations in Africa since the Last Interglacial,
from multidisciplinary studies of sedimentary sequences

(Fontes and Gasse, 1991). The criteria used to select
suitable sites were that they should be located in endor-
heic basins, with a low hydraulic gradient, on a perme-

able substratum, free of tectonic or volcanic activities
and in carbonated catchment areas. Under these condi-
tions (Fontes and Gasse, 1991), it was thought that

samples are most likely to be suitable for isotopic stud-
ies, and in particular, for U/Th dating.
The results reported here allow to propose a validate

chronology for fossil humid events related to palæocli-
matic variations recorded by non permanent lakes of
various extensions and durations. These variations can
also be retrieved through d13C and d18O variations in

these lakes and their carbonate shells of the southern
Tunisian Chott Area.
2. 14C and Th/U dating of lacustrine material

A reliable chronological framework being a key for
paleoclimatic reconstructions, the question of reliable
ages has been widely debated, but still remains unre-
solved, at least before the Holocene. For the Late Pleis-

tocene 14C dates, particularly on mollusc shells, are
highly questionable because very limited exchange with
young C, still possible even for unrecrystallised samples,

results in erroneous finite ages for considerably older
material. The age limit of the 14C method is quickly
reached for this period. U/Th data satisfying the usual

criteria for this method (i.e. essentially, the existence of
a closed system with respect to U after, or very soon
after, carbonate crystallisation) are useful to inter vali-

date apparent ages and to provide reliable chronological
framework.
As first pointed out by Kaufman et al. (1971) U/Th

dating of molluscs shells is often questionable because

open systems prevail. Nevertheless relatively closed sys-
tems providing reliable U/Th dates have been reported
(cf. references cited by Schwarcz and Blackwell, 1992).
Only a few direct comparisons of 14C and U/Th data
have been made on continental deposits (Kaufman and
Broecker, 1965, 1971; Lao and Benson, 1988; Fontes et
al., 1992; Causse et al., 1995). In the Sahara, it has been

demonstrated that lacustrine deposits, previously 14C
dated at 25–35 ka BP, are probably much older (Causse
et al., 1988, 1989, 1991). A controversy concerning

incorrect 14C ages in North Africa was reported by
Fontes and Gasse (1989). The recent hypothesis of an
enhanced cosmic ray flux (Dockal, 1995), responsible

for 14C activity excess in so many samples giving false
ages at about 20–40 ka BP, demonstrates yet again the
acuteness of this problem.

The validity of the 14C technique applied to lacustrine
deposits depends on the origin of the total dissolved
inorganic C (TDIC) in lake waters where re-equilibra-
tion of the TDIC with atmospheric CO2 is not always

certain. These uncertainties for 14C dating of paleolake
carbonates also apply to the organic matter of aquatic
origin, which has derived its carbon from the TDIC of

the lake waters rather than from atmospheric CO2.
Consequently, the validity of applying the 14C dating
method to lacustrine sediments has to be assessed on the

following criteria: (1) the presence of authigenic car-
bonate crystals (inferred from scanning electron micro-
scopy); (2) stratigraphic concordancy of apparent ages;

(3) agreement between 14C ages derived from coeval
organic matter and (4) the confirmation that modern
sediments yield recent ages. However, as paleohy-
drologic conditions have changed in the past, these cri-

teria are not always relevant, and direct comparison of
apparent 14C ages with other independent chronometers
is highly desirable. Bard et al. (1990) have made exten-

sive comparisons of U/Th and 14C ages in the marine
environment, where closed system conditions are com-
monly assumed to prevail for fossil aragonitic corals. In

such closed conditions, the concentration of U and Th
in the solid phase can only change by radioactive decay
and ingrowth. Such closed system conditions, however,
may not exist for lacustrine deposits which could have

been affected by groundwater circulation under various
redox conditions and therefore under various regimes of
U mobility.

Although similarities in the U content and 234U/238U
activity ratio for a set of samples of the same species in
the same environment is strong evidence for the exis-

tence of closed system conditions with respect to U, they
do not demonstrate it. Theoretically, it is preferable to
select non recrystallised carbonate crystals for U/Th

dating. However, if recrystallisation has taken place
very soon after deposition, there may be no measurable
effect on the 230Th/234U activity ratio, i.e. on Th/U age
(Causse et al., 1989). Another cause of distorted Th/U

ages is the presence of U-unsupported 230Th, always
encountered in ‘‘dirty carbonates’’ (Schwarcz and
Latham, 1989; Przybylowicz et al., 1991). Continental
1692 C. Causse et al. / Applied Geochemistry 18 (2003) 1691–1703



Fig. 1. Location map of sites (black squares) studied around Great Chott area. From east to west, Aı̈n el Atrous, Draa el R and Oum el Farth around the Chott Fejej,

Toumbar and Sidi Ali Bou Lafi (near Tozeur) around the Chott Jerid. Water samples were collected along Oued el Akarit and 1 to Gabes.
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carbonates comprising mollusc shells growing in mud or
in unclear waters are actually dirty carbonates, includ-
ing some detrital particles within the CaCO3 crystal lat-
tice. As a consequence, a fraction of 230Th atoms is not

produced by in situ U-decay and a correction for this
contamination has to be made. The commonly used Th/
U isochron method consists of constructing [234U/232Th]–

[238U/232Th] and [230Th/232Th]–[234U/232Th] correlations
from several synchronous samples in order to determine
the apparent Th/U age of the carbonate fraction

(Rosholt, 1976; Ku and Liang, 1984; Bischoff and Fitz-
patrick, 1991; Luo and Ku, 1991; Hillaire-Marcel and
Causse, 1989; Causse, 1992). It should be noted that

such corrections for detrital Th may provide true ages
only if true closed-system conditions prevailed with
respect to U and Th isotopes after crystallisation. In the
case of the occurrence of secondary U mobility, a set of

coeval samples will display a range of ages. In such a
case, isochrone correlation will be poorly defined and
age frequency histograms will show a greater degree of

‘‘spread’’ and different episodes may have overlapping
distributions. Irrespective of the degree of closure of the
system, an increase in measurement precision will

enhance the resolution of the chronological framework
and may allow the identification of 2 closely spaced age
populations. The higher precision obtained with the

TIMS method also allows a better assessment of the
degree of closure of the U geochemical system, whereas
overlapping age distributions are nearly always the rule
with alpha spectrometry. In some cases, alpha spectro-

metry results give an apparent unimodal distribution for
several closely separated age populations possibly
masking any discrepancies in age distribution produced

from minor alteration (see Fig. 2).
The best criterion for assessing the validity of Th/U

ages of lacustrine sediments, however, is a very low age

‘‘spread’’ for a set of samples belonging to the same
chronological unit. Frequency histograms of Th/U ages
are therefore probably the best way to display such
results.
3. Material and methods

Five sites have been sampled along the Great Chotts
(Fig. 1): Aı̈n el Atrous, Draa el Rhorifa and Oum el

Farth from Chott Fejej, Sidi Ali Bou Lafi (also named
Tozeur) and Toumbar from Chott Jerid. All samples
(one made of calcitised vegetal stems and one calcareous

concretion excepted) are mollusc shells, typical of
‘‘marine-like’’ environments (Fontes et al., 1987) in
present-day arid areas: Cerastoderma glaucum or Cardi-
ums, Ostrea stentina, small mussels, among Lamelli-

branchia and Cerithium rupestre, Melania tuberculata,
Melanopsis praemorsa, among Gastropods. Most of
these species have been previously reported in southern
Tunisia (Zouari, 1987; Causse et al., 1989, 1991; Ben
Ouezdou, 1994), the exception being M. praemorsa,
sampled with M. tuberculata in the uppermost layer at
Sidi Ali Bou Lafi. The geochemical data on these sam-

ples may provide a reliable chronological framework for
the discontinuous existence of paleolakes in this area,
and confirm the continental origin of the water, never

linked to the Mediterranean Sea, from 200 ka to the
present.
Alpha spectrometry analyses were made using con-

ventional chemical procedures, except for the choice of
the spike: a recent 234Th preparation was added to the
conventional 232U–228Th couple at secular equilibrium,

in order to check the assumed equilibrium between
228Th and 232Th (Causse and Hillaire-Marcel, 1989).
TIMS analyses were made at Geotop (UQAM) follow-
ing the usual procedures of this laboratory (Hillaire-

Marcel et al., 1996). Due to the presence of a detrital
component in these carbonates, with the exception of a
calcareous concretion leached by acetic acid, most sam-

ples were subjected to total sample dissolution to prevent
selective leaching of any isotope. Isochron plots of
[234U/232Th]–[238U/232Th] and [230Th/232Th]–[234U/232Th]

were analysed using the classical Yorkfit method and the
more recent method proposed by Ludwig and Titter-
ington (1994) to obtain age estimates corrected for det-

rital contribution. Both these methods provide
comparable results in terms of corrected ages, but give
different estimates of the error. Large discrepancies are
observed in the Y-intercepts, a value usually char-

acterised by large imprecision and therefore poorly
determined by these calculations. The amount of the
detrital 230Th was estimated on the basis of an initial

(230Th/232Th) AR equal to one. This hypothetical value
corresponds to a crustal Th/U mass ratio average of
about 3 (Causse and Vincent, 1989). For most of the

shells and particularly the Cerastoderma shells, the
‘‘detrital’’ Th contamination is not important and these
age corrections are generally smaller than variations due
to statistical errors.

Modern water samples were also analysed for
234U/238U activity ratios as part of this study in order to
compare them to the fossil carbonate samples (listed in

Table 1). They were collected along the Wadi el Akarit,
a perennial stream supplied by an artesian aquifer, and
are therefore representative of the fossil waters of the

Complexe Terminal and Continental Intercalaire (Fontes
et al., 1983). Five samples were taken directly from the
river (B, F, G, H, I), with one (F) very close to the sea,

where the tide is perceptible. Other samples came from
the banks of the river where springs occur (C, D, E), and
one from an artesian spring (A). A sample was collected
from a spring located at Chenini oasis (J), north of Gabes

City, and has a different hydrology compared to other
samples. Thirty litre samples (88-n) were pre-treated
immediately in the field according to the technique of J.
1694 C. Causse et al. / Applied Geochemistry 18 (2003) 1691–1703



N. Andrews. This entailed filtration on 0.45 mm porous
Teflon membranes (pushed by a garden pump) followed
by the addition of an acidified FeCl3 solution after spik-
ing with 232U–228Th (at equilibrium). Samples were

allowed to equilibrate for a few hours. Ammonia solution
was then slowly added to the spiked samples in order to
co-precipitate U with Fe(OH)3. The solution was agitated
by bubbling with air during this step, to enhance the effi-
ciency of the reaction. The Fe(OH)3 precipitate was con-
centrated by settling out overnight. Further processing of
these samples for alpha spectrometry took place in the

laboratory. Due to the unexpectedly high U content of
these continental waters, it was necessary to collect only 5
l (samples 89-n) during a second trip.
Table 1

U contents and 234U/238U activity ratios of samples from Wadi el Akarit and the surrounding springsa
Sample number
 Sample location
 238U (�1�) dpm kg�1
 234U/238U (�1�) A. R.
30 l samples (first campaign)
88-A
 Artesian spring, right bank of the river
 7.82�0.32
 1.445�0.020
88-H
 River bed, 120 m before the artesian spring
 7.56�0.20
 1.966�0.016
88-C
 Spring, 80 m before the artesian spring
 6.80�0.32
 1.918�0.030
88-F
 River bed, close to the sea
 4.50�0.16
 1.717�0.026
5 l samples (second campaign)
89-A
 Artesian spring, right bank of the river
 8.73�0.20
 1.382�0.024
89-D
 Spring, left bank, under the road bridge
 8.56�0.35
 1.638�0.048
89-B
 River bed, in front of the Poche à Cardium Site
 7.72�0.20
 1.814�0.032
89-I
 River bed, in front of the Reference Section
 7.58�0.38
 1.906�0.068
89-G
 River bed, 100 m before the artesian spring
 6.60�0.26
 1.936�0.056
89-E
 Spring, right bank, 200 m after the road bridge
 5.93�0.26
 2.095�0.068
89-J
 Spring at Chenini Oasis, close to Gabes City
 5.88�0.25
 1.253�0.044
a Poche à Cardium Site and ‘‘Reference section’’ refer to Fontes et al., 1983.
Fig. 2. Frequency histogram of corrected Th/U ages. Sum of individual corrected ages, each of them being represented by the gaus-

sian distribution of 230Th/234U of its activity ratio, extrapolated for a same value of 234U/238U activity ratio (=1), within a (�3�)

interval. Consistency of ages for several samples belonging to a single geological feature is the best indicator of closed system condi-

tions with respect to U and Th and is therefore the best validation for a proposed chronological framework. The data suggest that 4

distinct flood episodes (drawn with 4 different shadow areas) took place at about 20–40 (group A), 90–105 (group B), 130–150 (group

C) and 180–220 ka (group D). The envelope of uncorrected age values is represented by a dashed line.
C. Causse et al. / Applied Geochemistry 18 (2003) 1691–1703 1695



4. Results and discussion

4.1. Oued el Akarit continental waters

Uranium contents and 234U/238U activity ratios
obtained for 11 samples of Akarit waters and sur-
rounding springs are reported in Table 1. They have

high 234U/238U activity ratios, similar to waters of the
Complexe Terminal and Continental Intercalaire col-
lected in the Algerian Sahara (Causse et al., 1996).

These waters are also characterised by elevated U con-
tents, which is rather unexpected for continental areas.
Sample 89-J (Table 1) was collected at Chenini Oasis,

close to the Mediterranean Sea and probably contains
some sea water. This could explain the lower 234U/238U
activity ratio obtained for this sample and its rather low
U content as well. Another Akarit sample (F, Table 1)

that was collected on the right river bank, in an area
where the tidal effect is observed, also has a low U con-
centration and a rather low 234U/238U activity ratio

(Fig. 3). A negative correlation is found between the
234U/238U activity ratios and U contents of the samples
analysed for this study, as is generally the case for

groundwaters (Osmond and Cowart, 1976). From the
11 samples analysed, excluding the 2 samples (88-F and
89-J) subjected to marine influence (named mixed waters
in Fig. 3 caption), the equation of best fit is:
y=�0.22x+3.44 (R=0.81), where y is 234U/238U activity
ratio and x is U concentration. The 5 water samples

collected during the second field trip in the wadi or from
its banks, which come from shallow underground
sources, also give a very similar correlation equation:

(y=�0.16x+3.03), with a high correlation coefficient
(R=0.989). If the two different aquifers of Complexe
Terminal and Continental Intercalaire supply these

waters, these five samples represent the same degree of
mixing, as may be expected for samples coming from a
shallow underground origin, collected in a restricted

area and in the same time. It should be noted that the
observed correlation is less defined when the waters
coming from the artesian spring are included.

4.2. Consistency of U data for mollusc shells and Th/U
age reliability

Radiometric data for shells and carbonate deposits
are reported in Table 2. The analytical results for car-
bonates are presented as 4 major groups (A, B, C, D),

according to chronological results providing 4 major
classes of apparent Th/U ages. The Sidi Ali Bou Lafi
Fig. 3. 234U/238U activity ratios against U content for Akarit water samples (activity unit: dpm kg�1) and Chotts carbonate samples

(activity unit: dpmg). 234U/238U values are very similar, especially for carbonate samples collected from around Fejej Chott. The dis-

persion of U contents is comparable for the 2 sets of data.
1696 C. Causse et al. / Applied Geochemistry 18 (2003) 1691–1703



Table 2
Radioisotope (U and Th) and stable isotope (C and O) data for molluscs and carbonates from the southern Tunisian chotts

Sample

number

238U

(mg�1)
(234U/238U)

A. R.

(230Th/234U)

A. R.

Age A0 (ka) (234U/232Th)

A. R.

(230Th/232Th)

A. R.

Age A1

(ka)

234U/238U)0
.R.

d13C
PDB

d18O
PDB

Aragonite

(%)

A-S.11.a 0267 0.65�0.01 1.77�0.04 0.22�0.01 26.6�1.0 57.1�5.1 12.6�1.2 25.7 .82 �4.85 �4.77 100

A-S.11.m TIMS 0.805�0.003 1.771�0.013 0.153�0.001 17.9�0.2 >1000 154.1�1.6 17.9 .81 – – 100

A-D.30.c 167 2.39�0.05 1.48�0.03 0.33�0.01 43.0�2.1 86.3�11.4 28.7�3.7 41.6 .54 – – –

A-S.02.m 0264 0.40�0.01 1.69�0.05 0.44�0.01 59.7�2.4 12.0�0.6 5.3�0.3 50.8 .80 �5.11 �4.96 100

A-S.02.a 0308 0.90�0.03 1.75�0.05 0.29�0.01 36.3�1.3 72.8�7.7 21.1�2.2 34.8 .83 �5.01 �4.34 100

A-S.06.m 0311 0.64�0.02 1.83�0.05 0.36�0.01 46.3�1.6 53.2�5.1 19.0�1.8 44.3 .94 �4.95 �5.54 100

A-S.06.a 0312 1.77�0.05 1.77�0.05 0.31�0.01 39.0�1.4 160�19.6 49.3�6.0 38.2 .86 �4.45 �4.81 100

A-S.06.a TIMS 1.922�0.009 1.842�0.014 0.270�0.003 33.3�0.2 383�4.0 103.3�1.2 33.0 .925 �4.45 �4.81 100

A-S./6.a TIMS 2.042�0.006 1.833�0.010 0.248�0.003 30.4�0.2 591�3.7 146.9�1.5 30.2 .901 �4.52 �5.39 –

A-S./6.m TIMS 0.834�0.002 1.827�0.008 0.236�0.004 28.6�0.3 242�1.8 57.0�1.1 28.1 .902 �4.82 �5.97 –

B-A.14.c 567 0.92�0.02 1.64�0.04 0.64�0.02 101.5�5.6 68.3�7.8 43.6�4.9 100.1 .84 �0.15 �2.40 100

B-S.09.c 0266 1.48�0.02 1.79�0.03 0.64�0.02 99.9�3.7 42.5�4.3 27.0�2.7 97.6 .04 �0.09 �1.08 88.6

B-S.05.c 0310 1.34�0.03 1.96�0.05 0.66�0.02 105.3�4.9 198�46 131�31 104.7 .29 �0.35 �1.31 100

B-S.3b.vs 0539 1.35�0.03 1.86�0.05 0.65�0.02 102.8�4.0 235�34 153�22 102.3 .14 +0.24 �4.28 –

B-S.g.c 820 1.56�0.04 1.80�0.05 0.62�0.03 96.4�6.9 373�105 231�65 96.0 .05 – – –

B-T.t.m 343 0.70�0.02 2.02�0.07 0.71�0.03 116.1�9.0 12.6�0.8 8.9�0.4 108.5 .38 �3.98 �4.19 62

B-T.34.vs 572 1.66�0.03 1.93�0.04 0.64�0.02 99.9�5.8 118�16 75.3�10.0 98.9 .23 �0.70 �2.13 20

B-T.3a.c 830 2.34�0.05 1.78�0.04 0.63�0.02 97.7�6.0 400�140 250�87 97.2 .03 – – –

B-T.3b.c 831 1.63�0.04 1.67�0.05 0.64�0.02 101.5�6.1 103�15 65.5�9.6 100.4 .89 – – –

C-A.30.c 344 0.94�0.02 1.63�0.04 0.79�0.03 147.0�9.8 49.1�5.5 39.0�4.2 145.4 .95 �0.29 �1.22 100

C-A.15.c 611 1.04�0.03 1.52�0.04 0.75�0.11 167.9�17.4 56.8�8.3 47.8�6.8 166.5 .83 – – –

C-A.20.sm 614 0.98�0.02 1.46�0.04 0.84�0.03 169.4�16.8 44.0�12.8 37.0�10.7 167.1 .73 – – –

C-A.2a.c 827 1.02�0.02 1.58�0.04 0.78�0.03 143.6�10.2 65.8�8.7 51.4�6.7 142.5 .87 – – –

C-A.2b.c 828 1.06�0.03 1.57�0.05 0.82�0.03 155.8�14.5 73.1�11.8 59.6�9.5 154.5 .88 – – –

C-O.29.c 568 1.07�0.02 1.56�0.04 0.79�0.03 148.0�10.1 69.4�7.3 55.1�5.6 146.6 .85 +0.50 �2.03 99

C-S.12.c 0313 1.90�0.05 1.82�0.05 0.75�0.02 129.8�6.6 234�42 175�31.4 129.4 .19 +1.01 +0.58 71.0

C-S.13.c 0314 0.65�0.01 1.58�0.02 0.77�0.02 141.0�6.6 29.1�3.0 22.5�2.3 137.8 .86 �1.46 �6.07 1.2

C-S.03.L 0319 0.39�0.01 1.35�0.04 0.85�0.03 178.5�15.3 3.9�0.2 3.3�0.2 150.9 .82 – – –

C-S.10.c 0537 1.54�0,02 1.82�0.02 0.84�0.01 158.5�5.1 224�23 186�19 158.2 .54 �0.05 �3.13 –

C-S.3a.vs 0538 0.95�0.02 2.07�0.05 0.84�0.02 155.7�6.7 232�26 194�21 155.5 .07 +0.35 +1.53 –

C-S.07.c 0540 1.31�0.02 1.77�0.02 0.72�0.01 120.6�3.4 238�25 170�18 120.2 .09 +0.54 +0.30 –

C-S.1b.g 0559 1.11�0.03 2.03�0.05 0.79�0.02 140.1�6.1 110�6.0 87�4 139.3 .53 – – –

C-T.33b.c 571 1.01�0.03 1.73�0.05 0.77�0.03 135.7�9.6 60.0�6.2 45.9�4.6 134.0 .07 �0.36 �2.39 100

C-T.34a.g 615 1.28�0.03 1.78�0.04 0.66�0.10 145.9�11.8 60.9�8.8 48.6�6.9 144.4 .17 – – –

D-0.29.ca 569 0.86�0.02 1.11�0.03 0.95�0.04 277,1�80.9 1.6�0.1 1.54�0.05 187.5 .18 – – –

D-S.04.c 0558 1.03�0.02 1.96�0.04 0.91�0.02 187.5�8.4 132�9 121�8 187.2 .62 – – –

D-S.L2.c 829 0.94�0.02 2.33�0.05 0.94�0.04 191.2�17.6 133�31 124�29 190.8 .29 – – –

D-S.08.o TIMS 0.0843�0.0003 1.236�0.017 0.889�0.016 206.2�5.6 119�2 106�2 206.2 .422 +2.00 �2.48 –

D-T.04.c 832 1.37�0.04 1.71�0.05 0.89�0.04 184.8�21.8 121�25 108�22 184.4 .20 – – –

In the sample number, the first letter is indicative of the class of ages (A, B, C, D), the second of the site: A: Aı̈n el Atrous, D: Draâ el Rhorifa, O: Oum , S: Sidi Ali Bou Lafi and T: Toumbar. The last letter

indicates the fauna except in 2 cases: L indicates an acetic acid leachate and ca, a calcareous concretion. For the fauna: c: Cerastoderma glaucum or ca m: Melania tuberculata (Muller, 1774), a: Melanopsis

praemorsa (Linné, 1758), g: gasteropodia, vs: various molluscs, sm: small mussels, o: Ostrea stentina. Alpha spectrometry measurements are given with r, while TIMS measurements are given with 2� error

(errors due to counting statistics). A0 ages (�1�) are uncorrected for U-unsupported 230Th, A1 ages (�1�) are corrected values assuming an initial (230T ) ratio equal to 1.
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Site, near Tozeur, on the northern shore of Chott Jerid
would consist of 5 depositional episodes, with an addi-
tional young episode around 18 ka, only recorded by
one collected sample. Because samples are scattered in

present-day mobile dunes, it is difficult to insure or to
deny the existence of such a unit, whatever the reliability
of reported ages.

Evidence for closure of the U-Th system has to be
sought in variations of the U content and particularly in
variations of the 234U/238U activity ratios. Irrespective

of the way U is introduced into the carbonate lattice, it
is assumed that there is no fractionation of 234U/238U
between the precipitating solution and the solid. Addi-

tion or loss of U after precipitation of the solid would
probably result in 234U/238U ratio and U content varia-
tions. Thus a narrow clustering of these values for co-
eval samples should be a good index of system closure

with respect to U. Because the U of shells is controlled
by that of the water the animal was living in, or the
waters associated with early diagenesis, the U preserved

in fossil shells are compared with those of the Akarit
waters (Fig. 3). Distributions of U content for shells and
waters show the same low relative standard errors of

their mean values (respectively 0.075 and 0.049), low
skewness (0.42 and �0.55) and kurtosis (�0.02 and
�0.43). Even if 234U/238U variations for the whole data

set are significant, it has to be considered that the shells
collected in the same geographic area show very close
values: Fejej samples have very tightly clustered
234U/238U ratios around the mean value equal to 1.55

(�=0.07), while Jerid samples have higher values (mean
equal to 1.82, �=0.20). Toumbar samples located in the
eastern part of Chott Jerid are characterised by inter-

mediate values between Jerid and Fejej (mean value
equal to 1.80, �=0.13). These comparisons argue for a
good closure of the system with respect to U. Moreover,

taking into account that samples belong to different
molluscs, U content variation may be interpreted as
minimal.
It is to be expected that different species may be

characterised by different U content, because U fixation
is governed by specific relationships between protein
and mineral components in a carbonate shell. Uranium

content variations for the 3 most abundant species are
illustrated in Fig. 4 a. Uranium contents clearly show
different values for Melania, Cardium and Melanopsira

samples, with increasing mean values equal to 0.7 mg g�1

(�=0.22), 1.33 mg g�1 (�=0.47) and 1.66 mg g�1

(�=0.52), respectively. For 20 Cardium shells, U con-

tent varies between 0.65 and 2.39 mg g�1, with a mean
value equal to 1.33 mg g�1 (�=0.47). This could be
considered as a large variation, but this discrepancy is
limited if a single site is observed. For the Aı̈n el Atrous

Site, U contents of 5 Cardium samples are clustered
around a mean value of 1.00 mg g�1 (�=0.06). For the
Tozeur Site, 9 Cardium samples provide a mean value of
1.31 mg g�1 (�=0.38). Finally, variations of the U data
for different shells have to be ascribed to their species or
to their location and not to their calculated ages, as can
be seen in Fig. 4b. During the different humid episodes

in this region throughout the Pleistocene, the relative
contribution of surficial and ground waters may have
changed, consequently affecting the isotopic composi-

tion of the past lake waters and hence that of the fossi-
lised shells. Because the U data are compatible with
closure of the geochemical system, the calculated ages

are therefore assumed to be reliable.
Another parameter of U system closure may be found

in the consistency of ages calculated for con-

temporaneous samples, i.e. samples assumed to be con-
temporaneous from field associations. Two
manifestations of such consistency may be given by: (i)
highly correlated isochrons, (ii) sharply defined peaks in

the age frequency histograms.
The 4 classes of samples investigated are shown in the

frequency histogram presented in Fig. 2. All 4 give well

defined correlations for (234U/232Th)-(238U/232Th) and
(230Th/232Th)-(234U/232Th) activity ratios respectively.
These results were weighted according to the classical

Yorkfit and UISO correlation program (Ludwig and
Titterington, 1994). The graphs produced by the UISO
program for (230Th/232Th)-(234U/232Th) correlations are

given in Fig. 5. These 2 types of isochrons are charac-
terised by very similar parameters, almost the same cal-
culated ages, but give different error estimates (see
Table 3). It is puzzling that the narrowest error values of

the youngest episode are not representative of the true
dispersion of the ages.
With age frequency histograms, it is expected to get

distinct age groups for distinct events separated in time.
This in fact is the case for the 4 groups of shells investi-
gated from the Great Chotts Area (Fig. 2). However,

the relatively poor precision obtained for the alpha
spectrometry measurements produced large spreads for
each age group, possibly masking any effects associated
with a relative opening of the U-Th system.

4.3. Characteristics of one or a few young episodes
(55–18 ka): the stable isotope information

For the youngest episode, 230Th/232Th and 234U/232Th
ARs yield a well defined isochron inferring a high

probability for its existence. However, the frequency
histogram of ages shows several peaks ranging from
18 to 55 ka that could represent the existence of sev-

eral humid pulses rather than a unique event. This age
distribution may reflect a reality and could not be, as
discussed above, caused by secondary U mobilisation.
Moreover, the youngest age of sample S.11.m was

confirmed by a radiocarbon measurement. This epi-
sode may have a particular meaning in terms of
hydrology.
1698 C. Causse et al. / Applied Geochemistry 18 (2003) 1691–1703



Fig. 4. (a) 234U/238U activity ratios (�2�) against U content (dpmg �2�) for the 3 most abundant species collected around the Great
Chotts Area. Cardiums are present in all sites, those from the Tozeur Site are figured with a special symbol. For this site, U contents

clearly display an increasing trend, with Melania, Cardium and Melanopsira samples having mean values equal to 0.53, 0.97 and 1.24

dpmg respectively. (b) 234U/238U activity ratios against U content (same units as above) for the 4 age groups of carbonate samples

represented. These results suggest that U data are not time dependent.
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Table 3

Isochron correlations data calculated according to York and to Ludwig and Titterington (1994)
Slope (Y)
 0.247�<0.001
 0.627�0.017
 0.787�0.027
 0.889�<0.001
Slope (L&T)
 0.244�0.009
 0.624�0.007
 0.781�0.022
 0.913�0.024
Y-intercept (Y)
 1.931�0.252
 0.97�0.67
 0.25�0.26
 0.095�0.082
Y-intercept (L&T)
 5.01�2.36
 2.09�1.64
 0.91�2.92
 �0.46�2.73
R (Y)
 0.998
 1
 0.999
 1
R (L&T)
 1
 1
 1
 1
Age (ka �2�) (Y)
 30.2�<0.1
 97.7�8.0
 144�18
 184�<0.1
Age (ka �2�) (L&T)
 30.2�1.7
 96.4�5.2
 145�16
 184�19
Fig. 5. Four isochron correlations constructed for 4 sets of samples, using the UISO program (Ludwig and Titterington, 1994). Low

Th content samples are characterised by large errors bars when data are generated by the alpha spectrometry technique (see b) or

appears to lack error bars when measured by TIMS (see a).
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The O and C isotopes of these samples are relevant to
this debate: d13C and d18O of these mollusc samples

(Fig. 6) are much more negative for the youngest sam-
ples. The d13C of the youngest samples varies between
�4.45 and �5.11% (PDB), and their d18O between

�4.34 and �5.97%. These data are more variable for
the oldest samples, but are generally less negative for C
as well as for O. The mean values are equal to �0.19
(�=1.31) and �2.02 (�=1.98), respectively. These latter

values are diagnostic of waters subjected to evaporation,
characteristic of large and permanent water bodies. This
is not unexpected for these ancient great lakes, which

are probably comparable to the other large fossil lakes
also known from Africa, north of the Equator, at the
same time (Gaven et al., 1981; Szabo et al., 1989). In

contrast, the youngest episode(s) may represent less
humid climatic conditions with minor water ponds
where intense biological activity could have existed.
5. Conclusion

These chronological data confirm the existence of
large fossil lakes in Northern Africa around 90–100 ka
and 130–150 ka. Evidence for an older phase of activity

of these lakes around 200 ka is also presented here. The
precision of these older ages are those of alpha mea-
surements performed on rare samples scattered in pre-

sent-day mobile dunes.
These humid episodes recorded in southern Tunisia

are probably linked to humid events of similar ages
recorded in the Sahara and more widely in Northern

Africa. The waters of these fossil lakes are characteristic
of continental environment, as well as their marine-like
shells, which are undoubtedly continental.
Previous radiocarbon dating on the lake carbonates
of this study have been shown to be largely erroneous in

many cases. However, the present results do demon-
strate that a limited and probably discontinuous humid
episode did take place in southern Tunisia between 55

and 18 ka (perhaps with a maximum around 30 ka). The
results provide a new insight into the occurrence and
characteristics of such a humid event.
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