
Abstract. An isotopic survey, including 18O, 2H, 13C, 14C, 3H and noble gases, has been carried out 
since 1998 on groundwaters of the Valréas Miocene aquifer. This aquifer is situated in the South of 
France, close to the Rhône valley. It consists of calcareous cemented sandstones interbeded with marl 
and sand lenses. A major paleo-ria, resulting from the drastic Messinian crisis, cuts the Miocene 
sediments. During the Pliocene, it was infilled with marl and clays. This Pliocene cover keeps the 
aquifer confined in the South of the study area. A strong isotopic contrast is found between unconfined 
and confined aquifer. The depletion in the water molecule stable isotopes occurs around 20 000 years 
BP and points out the transition from the Last-Glacial to Holocene. The constant value of deuterium 
excess suggests persistence of the atmospheric circulation pattern over the South of Europe since the 
end of the Pleistocene. The isotopic signature of the Miocene aquifer groundwaters indicates the 
perfect integration of Southern France palaeoprecipitation into the present-day regional atmospheric 
frame. A reliable estimate of the warming during the Pleistocene-Holocene transition could only be 
derived from stable isotopes by calibrating them against noble gas temperatures. 
 
 
1. INTRODUCTION 
 
Climatic change during the Late Quaternary has been inferred from isotopic composition of 
groundwater in various places all over the world, in Africa [1, 2, 3], North America [4, 5], 
Asia [6, 7], Australia [8] and Europe [9, 10, 11]. Only a few of these studies concern 
Mediterranean regions [12, 13, 14] and none of them the Northern part of the Western 
Mediterranean basin. Comparison of isotopic composition of dated groundwater in confined 
and unconfined aquifers can supplement paleoclimatic inferences based on pollen and other 
currently used paleoclimatic indicators. Stable isotopes analyses of groundwater (δ18O and 
δ2H) yield additional information on the Late Pleistocene moisture sources and regional 
atmospheric circulation. 
 
The understanding of paleoclimatic conditions prevailing during the recharge of groundwaters 
is obviously an important parameter which contributes to the understanding of complex 
aquifer systems. Such suitable aquifers are sparse and mainly located in large sedimentary 
basins (Paris-London basin, Great Artesian basin of Australia, Hungarian plain, etc …), this 
paper is devoted to a small sedimentary basin from Southeastern France. 
 
The Valreas Miocene Aquifer is an important resource for both domestic and agricultural 
water supplies in Provence. Declining potentiometric levels are of concern for the long term 
sustainability of the resource. An isotope study aimed at the estimation of groundwater 
residence time and paleorecharge conditions has been carried out from 1997 to 2000 in order 
to contribute to the definition of the system and to set up the basis of a proper managing of the 
aquifer. 
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2. HYDROGEOLOGICAL SETTING 
 
The Valreas Miocene Aquifer is located close to the Rhône Valley, within a small 
sedimentary basin of almost 500 km2 (Fig. 1). It is formed of multilayered sands, sandstone, 
clays and marls, with a maximum thickness of 600 m and an average permeability around 
106 m.s-1 [15, 16]. A major paleo-ria resulting from the drastic Messinian crisis cuts the 
Miocene sediments. During the Pliocene, it was infilled with poorly permeable sediments, 
mainly marls and clays interbedded with some sand lenses. In the Southern part of the basin, 
the Pliocene cover keeps the Miocene aquifer confined and most of the boreholes tap the 
Miocene aquifer through a marlaceous layer of 100 to 300 m thickness. The recharge area is 
located in the Northern part of the basin where Miocene sediments out crop, at an elevation of 
about 240 m. The general direction of groundwater flow is oriented from the NE to the SW of 
the basin and then in direction of the Rhône Valley through the Lez River Valley. 
 
Samples from boreholes tapping the unconfined and the confined Miocene aquifer were 
collected by means of submersed pumps pre-existing on these irrigation wells. 
Hydrochemistry, radionuclides (3H, 14C) and stable isotopes ratios (δ13C, δ2H and δ18O) were 
measured. 
 
3. RESULTS 
 
A strong isotopic contrast is found between the unconfined and the confined parts of the 
aquifer. This suggests the existence of long residence time waters in the confined aquifer. 
Radiocarbon activities close to the detection limit and the enrichment in δ13C imply isotope 
exchange between groundwater and the aquifer matrix. Radiocarbon ages have been corrected 
by means of the Fontes & Garnier model [17] which accounts for such phenomena. This 
provides ages up to 30-35 ka within the confined aquifer. Note that the record covers the 
entire period rather uniformly, there is no indication of an “infiltration gap” at the Last Glacial 
Maximum as observed in other European aquifers [18, 19]. 
 
An isotopic shift is observed (Fig. 2) between recent groundwaters from the recharge area 
(δ18O ≈ -7‰ ; δ2H ≈ -45‰) and old groundwaters confined under Pliocene sediments 
(δ18O ≈ -9‰ ; δ2H ≈ -60‰). 
 
The isotopic signature of modern recharge groundwaters is consistent with local precipitation 
[20] whereas old groundwaters are depleted by up to 2‰ in δ18O and 15‰ in δ2H. This 
indicates that old groundwaters have been recharged under colder climatic conditions than at 
present time. The depletion in stable isotopes occurs around 18-20 ka and points out the 
transition from the Late-Glacial to Holocene [21]. 
 
All the data match the World Meteoric Water Line and show a good agreement with the 
regional meteoric water line defined by Celle-Jeanton et al. [22] for the Western 
Mediterranean area (δ2H=8δ18O+13.7). The deuterium excess (d=δ2H-8δ18O) does not show 
any strong variations from the Pleistocene to the Holocene and remains close to its 
present-day value (Fig. 3). 85% of the data set show a deuterium excess between 10‰ and 
14‰ that is to say between Atlantic (d ≈ 10‰) and Western Mediterranean influences (d ≈ 
14‰). This is in good agreement with the observations made by Celle [20] on the 
atmospheric circulation affecting the study area. 
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FIG. 1 : Study area, location of the sampled boreholes and geological cross-section of the Valreas 
Miocene basin. 
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FIG. 2. Evolution of the stable isotopic signature of groundwaters with residence time within the 
Miocene aquifer. 
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FIG. 3. Deuterium excess (d) against groundwater residence time. 
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4. DISCUSSION 
 
The deuterium excess in precipitation is usually interpreted as an isotope signal depending on 
climate conditions during evaporation. So, from a palaeoclimatic point of view, our results 
suggest that the circulation pattern of the atmosphere over the South of Europe remained 
unchanged since the Last-Glacial Maximum and confirm the observations made in Western 
and Central Europe [9]. 
 
This study provides strong evidence that deuterium excess in Mediterranean precipitation has 
remained constant for more than 30 ka. Thus, it suggests a constant relative humidity over the 
Atlantic Ocean and the Western Mediterranean from the last glacial period up to the present 
time. 
 
Estimation of the magnitude of the warming that occurred at the Pleistocene-Holocene 
transition on the basis of the stable isotope data is difficult, because slopes of the 
δ18O/temperature relationship derived from modern data may not be appropriate for long-term 
climate changes. Thus, noble gas measurements on 25 boreholes were used to quantify the 
climate signal recorded in the Valréas Miocene aquifer. Palaeorecharge temperatures indicate 
an increase of about 7°C during the Pleistocene-Holocene transition. The good correlation 
between noble gas temperatures and 18O data provides a slope of the δ18O/temperature 
relationship close to 0.22‰/°C (Fig. 4), clearly lower than present day seasonal or spatial 
slopes. This highlights the inadequacy of modern analogues [23, 24] to interpret stable 
isotopes in term of Pleistocene palaeotemperatures, and the need to locally calibrate the long-
term δ18O/temperature relationship. 
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FIG. 4 : δ 18O/Noble Gas recharge temperature in Valreas Miocene aquifer groundwaters. 
 
 
5. CONCLUSIONS 
 
This isotopic study demonstrates the continuous recharge of the Miocene aquifer from the 
Last Glacial to present time. The depletion in heavy isotopes of the groundwaters with 14C 
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ages of about 20 ka and higher in comparison to more recently recharged waters clearly marks 
the climatic transition from the Pleistocene to the Holocene. 
In contrast, the deuterium excess remains uniform throughout the record, suggesting that the 
general cooling during the Late Pleistocene was not accompanied by a major change in source 
of water vapour recharging the aquifer. 
 
Our data point out that the long term δ18O/temperature relationship has to be locally calibrated 
in order to reconstruct palaeotemperatures from stable isotope data. This can be done by the 
noble gas results. 
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