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Abstract 
 

This work reports chemical and isotope data and temperature estimates for seven water samples 

collected from Triassic formations in the Paris Basin in France. Four samples were collected in the 

central part of the Basin (saline waters) and three were collected at the edge of the Basin near the 

recharge zone (dilute waters). The saline waters collected from the Chaunoy and Champotran 

boreholes have high salinities (around 120 g/L) and very similar chemical and isotopic 

compositions. The saline water sample from the La Torche borehole has much higher salinity (168 

g/L) and significantly different isotope characteristics. The chemical geothermometers applied to 

these fluids from the centre of the Basin give temperature values ranging between 80 and 100°C. 

The fresh water samples collected at the edge of the Basin have very different chemical and 

isotopic compositions. These dilute water samples (Santenay and Châteauroux) are shallow, with 

colder temperatures of around 45 to 50°C. The study of uranium activity ratios for these Triassic 

formation waters allows us, as a first approximation, to estimate a mean apparent fluid circulation 

velocity of around 0.2 m/yr, which corresponds to a “mean age” slightly higher than 1 My for waters 

sampled in the Chaunoy, Champotran and La Torche fields in the centre of the Basin. The multi-

isotope characterization of Triassic formation waters shows that our data are in agreement with 

literature values as concerns “traditional” isotope systematics (δ18O,δD, 87Sr/86Sr). Li and B isotope 

signatures in the centre of the Paris basin are in a good agreement with a fluid signature derived 

mainly from water/rock interactions involving clastic rocks with water essentially resulting from a 

seawater-derived brine endmember diluted by meteoric waters. The data reported in the present 

work for Li and B isotopes could be used as a reference for future studies to characterize 

sandstone formation waters.  

 
Keywords: lithium isotopes, boron isotopes, strontium isotopes, uranium isotopes, oxygen isotopes, 

hydrogen isotopes, geothermometry, Trias, Paris Basin 
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1. INTRODUCTION 
 
The Paris Basin is an intracratonic basin, covering approximately 6,000 km2, filled with up to 

3,000 m of sediments overlying the Hercynian basement (Pomerol 1974). Sediments range 

in age from Permian to Quaternary. There are six major aquifer formations in the Paris Basin, 

ranging in age from Trias to Cenozoic, of which the deepest are the Triassic sandstones and 

the Dogger limestones. Both include oil accumulations associated with occurrences of saline 

groundwaters, and there are small oil fields East of Paris. Low enthalpy geothermal fluids are 

another economic benefit associated with these deep aquifers since water temperatures in 

the deepest part of these aquifers may be relatively high (around 100°C). 

Within the framework of the development of renewable energy in France, a research project 

involving an inventory of geothermal resources has been carried out jointly by the French 

Agency for Environment and Energy Management (ADEME) and the French Geological 

Survey (BRGM). The CLASTIQ research project (CLAyed sandSTone In Question) focuses 

on the sandstone geothermal reservoirs in France (Bouchot et al. 2008). 

The present study deals with the geochemistry of both saline and dilute waters from the 

Triassic aquifer sampled in the Paris Basin. Several studies were carried out in the 1990’s to 

reconstruct the history of the deep waters of the Paris Basin. Based on the combination of 

major elements and water stable isotopes (δD and δ18O), it was shown that the western 

Keuper brines could derive from the dissolution of eastern Triassic salts by the input of 

meteoric water and that the Dogger formation waters could originate mainly from Triassic 

inputs via faults. In greater detail, Fontes and Matray (1993a) reported chemical data for 

brines associated with the Triassic saline deposits in the Paris Basin. This study showed that 

the brines collected in the eastern part of the Paris Basin were made up of a mixture of both 

primary and secondary brines, and that Permian evaporites might contribute to the chemical 

signature of the Triassic formation waters under consideration. These authors also studied 

waters from the oil-bearing Triassic formations (Keuper and Rhaetian) (Fontes and Matray, 

1993b) and confirmed that the saline waters from Dogger, Keuper and Rhaetian formations 

have a complex origin and might come from various mixtures. The salinity of the Dogger and 

Keuper waters originates from brine having a primary origin. Rhaetian waters have salinities 

that can be explained by the contribution of three different origins: (i) a primary brine identical 

to that of the Dogger and Keuper, (ii) seawater and (iii) a dilution by meteoric water. 

Matray et al. (1994) investigated Dogger formation waters in the Paris Basin and suggested 

a possible exchange of groundwaters in the Dogger and Triassic aquifers by the migration of 

brine from the Triassic to the Dogger formation. Other exchanges between Jurassic and 

Triassic aquifers are discussed by Worden et al. (1999), in particular for the “Chaunoy 

Sandstones Formation”. These authors suggested that waters from the Triassic Chaunoy 
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formation might migrate towards the Dogger formation to compensate for the meteoric 

contribution. Matray et al. (1989) also discussed the diagenetic effects on the Dogger and 

Triassic reservoirs of the Paris Basin and proposed a scenario of evolution. The results of 

their analyses of water from the Dogger and Triassic formations show that each reservoir has 

a specific mixture of (i) a hot, saline endmember made up of primary and secondary brines 

having a Triassic origin, and (ii) a weakly concentrated endmember of meteoric origin that 

dilutes the waters. The different mixtures are the result of considerable circulation of 

solutions between the reservoirs, thus suggesting the widespread migration of solutes with 

time. The results of Matray et al. (1989) also make it possible to reconstitute a complex 

diagenetic history based on the chronology of the water/rock interactions.  

In this paper, we report chemical and isotope data from Triassic formation waters collected in 

the Paris Basin in order to provide further constraints on the characterization of the Triassic 

reservoir. The present study aims therefore to answer remaining questions about Triassic 

formation waters : what is the origin of the salinity of the brines from the Paris Basin, is there 

any exchange between the Triassic aquifer and the Dogger aquifer, what is the fluid 

circulation velocity of waters between the recharge zone and the centre of the basin. More 

specifically, the main objective of the present work is to constrain the nature and temperature 

of these fluids: two essential parameters for the characterization of a geothermal reservoir. 

The data reported here for Triassic formation waters are the major and trace elements and a 

broad range of isotope data: “traditional” isotope systematics like the stable oxygen and 

hydrogen isotopes of the water molecule and Sr and U isotopes, and “non traditional” isotope 

systematics like Li and B isotopes. 

Major and trace elements are first investigated in order to determine the chemical signature 

of the Triassic formation waters. A multi-isotopic approach is then used to provide additional 

information for the characterization of these waters. The stable isotopes of the water 

molecule (δD and δ18O) are studied in order to define the origin of the waters. Sr isotopes 

(87Sr/86Sr) are also investigated in order to better define the signature of the reservoir the 

waters come from. The isotopic composition of boron (δ11B) is determined in an attempt to 

elucidate the source of B. The use of Li isotopic systematics (δ7Li) is also explored, following 

recent papers indicating that Li isotopes seem to be an effective tracer of water/rock 

interactions in groundwaters (Millot et al. 2007, Millot and Négrel 2007). Uranium isotopes 

are also investigated in order to constrain the time of water transfer through the sedimentary 

basin. Lastly, a thermal characterization of these Triassic formations waters is proposed in 

order to enable the evaluation of potential geothermal resources. 
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2. SAMPLES 
 

The different fluids (n=7) analysed in the present study were sampled between November 

2007 and May 2008 in 3 locations: (1) in the Chaunoy, Champotran and La Torche oil fields, 

(2) near the city of Châteauroux, and (3) near the town of Santenay. Groundwater samples 

were drawn from the Triassic aquifer in the centre of the Paris Basin (Chaunoy, Champotran 

and La Torche, n=4) and near the recharge zone at the edge of the Basin (Châteauroux and 

Santenay, n=3) (Figure 1). 

In total, only four samples were collected in the central part of the Basin (saline waters) and 

three were collected at the edge of the Basin near the recharge zone (dilute waters). Here, 

we would like to highlight the fact that the sampling of these deep waters is very difficult and 

that there are only few boreholes allowing the sampling of such deep waters within the Paris 

Basin. 

 

2.1. Chaunoy, Champotran and La Torche 
 

Triassic fluids were sampled from the Chaunoy, Champotran and La Torche oil fields in 

November 2007. The characteristics of the four boreholes are given in Table 1. The 

Chaunoy, Champotran and La Torche boreholes are between 2,449 and 2,989 m deep and 

the water content of the fluids varies between 15.6 and 97%. An anhydritic clay layer (Upper 

Keuper) of the Chaunoy Sandstones Formation is sampled by the Chaunoy72, Chaunoy73 

and CHAN25 boreholes, and a green clay layer by the LT09 borehole. 

The fluids from the Chaunoy, Champotran and La Torche oil fields contain hydrocarbons in 

various proportions. In order to separate the various phases from the fluid, we separated the 

water from the water-hydrocarbon mixture either in the field during sampling for Chaunoy72 

or, for the other samples, a few days later in the laboratory. The device used in the field 

makes it possible to separate the 3 phases (oil-gas-water) from the fluid directly after 

collection at the top of the well. Once collected, the 3-phase fluid flows into a ~120 L 

polypropylene cylinder. Emulsion takes place in this part of the device. The excess gas 

escapes through the top of the device and water is sampled at the bottom. Since there can 

still be traces of hydrocarbon remaining the water at this stage of the separation, another 

cylinder containing rockwool filters the water before its physicochemical parameters are 

measured. The water is then collected at the outlet of the device and filtrated at 0.2 µm. 
For the other samples, the water was separated in the laboratory after the mixture was 

collected in the field (water + hydrocarbons). Samples were put in a drying oven at a 

temperature of 50°C in 5-liter containers having a broad surface of contact. After 48 h, the 
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recovery rates of water were satisfactory and we were able to collect sufficient volumes of 

water for the chemical and isotopic analyses. 

Possible contamination using both devices was tested by the determination of a blank using 

pure water solution (Milli-Q® water) after evaporation and filtration. This test clearly showed 

that there is no contamination for major or trace elements from containers or during handling 

either in the field or in the laboratory. 

 

2.2. Châteauroux 
 

GTH1 was sampled near Châteauroux (ZAC St Jean). References for this borehole are 

GTH1: 05447X0112. The temperature at the wellhead of this 670-meter-deep well is 34°C. 

GTH1 taps the sandy Keuper aquifer formation of the Donnemarie Sandstones Formation.  

 

2.3. Santenay 
 

The Santenay boreholes are located in a Triassic sandy sedimentary area overlying the 

Hercynian basement of the Morvan Massif with bedrock outcroppings located nearby, to the 

West. The two natural thermal springs – Lithium (due to the high Li content of this thermal 

spring) and Santana – were tapped by drilling (to depths of 75 and 88 m, respectively). We 

do not know the name of the sandy reservoir that was sampled here. The Lithium spring 

(code 05531X0018; geographical coordinates NGF: X = 779.040 km, Y = 2 216.620 km; Z = 

225 m) and the Santana spring were sampled in May 2008. 

 

3. METHODS 

 

All the chemical analyses were done in the BRGM laboratories using standard water analysis 

techniques such as ion chromatography, atomic absorption spectrophotometry, inductively 

coupled plasma mass spectrometry (ICP-MS), colorimetry, ion electrode and titration. The 

accuracy of the major and trace element data is about ± 5%. Major species and trace 

elements were determined on conditioned samples, i.e. after filtration at 0.2 µm for the major 

anions, and after filtration at 0.2 µm and acidification with Suprapur HNO3 acid (down to pH = 

2) for the major cations and trace elements.  

Accuracy and precision for major and trace elements was verified by repeated 

measurements of standard materials during the course of this study: namely Ion96-3 and 

LGC6020 for cations and anions and pure Li and B standard solutions (Merck) for Li and B 

determinations. For saline samples, they were analysed either after dilution (to minimize 
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matrix effects during measurement) or by using the technique of the standard addition (to 

match the matrixes of the standard materials).  

 

3.1. Hydrogen and oxygen isotopes 
 

Oxygen and hydrogen isotope measurements were done in BRGM’s stable isotope 

laboratory with a standardized method, using a Finnigan MAT 252 mass spectrometer with a 

precision of ± 0.1‰ vs. SMOW for δ18O and ± 0.8‰ for δD respectively. Isotopic 

compositions are reported in the usual δ-scale in ‰ according to δsample (‰) = 

{(Rsample/Rstandard) -1} x 1000, where R is the 2H/1H or 18O/16O atomic ratios. 

 

3.2. Lithium isotopes 
 

Lithium isotopic compositions were measured using a Neptune Multi Collector ICP-MS 

(Thermo Fischer Scientific). 7Li/6Li ratios were normalized to the L-SVEC standard solution 

(NIST SRM 8545, Flesch et al. 1973) following the standard-sample bracketing method (see 

Millot et al. 2004 for more details). The analytical protocol involves the acquisition of 15 ratios 

with 16 s integration time per ratio, and yields in-run precision better than 0.2‰ (2σm). Blank 

values are low, (i.e. 0.2%), and 5 minutes wash time is enough to reach a stable background 

value. 

The samples must be prepared beforehand with chemical separation/purification by ion 

chromatography in order to produce a pure mono-elemental solution. Chemical separation of 

Li from the matrix was achieved before the mass analysis following a procedure modified 

from the technique of James and Palmer (2000) using a cationic resin (a single column filled 

with 3 mL of BioRad AG® 50W-X12 resin, 200-400 mesh) and HCl acid media (0.2N) for 30 

ng of Li. Blanks for the total chemical extraction were less than 30 pg of Li, which is 

negligible since it represents a 10-3 blank/sample ratio. 

Successful quantitative measurement of Li isotopic compositions requires 100% Li recovery. 

The column was, therefore, frequently calibrated and repeated analysis of the L-SVEC 

standard processed through columns shows 100% Li recovery and no induced isotope 

fractionation due to the purification process. 

The accuracy and reproducibility of the entire method (purification procedure + mass 

analysis) were tested by repeated measurement of a seawater sample (IRMM BCR-403) 

after separation of Li from the matrix, for which we obtained a mean value of δ7Li = +31.1‰ ± 

0.3 (2σ, n=11) over the analysis period. This mean value is in good agreement with our long-

term measurement (δ7Li = +31.0‰ ± 0.5, 2σ, n=30, Millot et al. 2004) and with other values 
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reported in the literature (see, for example, Tomascak 2004 for a compilation). Consequently, 

based on long-term measurements of a seawater standard, we estimate the external 

reproducibility of our method to be around ± 0.5‰ (2σ). 

 

3.3. Boron isotopes 
 

Boron isotopic compositions were determined on a Finnigan MAT 261 solid source mass 

spectrometer in a dynamic mode. For these samples, water volumes corresponding to a 

mass of 10 µg of B underwent a two-step chemical purification using Amberlite IRA-743 

selective resin according to a method adapted from Gaillardet and Allègre (1995). The boron 

aliquot sample (2 µg) was then loaded onto a Ta single filament with graphite, mannitol and 

Cs, and the B isotopes were determined by measuring the Cs2BO2
+ ion (Spivack and 

Edmond 1986, 1987). The total boron blank is less than 10 ng. The values are given using 

the δ-notation (expressed in ‰) relative to the NBS951 boric acid standard. The 11B/10B of 

replicate analyses of the NBS951 boric acid standard after oxygen correction was 4.04845 ± 

0.00104 (2σ, n = 19) during this period. The reproducibility of the δ11B determination is then ± 

0.3‰ (2σ) and the internal uncertainty is better than 0.3‰ (2σm). 

The accuracy and reproducibility of the whole procedure were verified by the repeated 

measurements of the IAEA-B1 seawater standard (Gonfiantini et al. 2003) for which the 

mean δ11B value obtained is +39.21‰ ± 0.31 (2σ, n=20), in agreement with the accepted 

value for seawater. 

 

3.4. Strontium isotopes 
 

Chemical purification of Sr (~3 µg) was done using an ion-exchange column (Sr-Spec) 

before mass analysis according to a method adapted from Pin and Bassin 1992, with total 

blank <1 ng for the entire chemical procedure. After chemical separation, around 150 ng of 

Sr was loaded onto a tungsten filament with tantalum activator and analysed with a Finnigan 

MAT 262 multi-collector mass spectrometer. The 87Sr/86Sr ratios were normalized to an 
86Sr/88Sr ratio of 0.1194. An average internal precision of ± 10 ppm (2σm) was obtained and 

the reproducibility of the 87Sr/86Sr ratio measurements was tested by repeated analyses of 

the NBS987 standard, for which we obtained a mean value of 0.710243 ± 0.000022 (2σ, 

n=13) during the period of analysis. 

 

3.5. Uranium concentrations and isotopes 
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For U concentrations and isotope measurements, water samples were acidified to pH ~2 in 

order to avoid both metal adsorption on the container walls and bacteria development. They 

were then divided in two aliquots in the clean laboratory. Approximately 10% of the total 

sample was used for concentration measurements and was spiked with a double 233U-236U 

tracer.  

U was co-precipitated with other transition metals using a Fe carrier and NH4OH, following a 

standard procedure described in Chen et al. (1986). U chemical separation techniques have 

been described in detail elsewhere (Innocent et al. 2005). 

Both U concentrations and 234U/238U isotopic ratios were measured at BRGM on a Neptune 

MC-ICP-MS mass spectrometer equipped with an ion counter coupled with a retarding 

potential quadrupole (RPQ) filter. 234U was measured on the ion counter, whereas both spike 

isotopes and 235U and 238U were measured on Faraday cups. Samples were corrected, using 

the standard bracketing method, for a global measurement bias factor encompassing the 

mass fractionation and the yield of the ion counter. Such a correction makes it possible to 

eliminate sharp variations of the yield that may occur between the time of external calibration 

and the time of sample measurement. Moreover, this correction is justified by the fact that 

mass fractionation effects are reliably described using a linear law (Wasserburg et al. 1981), 

considering the uncertainty levels typical of U measurements (usually around 0.5%). When 

possible, the ion beam intensities measured by the ion counter were kept around 104 counts 

per second. The standard solution used for bracketing was the CRM U 010 standard 

(234U/238U = 5.4655 10-5 ± 9‰, 235U/238U = 0.01014 ± 1‰), provided by the New Brunswick 

Laboratory. Total blanks were lower than 250 pg.  

 

3.6. Chemical geothermometry 
 

The concentrations of most dissolved elements in thermal waters depend on the 

groundwater temperature and the weathered mineralogical assemblage (White 1965, Ellis 

1970, Truesdell 1976, Arnórsson et al. 1983, Fouillac 1983). Since concentrations can be 

controlled by temperature-dependent reactions, they could theoretically be used as 

geothermometers to estimate the deep temperature of the water. However, to be used in this 

way, other conditions must be fulfilled (Fournier and Truesdell 1974, Michard 1979, 

Giggenbach 1981): 1 - Temperature-dependent reactions must occur at depth; 2 - The 

constituents involved must be sufficiently abundant (i.e. supply must not be a limiting factor); 

3 - Water/rock equilibration must occur at the reservoir temperature; 4 - Little or no re-

equilibration or change in composition must occur at lower temperatures as the water rises to 

the surface; 5 - The deep hot water must not mix with cooler shallow groundwater; 6 - There 
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must be no exchange reactions with argillaceous minerals, Na and K in particular (Weissberg 

and Wilson 1977). 

Since 1965, several chemical and isotopic geothermometers have commonly been used in 

geothermal exploration (White 1965, 1970, Fournier 1979, Michard 1979, Giggenbach 1988, 

Nicholson, 1993, Serra and Sanjuan 2004). Traditional geothermometer equations (Fournier 

and Rowe 1966, Ellis 1970, Fournier 1973, 1977, 1979, Fournier and Truesdell 1973, 

Fournier and Potter 1979, Truesdell 1976, Giggenbach et al. 1983, Giggenbach 1988) 

include a silica geothermometer (based on quartz, chalcedony, α or β cristobalite and 

amorphous silica solubility), a Na/K geothermometer (controlled by plagioclase and K-

feldspar equilibrium) and a Na-K-Ca geothermometer (in the case of Ca-rich waters and that 

can include the Mg correction). 

Unfortunately, the estimates of reservoir temperatures using these classical tools are not 

always in agreement, especially for low and moderate temperatures. This can be explained 

by different processes, including: 

- chemical equilibrium reached for some of the fluid-reservoir rock reactions involving 

the geothermometers because these reactions are slower and longer at low and 

moderate temperatures than at high temperature 

- mixing of the reservoir fluid with surface waters or seawater during its rise to the 

surface, which modifies its chemical composition 

- cooling of the reservoir fluid and the associated precipitation/dissolution processes 

during its rise to the surface, which also modifies its chemical composition  

Auxiliary chemical geothermometers were, therefore, developed, in particular those using 

lithium (Fouillac and Michard 1981, Kharaka et al. 1982, Michard 1990). Fouillac and Michard 

(1981) proposed two empirical and statistical Na/Li thermometric relationships depending on 

the salinity of numerous worldwide geothermal fluids in contact with crystalline rocks 

(essentially, volcanic rocks or granites). Using abundant data from geothermal wells 

throughout the world and US oil wells, Kharaka et al. (1982, 1985) and Kharaka and Mariner 

(1989) fitted this geothermometer for hot saline fluids (from 30 to 200°C) from sedimentary 

basins. They also developed a Mg/Li geothermometer for this type of fluids. Due to a low 

lithium reactivity during the rise of the geothermal reservoir fluid to the surface and under 

certain conditions, the use of the Na/Li geothermometer can give a more reliable estimation 

of the reservoir temperature than those obtained using the classical geothermometers, even 

though the way Na/Li geothermometer works is still poorly understood.  

 

4. RESULTS AND COMMENTS 
 
4.1. Field data and elemental concentrations 
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Physicochemical parameters (T, pH, Eh, conductivity) were measured in the field during 

sampling (Table 1). The data are only partial for Chaunoy water samples because 

conductivity could not be measured in the field due to the high groundwater temperature (> 

50°C). For Champotran and La Torche, bulk samples were collected in the field (water + oil 

mixture), and measurements were done in the laboratory after the oil and water had been 

separated at room temperature. The major elements in these water samples (cations and 

anions) are given in Table 2. The dissolved salt content of Triassic formation waters varies 

greatly, with sodium concentrations between 55.1 mg/L and 52,000 mg/L and chloride 

concentrations between 12.7 mg/L and 102,000 mg/L. In general, water samples from 

Châteauroux and, to a lesser extent, Santenay are very dilute compared to water samples 

from Chaunoy, Champotran and La Torche. This is obvious when the chloride concentrations 

are plotted as a function of the sodium concentrations (Figure 2). In this graph, Triassic 

formation waters seem to define a linear correlation whose slope is slightly different from that 

representing only seawater dilution-evaporation processes. Brine waters from Chaunoy, 

Champotran and La Torche have Na and Cl concentrations higher than those of seawater. 

The brine sample from La Torche has the highest concentrations of both Cl and Na, brine 

samples from Chaunoy and Champotran have lower, but still relatively high, Cl and Na 

contents, and water samples from Santenay and Châteauroux are dilute. The low Cl and Na 

concentrations of the latter can be attributed to their location in the recharge area at the edge 

of the Paris Basin. These data are in agreement with literature data (Fontes and Matray 

1993a, 1993b, Matray et al. 1994) (Figure 2). Concerning the other cation concentrations, 

those of K are between 7.9 and 1,954 mg/L, of Mg between 8.8 and 1,183 mg/L and of Ca 

between 20.1 and 8,339 mg/L. 

The anion concentrations are also highly variable, depending on the sample type. Cl 

contents are between 12.7 and 102,000 mg/L, bromine concentrations are between < 0.1 

and 990 mg/L, and sulphate concentrations vary from 26.6 to 2,479 mg/L. Dilute waters from 

Santenay have the highest sulphate contents (2,352 and 2,479 mg/L for Lithium and 

Santana, respectively). 

It is well known that the Cl/Br ratio can be used to trace water origin (Rittenhouse 1967, 

Fontes and Matray 1993a). The Cl/Br ratios (w/w) for our water samples range between 103 

for Chaunoy73 and 218 for Santana. All of the Triassic formation waters studied here have 

Cl/Br ratios lower than that of seawater (around 289). Our samples present a signature 

(Figure 3) that is compatible with a primary marine origin of the brine, which has evaporated 

at least up to the halite precipitation stage (decrease of the Cl/Br ratio due to Cl depletion). 

This figure was modified from Matray et al. (1989) and makes it possible to discern the 
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primary and secondary origins of brines using the Cl/Br relationship according to the Cl 

content. 

In agreement with the literature data (Fontes and Matray 1993a, 1993b), the Keuper and 

Dogger formation brines are of primary origin, whereas those from Rhaetian formations are 

of secondary origin. In addition, waters from the Dogger formation are clearly dilute 

compared to those from the Triassic formation. Waters from Santenay are also very dilute 

because the boreholes are located on the edge of the sedimentary basin, near the recharge 

area. 

Contrary to what is observed for cations and anions, the silica concentrations are less 

variable. SiO2 concentrations range from 15.2 for GTH01 to 49.6 mg/L for Chaunoy73, which 

is approximately a factor of 3, whereas the cations vary by several orders of magnitude. 

The trace elements concentrations in Triassic groundwaters (B, Li, Sr and U) are also highly 

variable (Table 2). Boron concentrations are between 0.32 and 120 mg/L. Lithium 

concentrations vary from 0.23 to 48 mg/L. Sr concentrations are between 0.85 and 495 mg/L. 

U concentrations are also highly variable, with concentrations ranging from 3.6 for 

Chaunoy73 to 4,525 ng/L for Santana. 

Water samples from Chaunoy, Champotran and La Torche, and also those from Santenay 

(Lithium and Santana), have Li contents that are among the highest reported in the literature 

to date. For comparison, the Li-rich thermomineral water from Coren in the Massif Central 

(Millot and Négrel 2007) has a lithium concentration of 26.9 mg/L. 

The waters sampled in this study are, therefore, of three different types: 1- seawater-derived 

brines (Na- and Cl-rich) in the centre of the Paris Basin (Chaunoy, Champotran and La 

Torche samples), 2- thermo-mineral waters (Na-, Cl- and SO4-rich) in the Santenay region 

(Santana and Lithium samples), and 3- dilute (or fresh) water in the recharge zone 

(Châteauroux sample).  

 

4.2. Stable isotopes of the water molecule: δD and δ18O 

 

The δD and δ18O values for Triassic formation waters are given in Table 3. δD values range 

between -55.6 and -7.6‰ (vs. SMOW), whereas δ18O values are comprised between -8.3 

and -0.9‰ (vs. SMOW). Figure 4a shows a graph of δD vs. δ18O values for Triassic formation 

waters from this study on which we have also plotted literature values for δD and δ18O for 

Dogger formation waters (Fontes and Matray 1993a, Marty et al. 2003), Rhaetian and 

Keuper formation waters (Fontes and Matray 1993a), and brines from Keuper formations 

(Varangéville, Fontes and Matray 1993b). The brines from the eastern part of the basin 

(Marty et al. 2003) have low δD and δ18O values near the Global Meteoric Water Line 
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(GMWL, δD = 8 x δ18O +10, Craig 1961). Their mean value is, moreover, similar to that of the 

modern input signal (-62 and -9‰, respectively, for δD and δ18O, Matray et al. 1989). The 

other data from Rhaetian and Keuper formation waters (Fontes and Matray 1993a, 1993b) lie 

to the right of the GMWL, indicating that there has been evaporation or a mixing of different 

waters in the reservoir. 

Our water samples are located on or near the GMWL. This is particularly true for the 

Châteauroux water sample (GTH01) and the Santenay waters (Lithium and Santana). The 

other samples have less-negative δD and δ18O values, slightly to the right of the GMWL and 

significantly different from modern seawater (as represented by the SMOW standard). 

Figures 4b and 4c (δD and δ18O vs. Cl concentrations) indicate good correlation between Cl 

concentrations and δD and δ18O values (δD = 5.0x10-4 x Cl - 55.42, R²=0.99 and δ18O = 

8.0x10-5 x Cl - 8.29, R²=0.99). This suggests that our water samples are essentially derived 

from a primary marine brine that evaporated, at least up to the halite precipitation stage and 

was then diluted, in various proportions, by meteoric waters that give δD and δ18O signatures 

(-58 and -9‰, respectively) close to the modern input signal. This hypothesis is in good 

agreement with the investigation of Cl/Br ratios (Figure 3). 

These trends are probably related to the recharge effect. When δ18O values in water samples 

are plotted according to the estimated distance from the recharge zone (Figure 4d), there is a 

good correlation (δ18O = 2.66 10-5 x distance - 8.48, R²=0.97).  

 

4.3. Strontium isotopes 
 

Strontium isotopic ratios for Triassic formation waters are reported in Table 3. Whereas Sr 

concentrations vary between 0.85 and 495 mg/L (for Châteauroux and La Torche, 

respectively), 87Sr/86Sr ranges from 0.710432 (La Torche) to 0.715974 (Santana). 

If we compare the results obtained for Sr isotopes for these waters to the various known 

sources of Sr in groundwaters (Figure 5) and to literature data, we observe that waters from 

the Paris Basin present strong variations in their isotopic signatures of Sr (0.710-0.716). 

Saline waters from Chaunoy, Champotran and La Torche have the highest Sr contents and 

Sr isotopic ratios of around 0.710-0.711. On the other hand, the values obtained for dilute 

waters from Santenay (0.7158-0.7159) show a more radiogenic contribution. In general, 

these 87Sr/86Sr values indicate a water signature having interacted with sedimentary 

lithologies (Figure 5). Furthermore, these Sr isotopes signatures are higher than 87Sr/86Sr 

ratios reported for Triassic seawater (0.7074-0.7079, Burke et al. 1982; Koepnick et al. 

1990). 
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Finally, following Matray et al. 1989, Dogger formation waters have typically marine Sr 

isotopic ratios (0.7072 < 87Sr/86Sr < 0.7082) indicating exchanges with a carbonate reservoir. 

 

4.4. Lithium isotopes 
 

Lithium isotopic ratios for Triassic formation waters are given in Table 3. The lithium 

concentrations in these water samples are highly variable, ranging between 0.23 mg/L 

(Châteauroux) and 48.0 mg/L (La Torche). δ7Li values (‰) for Triassic formation waters are 

comprised between +6.7‰ (Châteauroux) and +10.9‰ (La Torche). This range of variation 

is in agreement with data reported for other groundwater samples by Millot et al. (2007) and 

Millot and Négrel (2007). 

The lithium isotopic compositions were plotted against the Li concentration (Figure 6) and we 

observe that, for Triassic formation waters, δ7Li value tends to decrease when the Li 

concentration increases, although La Torche water does not follow this general trend.  

Lithium isotope data obtained for Triassic formation waters in the Paris Basin can only be 

compared with values measured for carbonated formation waters from the Dogger formation 

sampled in the Eastern part of the Paris Basin. These water samples were collected at the 

Meuse/Haute-Marne Site and analysed within the ISOBLiFe project funded jointly by BRGM 

and ANDRA (French National Radioactive Waste Management Agency, Girard et al. 2006). 

Dogger and Triassic formation waters have very different lithium concentrations and isotopic 

signatures. The lithium isotopic signatures of Triassic formation waters are systematically 

lower than those of the Dogger formation waters. It is also noteworthy that the δ7Li values of 

the Triassic formation waters are very different from those of modern seawater (i.e. δ7Li = 

+31.0‰, Millot et al. 2007). 

 

4.5. Boron isotopes 
 

Boron isotopic ratios for Triassic formation waters are given in Table 3. Whereas boron 

concentrations vary from 0.32 mg/L (Châteauroux) to 120 mg/L (La Torche), boron isotopic 

ratios range from +5.1‰ (Santana) to +25.5‰ (Chaunoy73). This range of variation is in 

agreement with literature data for groundwaters (Mossadik 1997, Millot et al. 2007, Millot and 

Négrel 2007, Williams et al. 2001b). 

δ11B values (‰) for Triassic formation waters were plotted alongside those measured by 

Mossadik (1997) for Keuper and Dogger formation waters (waters from oil-bearing 

formations and geothermal fields) and the Dogger formation waters sampled in the East of 

the Paris Basin (Girard et al. 2006) (Figure 7). We see that our data for Triassic formation 
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waters agree well with literature data (Mossadik 1997). However, water samples from 

Châteauroux (GHT01) and Santenay (Lithium and Santana) seem to be very peculiar when 

δ11B values are plotted as a function of B concentration. Indeed, GTH01 has the lowest B 

concentration and both Lithium and Santana water samples have the lowest δ11B values. 

 

4.6. Uranium isotopes 
 

Uranium isotopic ratios for Triassic formation waters are given in Table 3. Both uranium 

concentrations and 234U/238U activity ratios are highly variable. U concentrations range from 

3.6 to 4,525 ng/L (Table 2) and 234U/238U activity ratios range from 1.14 ± 0.02 (La Torche) to 

9.64 ± 0.02 (Santana). However, it should be stressed that the highest U contents are 

recorded in the two Santenay waters, whereas U concentrations are much lower and remain 

more or less in the same range for the other samples (Châteauroux and samples from 

Chaunoy, Champotran and La Torche in the centre of the basin). Moreover, the average 

value that can be calculated for waters in the centre of the basin is 31.4 ng/L, which is close 

to the Châteauroux value (recharge area).  

The highest activity ratios are measured in the Santenay waters (8.912 and 9.637, 

respectively for Lithium and Santana), but the Châteauroux sample (GTH01) also displays a 

high 234U/238U activity ratio of 6.064. Finally, as indicated in Table 3 and Figure 8, waters from 

Chaunoy, Champotran and La Torche have clearly lower (234U/238U) values, ranging from 

1.138 to 1.935. Similarly to U contents, activity ratios in the centre of the basin are much 

lower than for Châteauroux, and are very variable with an average value around 1.41 

(Chaunoy, Champotran and La Torche). 

These heterogeneities in U contents and activity ratios for the waters located in the centre of 

the basin could be possibly attributed to the fact that they are oil-bearing waters. However, it 

is important to note that water samples from the centre of the basin do not reach secular 

equilibrium. 

 

5. DISCUSSION 
 
5.1. Chemical geothermometry 
 

The results of the application of the principal geothermometers to the Triassic formation 

waters sampled and analysed during this study are presented in Table 4. 

 

 5.1.1. Waters from Chaunoy, Champotran and La Torche (saline waters) 
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Whereas, water samples from the Chaunoy and Champotran boreholes have high salinities 

(around 120 g/L) and similar chemical compositions, the salinity of the La Torche water 

sample is significantly higher (168 g/L). However, for all of these waters sampled in the oil-

bearing fields in the centre of the Paris Basin, we observe that the SiO2-Quartz (Fournier and 

Rowe 1966) or Chalcedony (Helgeson et al. 1978), Na/K (Michard 1979), Na/K/Ca/Mg 

(Fournier and Potter 1979) and Na/Li (Fouillac and Michard 1981) geothermometers give 

similar temperature values between 80 and 100°C (Table 4). These temperatures are in 

agreement with the evolution curves of both the subsidence and the temperature of the Paris 

Basin through time reported by Worden et al. (1999). They also imply that the Triassic fluids 

are at equilibrium, under the current temperature conditions, with the minerals constituting 

the reservoir rocks. 

According to Azaroual et al. (1997), the dissolved silica concentrations in Triassic formation 

waters (Keuper) correspond to a thermodynamic equilibrium of these fluids with both quartz 

(observed in diagenetic cements) and chalcedony. This is in agreement with our results and 

the saturation state of these waters with respect to quartz and chalcedony at 100°C 

calculated in this study (Table 5) using the EQ3NR code (Wolery 1995). In addition, the good 

results obtained using the Na/K geothermometer, at relatively low temperature (100°C), may 

be explained by the calculated saturation of these waters with respect to K- and Na-feldspar, 

which are two mineral phases also observed in diagenetic cements related to the basin 

evolution (Azaroual et al. 1997, Worden et al. 1999). The saturation indices calculated at 

100°C for the Chaunoy waters (Table 5) suggest that the Triassic brines are also in 

equilibrium with various clays (muscovite, which can be thermodynamically considered to be 

the pure end-member of K-illite, montmorillonite, Rosenberg and Kittrick 1990, Sanjuan et al. 

2003), carbonate minerals (calcite, disordered dolomite and strontianite) and sulphate 

minerals (anhydrite and barite). These results are in good agreement with the petrographical 

and mineralogical observations made on the diagenetic cements of the Triassic reservoirs, 

which are characterized by a single diagenetic sequence (Matray et al. 1989, Azaroual et al. 

1997, Worden et al. 1999). This diagenetic sequence is constituted mainly of dolomicrite and 

dolosparite cement, quartz, anhydrite cement and, in places, reprecipitated anhydrite, 

plagioclase and dissolved K-feldspar and several stages of neoformed illite, which are 

observed, in places, as the last diagenetic episode. 

The relatively concordant results obtained using the Na/Li geothermometer (Fouillac and 

Michard 1981) are more difficult to understand here because this relationship can generally 

be applied only to waters having chloride concentrations lower than 0.3 mol/L (which is not 

the case here). In theory, the Na/Li geothermometer (Kharaka et al. 1982, Table 4), based on 

and developed using data collected on sedimentary and oil basins, should give the best 

temperature estimates. One of the explanations for this over-estimate of temperature 
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systematically observed using this relationship (around 140-150°C) could be the existence of 

abnormally high concentrations of lithium in these fluids. It is likely that these high lithium 

concentrations could be explained by a warmer episode in the past (major subsidence of the 

basin, as proposed by Worden et al. 1999), which would not have had time to be rebalanced 

under the current temperature conditions. 

In addition, the Mg/Li geothermometer generally used for sedimentary basins and oil-fields 

(Kharaka and Mariner 1989) also over-estimates temperatures values compared to the 

current temperature conditions (Table 4). 

 

5.1.2. Waters from Santenay and Châteauroux (dilute waters) 

 

For the Santenay and Châteauroux water samples, only a few geothermometers can be 

used because these are shallow groundwaters and very dilute compared to other Triassic 

formation waters (especially Châteauroux). For the Châteauroux groundwater, SiO2-Quartz 

(Fournier and Rowe 1966) or Chalcedony (Helgeson et al. 1978) and Na/K/Ca/Mg (Fournier 

and Potter 1979) geothermometers converge around a temperature of 45°C (Table 4). For 

the Santenay groundwaters, whose chemical compositions are almost identical, only the 

temperature of around 40-50°C estimated using the SiO2-Quartz (Fournier and Rowe 1966) 

or Chalcedony (Helgeson et al. 1978) geothermometer seems to be suitable (Table 4).  

These results and the calculation of the saturation indices using the EQ3NR code (Table 5) 

seem to show that there are few reactions at equilibrium between these waters and the 

aluminosilicate minerals in the surrounding rocks. We can concluded that because these 

dilute waters are near the recharge zone and are shallow (compared to saline waters), they 

are subjected to relatively low temperatures and high fluid circulation rates, neither of which 

facilitates advanced water/rock interactions. These waters seem, however, to be in 

equilibrium (Table 5) with some carbonate minerals (calcite, disordered dolomite, strontianite, 

siderite) or sulphate minerals (anhydrite, barite). 

 

5.2. Multi-isotopic characterization of deep Triassic formation waters (Li-B-Sr 
isotopes) 
 

Lithium, boron and strontium isotopes were systematically coupled in X-Y diagrams (Figure 

9) in a multi-isotope approach, in order to attempt to i) identify the different sources 

contributing to the Li-B-Sr isotopic signature and ii) determine the main processes controlling 

these isotopic compositions for the Triassic formation waters.  

Sr isotopes were studied in order to better define the signature of the reservoir the waters 

came from, given that Sr isotopes in water reflect the origin of water/rock interactions 
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(Goldstein and Jacobsen 1987, Négrel et al. 1997, Négrel 1999, Négrel et al. 2000). It is well 

accepted that the Sr isotopic composition of water is a good tracer of the reservoir source, 

since the Sr isotopic composition of a groundwater is the fingerprint of the isotopic 

composition of the bedrock with which it has interacted. Lithium and boron isotopic 

compositions (δ7Li and δ11B) were also studied in an attempt to provide additional constraints 

on the origin of Li and B in these waters.  

The different fields in figure 9 correspond to the principal lithologies that could have 

contributed to the Li-B-Sr isotopic signatures of these waters during water/rock interactions 

(see the figure caption for references). The fields for Li and B (Millot et al. 2010a), and Sr 

(Négrel et al. 2007) isotopic signatures in French rainwaters are also shown in the figure, 

considering that rainwater sampled in Orléans is representative of the continental meteoric 

input (see figure 1 for the location of Orléans). The Li-B-Sr isotopic signatures of Dogger 

formation waters (Girard et al., 2006) are also shown in the figure, for comparison.  

Figure 9 shows that: i) Triassic formation waters from the centre of the Paris Basin (Chaunoy 

and Champotran) have similar Li-B-Sr isotopic signatures, ii) water samples from La Torche 

have Li-B-Sr isotopic signatures that are slightly different from other waters from oil-bearing 

fields in the centre of the basin, whereas iii) waters sampled near the recharge zones have 

very different Li-B-Sr isotopic signatures compared to the others (especially obvious for 

Santenay waters). 

More specifically, the Li-B-Sr isotopic signatures of the deep fluids in the centre of the Paris 

basin are in agreement with waters resulting from water/rock interactions involving a mixture 

of meteoric water and seawater-derived brine (Figure 9). It is also very likely that the isotopic 

signatures for Chaunoy, Champotran and La Torche waters also reflect a contribution 

derived from sandstones, as this type of rock constitutes the main rock reservoir from which 

these fluids are derived during water/rock interactions. Unfortunately, few isotope data are 

available for this type of rock to date in the literature. Nevertheless, Teng et al. (2004) have 

reported a range of δ7Li values between -3.2 and +5.2‰ for shales, and Millot et al. (2007) 

have reported δ7Li and 87Sr/86Sr ratios of -4‰ and 0.7175, respectively, for a sandstone rock 

from the French Massif Central. For strontium, this means that the signature derived from the 

sandstone reservoir is radiogenic. This is in agreement with our Sr isotope data (Figs. 9a and 

9b), where Triassic formation waters have Sr isotope ratios higher than the mean carbonate 

signature of the Jurassic reservoir.  

Concerning lithium, the study of δ7Li values in Triassic formation waters raises the question 

of the origin of the lithium in these waters (Figs. 9b and 9c). Several hypotheses were 

proposed by Fontes and Matray (1993b) for the origin of the high lithium concentrations in 

Triassic formation waters: diagenesis effects, halite dissolution, global or local enrichment of 
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Triassic seawater, and a primary (highly concentrated) brine contribution. Worden et al. 

(1999) also remarked on the abnormally high concentrations of lithium in these fluids and 

suggested that they might be explained by a warmer episode in the past (major subsidence 

of the basin).  

Several studies of Li-isotope behaviour in weathering environments have shown that δ7Li 

values do not directly reflect the lithology, but instead are controlled by fractionation during 

water/rock interactions (Huh et al. 1998, 2001, 2004, Pistiner and Henderson 2003, 

Kisakürek et al. 2004, 2005, Pogge von Strandmann et al. 2006, Vigier et al. 2009, 

Lemarchand et al. 2010, Millot et al. 2010b). It has been suggested that the δ7Li signature in 

the liquid might be controlled by the preferential retention of 6Li in secondary mineral phases 

during the weathering processes. It has also been shown that the fractionation of lithium 

isotopes during water/rock interaction also depends on temperature because different 

secondary minerals might control the uptake or release of Li in secondary minerals 

depending on the temperature of interaction and the associated dissolution/precipitation 

reaction (Chan and Edmond 1988, Chan et al. 1992; 1993; 1994; Chan et al. 2002). In a 

recent study of water/rock interactions for temperature ranging from 25 to 250°C, we 

experimentally determined a relationship between the Li isotopic fractionation (between the 

solution and the solid) and temperature (Δ solution – solid = 7847 / T(K) – 8.093, Millot et al. 

2010c). Using this equation, deep Triassic formation waters having temperatures in the 80-

100°C range would correspond to Li isotopic fractionation Δ solution – solid values of between 

12.2 and 13.4‰ for 100 and 80°C, respectively. Considering the δ7Li values in the Triassic 

formation waters (+6.7 to +10.9‰), we can conclude that for the fractionation of Li isotopes 

at these temperatures, we can obtain δ7Li in rock reservoirs that are in agreement with 

values reported for clastic rocks (-4‰, Millot et al. 2007) and δ7Li values reported for shales 

(-3.2 and +5.2‰, Teng et al. 2004). In addition, the hypothesis proposed above of a warmer 

episode in the past can be confirmed because it would lead to lower fractionation between 

the solution and the solid (Δ solution – solid values comprised between 10.0 and 11.1‰ for 140 

and 120°C, respectively), compatible with δ7Li values reported for clastic rocks in the 

literature. 
The same approach can be used for boron isotopes. Using the equation proposed by 

Williams et al. (2001a), Δ solution – solid = 10120 / T(K) – 2.44, we calculate B isotopic 

fractionation Δ solution – solid values comprised between 24.7 and 26.2‰ for 100 and 80°C, 

respectively. This high isotopic fractionation reflects mainly the illitization process occurring 

during diagenesis, and considering the δ11B values for deep Triassic formation water in the 

central part of the Paris Basin (from +22.5 to +25.5‰) and the fractionation values that we 
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obtained, we can conclude that the B isotope data are compatible with the boron isotope 

compositions reported by Williams et al. (2001b) for sandstones. 

Li and B isotopes signatures for deep Triassic formation waters are, therefore, in a good 

agreement with a fluid signature derived mainly from water/rock interactions involving silicate 

minerals (clastic rocks) with water essentially resulting from a seawater-derived brine 

endmember diluted by meteoric waters. 

 

5.3. Residence time of waters within the Triassic aquifer (U isotopes) 
 

U isotope data might constrain estimates of the residence time of water in the Triassic 

aquifer, in terms of both mean groundwater flow velocity (m/yr) and age (My). We have seen 

(section 4.6.) that the highest U activity ratios are found in the vicinity of the recharge area at 

the edge of the sedimentary basin (Santenay and Châteauroux). Santenay water samples 

are slightly reducing or, at least, non-oxidizing (Eh = -8 and -10 mV for Lithium and Santana, 

respectively), whereas the Châteauroux water sample is clearly reducing (Eh = -120 mV). 

The Santenay water is probably located at or near a redox barrier as the U concentrations 

increase as we move away from this area (Cowart 1980). The very high 234U/238U activity 

ratios for Santenay and Châteauroux might be caused by the presence of dolomitic facies in 

these two areas (Hamon 2001), or the enrichment in 234U might be the result of the 

percolation of recharge water through the ground. These two possible causes are not 

exclusive. 

Since water samples from the oil-bearing fields located in the centre of the aquifer are 

strongly reducing, we can test the simple model of Ivanovitch et al (1991) for the asymptotic 

disintegration of 234U from a redox barrier to reducing waters. This allows us to calculate an 

average apparent velocity of fluid circulation of about 0.25 m/yr (curve #1, Figure 10). The 

high U concentrations measured in the two Santenay waters may challenge this result, as 

the model does not take into account possible gain and/or loss of U due to water/rock 

exchange processes. However, the same calculation, carried out considering only the 

Châteauroux water and the average characteristics of the waters from the centre of the basin 

(Chaunoy, Champotran and La Torche) results in a comparable average velocity of 0.2 m/yr 

(curve #2, Figure 10). 

It is noteworthy that the two sample waters from Santenay plot also on curve #2 in Figure 10. 

This could indicate that most U is lost at the redox barrier (Ivanovitch et al. 1991). If no 

incoming U is trapped, this will not modify the activity ratio. Alternatively, the fact that the 

Santenay data points plot more or less on that curve can be purely fortuitous. Indeed, 

Santenay waters are shallow thermo-mineral waters that can be not representative of U 

behaviour in the deep aquifer. Moreover, they display Sr isotopic signatures that are much 
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higher than the other waters. At present, we have no further argument to decipher between 

these two possibilities. Once said, it is noteworthy that such high activity ratios like those 

measured in Santenay waters, though not very rare, are in any case somewhat unusual.  

The average apparent velocity of fluid circulation is about 0.2 m/yr (curve #2 in Figure 10) 

and suggests an age close to 1.25 My for the waters from the oil-bearing fields in the centre 

of the Paris Basin (Chaunoy, Champotran and La Torche). This is in agreement with the 

study of Pinti and Marty (1995), who reported rare gas isotope compositions of oil from the 

East of the Paris Basin and also constrained the water/oil interactions in the Triassic aquifer. 

Pinti and Marty (1995) thus estimated residence times for Triassic waters in the My range. 

On the other hand, the mean apparent velocity of fluid circulation calculated using uranium 

activity ratios (0.2 m/yr) is much lower than those published by Blavoux and Olive (1981) and 

Marty et al. (2003). These two studies were carried out on waters sampled close to the main 

recharge zone in Lorraine (East of the Paris Basin). Blavoux and Olive (1981) reported a 

mean apparent fluid circulation velocity of 1.9 m/yr depending on the physical parameters of 

the aquifer (permeability, diffusivity), but also noted that the ages determined for these 

waters could be a sign of much lower fluid circulation velocities. Moreover, Marty et al. (2003) 

showed, by analyzing waters from the same zone, that the mean apparent fluid circulation 

velocity could be about 3.7 ± 1.3 m/yr, with calculated ages lower than 30 kyr. Blavoux and 

Olive (1981) also observed that the hydraulic gradient can vary not only in space 

(permeability variations), but also in time (climate variations). 

The advantage of uranium isotopes is that the half-life of the nuclide 234U (248 kyr) makes it 

possible to smooth these variations, which is of interest because the time spans are too short 

to be recorded by this system. It is, therefore very likely that the average velocity over a 1 My 

time span is lower than that currently measured on the basis of 14C data, as suggested by 

Blavoux and Olive (1981). Indeed, a flow rate of 3 m/yr, for example, would result in 234U/238U 

activity ratios much higher than those measured for water samples from the oil-bearing fields 

(Chaunoy, Champotran and La Torche). 

Rare gas isotope studies that focused on two boreholes in the Triassic aquifer (Melleray and 

Céré-la-Ronde, Castro and Jambon 1998, Castro et al. 1998) concluded that Triassic 

formation waters could be very old (15 to 30 My) when located at the centre of the aquifer. 

However, these studies show also that the rare gases are vertically transported in a massive 

way from the subjacent base towards the aquifer, which can lead to incoherent ages, as the 

authors already mentioned (Castro and Jambon 1998). Such old ages would consequently 

imply that the 234U and 238U activities should be at secular equilibrium in these waters, unless 

we consider a contribution of uranium with an activity ratio higher than 1. In addition, this 

input should be constant at the scale of ten million years. 
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Waters from the overlying Dogger aquifer could be a possible candidate. However, an input 

from Dogger groundwaters is unlikely, since an opposite migration of brines from the Triassic 

aquifer to the Dogger aquifer has been evidenced (Matray et al. 1994). Moreover, Sr 

isotopes do not favor at all the hypothesis of an input from Dogger waters.  

The use of the model proposed by Ivanovitch et al. (1991) could be considered to be too 

simple. However, it should be kept in mind that, as all water samples from the centre area 

come from 3 sites that are very close to each other, the interpretation of U data as a global 

geographic scale (the whole Paris Basin) holds finally only on 2 or 3 points, whether 

Santenay waters are included or not. Hence it is difficult to take into account the possible 

gain and/or loss of U due to water/rock interaction as well as the α recoil effect on such a 

restricted dataset. Furthermore, it is not sure at all that more complex modelling could bring 

significant additional information. Nevertheless, some solid hypotheses can be drawn from 

this simple model on average residence times for Triassic formation waters. Obviously, they 

have to be considered with a certain caution pending additional data that could be derived 

from new deep boreholes which will be drilled in the future.  

 

6. CONCLUSIONS 
 
The present work has made it possible to better characterize Triassic formation waters by the 

combined use of chemical and multi-isotope studies as well as by the use of chemical 

geothermometers for temperature estimates. For this study, four samples were collected in 

the central part of the Paris Basin (Chaunoy, Champotran and La Torche), and three were 

collected at the edge of the basin (Châteauroux and Santenay). The principal results of this 

study are: 

• The saline waters collected from the Chaunoy and Champotran boreholes in the centre of 

the Paris basin, have high salinities (around 120 g/L) and very similar chemical and isotopic 

compositions. The La Torche water sample has a significantly higher salinity (168 g/L) and 

considerably different isotope characteristics (hydrogen, oxygen, lithium and boron isotopes). 

The chemical geothermometers applied to these fluids give temperature values of ranging 

from 80 to 100°C. 

• The water samples from locations on the edge of the basin (Santenay and Châteauroux) 

have very different chemical and isotopic compositions. These dilute water samples come 

from shallow depths with colder temperatures around 45 to 50°C. 

• The study of the uranium activity ratio vs. the distance to the recharge zone makes it 

possible, as a first approximation, to suggest a mean apparent fluid circulation velocity of 

approximately 0.2 m/yr, which would correspond to a “mean age” of approximately 1.25 My 
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for water sampled in the Chaunoy, Champotran and La Torche fields in the centre of the 

Paris Basin. 

• The multi-isotope characterization of deep Triassic formation waters shows that (i) our data 

are in agreement with those from the literature as concerns “traditional” isotope systematics: 

stable isotopes of the water molecule (oxygen and hydrogen), strontium isotopes, and that 

(ii) Li and B isotope signatures in the centre of the Paris basin are in a good agreement with 

a fluid signature derived mainly from water/rock interactions involving clastic rocks with water 

essentially resulting from a seawater-derived brine endmember diluted by meteoric waters. 

The data reported in the present work for Li and B isotopes could be used as a reference for 

future studies to characterize sandstone formation waters.  
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Table captions 
 

Table 1 
Physicochemical measurements of water samples: sampling temperature, pH, Eh (mV), 

conductivity (mS/cm) and alkalinity (meq/L). 

 
Table 2 
Major cations and anions (Na, K, Mg, Ca, Cl, Br, SO4, SiO2 mg/L), Li, B, Sr (mg/L), U 

concentrations (ng/L), Cl/Br ratios and Total Dissolved Solids (TDS, in g/L) for Triassic 

formation waters of the Paris Basin. 

 

Table 3 

Stable isotopes of the water molecule (δD and δ18O, ‰), Sr isotopic ratios (87Sr/86Sr), Li 

isotopic ratios (δ7Li, ‰), B isotopic ratios (δ11B, ‰) and 234U/238U activity ratios for Triassic 

formation waters of the Paris Basin.  
 

Table 4 
Estimates of deep underground temperatures by chemical geothermometry for Triassic 

formation waters of the Paris Basin. 

 

Table 5 
Saturation indices (SI) in two representative samples of Triassic formation waters for the 

principal mineral phases (under reservoir temperature conditions) determined using the 

geochemical code EQ3NR (Wolery 1995). The Chaunoy72 water sample is representative of 

waters from the central part of the Paris Basin (Chaunoy73 and Champotran samples having 

almost the same chemical composition). The Châteauroux water sample is representative of 

the recharge area. 
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Figure captions 
 

Figure 1 
Schematic cross-section of deep aquifers formations in the Paris Basin (from Maget 1983) 

and location of the five sampling sites (Chaunoy, Champotran, La Torche, Châteauroux and 

Santenay). 

 

Figure 2 
Cl concentrations (mg/L) plotted as a function of Na concentrations (mg/L) for Chaunoy, 

Champotran, La Torche, Châteauroux and Santenay samples. Seawater value, seawater 

dilution line and data from the literature are also shown. 

 

Figure 3 
Cl/Br ratio vs. Cl concentration. This graph was modified from Matray et al. (1989). The 

Châteauroux water sample (GTH01) is not shown on this graph because the Br content is 

lower than the limit of quantification for this sample (0.1 mg/L). However, we know that Cl = 

12.7 mg/L and, therefore, Log (Cl) = 1.1 and Log (Cl/Br) > 2.1. The X-axis represents the 

dilution effect, whereas the Y-axis is the saumure type. 

 

Figure 4 

δD vs. δ18O values for Triassic formation waters (Figure 4a). Data from the literature are from 

Fontes and Matray (1993a, 1993b) and Marty et al. (2003). The Global Meteoric Water Line 

(GMWL) has also been drawn, for comparison, δD = 8 x δ18O +10 (Craig 1961). δD and δ18O 

values vs. Cl concentrations (mg/L) for Triassic formation waters (Figure 4b and 4c). δ18O 

values in water samples according to the estimated distance from the recharge zone (Figure 

4d). An error of 10% was assigned to this estimate. A distance of 0 km was used for the 

Santenay location. 

 

Figure 5 
Sr isotopic ratios (87Sr/86Sr) plotted as a function of Sr concentration (mg/L) for Triassic 

formation waters in the Paris Basin. Data from the literature are from Fontes and Matray 

(1993a, 1993b). 

 

Figure 6 
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Li isotopic ratios (δ7Li, ‰) plotted as a function of Li concentration (mg/L) for Triassic 

formation waters in the Paris Basin. Data for the Dogger formation are from Girard et al. 

(2006). 

 

Figure 7 

B isotopic ratios (δ11B, ‰) plotted as a function of B concentration (mg/L) for Triassic 

formation waters in the Paris Basin. Data for the Dogger formation are from Girard et al. 

(2006). 

 

Figure 8 
Uranium (234U/238U) activity ratios plotted as a function of U concentration (Log scale, ng/L) 

for Triassic formation waters in the Paris Basin. The field for Dogger formation waters is from 

Casanova et al. (2006), and for the Upper Cretaceous chalk aquifer from Hubert et al. 

(2006). 

 

Figure 9 
Multi-isotope characterization of Triassic formation waters in the Paris Basin: B isotopes vs. 

Sr isotopes (Figure 9a), Li isotopes vs. Sr isotopes (Figure 9b) and B isotopes vs. Li isotopes 

(Figure 9c). Continental rocks have δ7Li values ranging from -2 to +2‰ (Teng et al. 2004 and 

reference therein), whereas most carbonates analysed so far have δ7Li values between +6 

and > 25‰ (e.g. Hoefs and Sywall 1997, Hall et al. 2005, Hathorne and James 2006, Vigier 

et al. 2007). B isotopic compositions for the principal crustal lithologies are well constrained 

with δ11B values ranging from -10 to 0‰, and from +15 to +30‰, for granite and gneiss and 

carbonate, respectively (Barth 1993, 2000). The field for Li and B isotopes in rainwaters is 

from Millot et al. (2010a), and from Négrel et al. (2007) for Sr isotopes. 

 

Figure 10 
Evolution of the uranium (234U/238U) activity ratio in water samples depending on the 

estimated distance from the recharge zone. An error of 10% was assigned to this estimate. A 

distance of 0 km was used for the Santenay location. We did perform two different 

calculations to test the efficiency of our approach. For curve #1, all the data points are 

considered. For curve #2, we did the same calculation without the samples from Santenay. 

See text for comments. 
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Table 5 
 
 

Saturation Index Chaunoy 72 Châteauroux GTH01

Albite -0.26 -2.21
Anhydrite -0.02 -2.68
Aragonite -0.14 0.14
Barytine 0.04 0.22
Calcite 0.00 0.28
Celestite -0.89 -3.14
Chalcedony -0.24 -0.20
Dolomite 0.90 1.69
K-Feldspar 0.00 -0.55
Kaolinite -0.88 -1.14
Magnesite -0.37 -0.10
Na-Montmorillonite 0.01 -0.80
K-Montmorillonite -0.39 -0.87
Ca-Montmorillonite 0.02 -0.43
Mg-Montmorillonite 0.12 -0.32
Muscovite 0.26 -0.84
Quartz -0.03 0.06
Siderite -0.95 -0.85
Strontianite -0.31 0.54  
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Figure 2 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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