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Abstract 
 

We report Li isotopic measurements in seawater derived waters discharged from geothermal wells, 

thermal and submarine springs located in volcanic island arc areas in Guadeloupe (the Bouillante 

geothermal field) and Martinique (Lamentin plain and the Diamant areas). The lithium isotopic 

signatures of the geothermal fluids collected from deep reservoirs are homogeneous for a given site. 

However, the δ7Li signatures of each of these reservoirs are significantly different. We provide the first 

low temperature (25-250°C) experiments of Li isotope exchange during seawater/basalt interaction), 

which confirm that Li isotopic exchange is strongly temperature dependent, as previously inferred from 

natural studies. Li isotopic fractionation ranges from +19.4‰ (Δ solution - solid) at 25°C to +6.7‰ at 250°C. 

The experiments also evidence the importance of Li isotopic fractionation during formation of Li-

bearing secondary minerals by the uptake of lithium into the alteration minerals. Application of 

experimental results to the Bouillante area suggests that the geothermal water is in equilibrium at 250-

260°C with a deep and large reservoir located in the transition zone possibly at the contact between 

volcanic flows and basaltic dikes. For the Lamentin and Diamant areas, the geothermal fluid appear to 

be partially in equilibrium at 90-120°C and 180°C, respectively, with reservoir sedimentary rocks. Our 

study highlights that lithium isotopic systematics is a powerful tool for the characterization of the origin 

of geothermal waters as well as the nature of their reservoir rocks. 
 

 
Keywords: lithium isotopes, geothermal water, water/rock interaction, isotope exchange experiments, 

isotopic fractionation 
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The increasing demand for energy and a desire to increase energy autonomy in the Lesser 

Antilles (French West Indies) have resulted in a number of BRGM geothermal research 

projects focused on the islands of Guadeloupe (Traineau et al., 1997; Correia et al., 2000; 

Sanjuan et al., 2001; Fabriol et al., 2005; Mas et al., 2006) and Martinique (Sanjuan et al., 

2002a, 2002b; Genter et al., 2002; Sanjuan et al., 2005) over the past decade. 

Such surveys have led to a better understanding of the geothermal systems that are 

associated with the deep boreholes and thermal springs in these areas (Sanjuan, 2001; 

Sanjuan et al., 2002a, b). The chemical characterization of thermal water is generally very 

useful for geothermal exploration. It is also essential if we wish to control water quality, 

determine its origin and understand the mechanisms of water/rock interaction at high 

temperature for the purpose of developing geothermal resources.  

The chemical composition of geothermal water in terms of reactive major and trace elements 

is related to the intensity of water/rock interaction and to the mineralogical assemblage of the 

surrounding rocks. Classical geothermometers, such as dissolved silica, Na-K, Na-K-Ca or 

K-Mg applied to geothermal waters (Fournier and Rowe, 1966; Fournier and Truesdell, 1973; 

Michard, 1979; Fournier, 1979; Giggenbach, 1988; Michard, 1990), enable to estimate the 

temperature of the deep reservoirs feeding geothermal fields. However, the values estimated 

for such temperatures are not always consistent with each other. The three Na/Li 

thermometric relationships (Fouillac and Michard, 1981; Kharaka et al., 1982; Kharaka and 

Mariner, 1989), differ from classical geothermometers in that they associate a major (sodium) 

and a trace element (lithium), the latter of which giving an additional temperature constraint. 

Owing to the relatively low reactivity of Li during ascent to the surface, these thermometric 

relationships appear to be very reliable, as well as useful tools for characterizing the source 

(i.e. deep conditions) of geothermal waters. 

The main objective of the present work is to better understand the behavior of Li within an 

island arc geothermal environment by using the isotopic systematics of Li in order to improve 

geothermal reservoir exploration and associated characterization methods. In this context, 

one particularly important aspect is to establish the nature, extent and mechanism of Li 

isotope fractionation as a function of temperature during water/rock interaction. 

Lithium is a chemical element with two isotopes of mass 6 and 7, with natural abundances of 

7.5% and 92.5%, respectively. Lithium is a fluid-mobile element that tends to preferentially 

partition into the fluid phase during water/rock interaction. The relative mass difference 

between the two isotopes is considerable (17%) and is likely to generate large mass 

dependent fractionation during geochemical processes, even at high temperature. The range 
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of variation in Li isotopic compositions is more than 50‰ in geological materials (Coplen et 

al., 2002; Tomascak, 2004). 
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In this study, we measured the Li isotopic composition of various water samples (geothermal 

waters, thermal springs and submarine thermal springs). Li concentration and isotope 

composition of the geothermal fluids are a function of many parameters, namely the 

compositions of the water and rock, water/rock ratio, mineral-fluid partition and mineral-fluid 

isotopic fractionation, the last two being temperature dependent. In order to disentangle the 

relative importance of each of these parameters, we have performed laboratory simulations 

of Li isotopic behavior during water/rock interaction over a temperature range (25-250°C). 

These experimental results are then applied to natural systems to infer the origin of the 

waters and reservoir rock compositions. 

 

2. GEOTHERMAL SETTING 
 

Guadeloupe and Martinique are volcanic islands belonging to the Lesser Antilles arc (Fig. 1). 

Samples of geothermal waters were collected at 3 different sites: 1- the Bouillante area 

(Guadeloupe), 2- the Lamentin area (Martinique) and 3- the Diamant area (Martinique).  

 

2.1. Bouillante area 
 

The Bouillante geothermal area is located on the west coast of Basse-Terre (Guadeloupe, 

Fig. 1). The area is developed near the seaside and around the town of Bouillante, where 

there are numerous hydrothermal vents such as hot springs, mud pools, steaming ground 

and fumaroles (in French, ‘bouillante’ means ‘boiling’; Traineau et al., 1997). 

Most of the active geothermal manifestations are located south of Bouillante Bay, around the 

geothermal power plant, where deep wells BO-2, BO-4, BO-5 and BO-6 are located. 

Between 1996 and 2002, only BO-2 was productive (150 tons/h of fluid including 30 tons/h of 

steam). Since 2005, the new geothermal power plant has been fed by wells BO-4, BO-5 and 

BO-6 (a maximum production of about 570 tons/h of fluid including 115 tons/h of steam). 

There are also numerous submarine hot springs, especially north of Bouillante Bay (Traineau 

et al., 1997; Sanjuan, 2001). 

Geochemical characterization has provided the following information about the Bouillante 

geothermal field: the water flowing through the geothermal reservoir, whether sampled in 

wells or hot springs, has a homogeneous composition at the scale of the Bouillante region 

(Traineau et al., 1997; Sanjuan et al., 2001). The geothermal NaCl fluid (TDS ≈ 20 g/L, pH = 

5.3) is the result of the mixing of about 58% seawater and 42% fresh water. The fresh 

surface water is probably fed by rainfall on the western side of the island (Pitons de 
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Bouillante). The amount of associated incondensable gases, made up predominantly (90-

95%) of CO
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2, is low (< 0.1% in mass). 

The homogeneity of the chemical and isotopic compositions of the geothermal fluids and the 

convergence of chemical geothermometers such as Silica-Quartz, Na/K and K/Mg (Fournier 

and Rowe, 1966; Fournier, 1979; Michard, 1979; Giggenbach, 1988) toward a maximum 

temperature value of around 250-260°C, all suggest the existence of a common large deep 

reservoir whose volume was estimated to be higher than 30 millions m3 using tracer test 

results. The Na/Li geothermometer determined by Fouillac and Michard (1981) for saline 

geothermal waters in volcanic and granitic environments gives a temperature value of 224°C, 

similar to that obtained using the Na/K/Ca geothermometer (226°C; Fournier and Truesdell, 

1973), but slightly lower than those either measured inside the geothermal wells or estimated 

using classical geothermometers. Geochemical modeling has shown that the reservoir fluid 

is in chemical equilibrium with a mineralogical assemblage made up of albite, K-feldspar, 

quartz, calcite, disordered dolomite, anhydrite, illite, smectite and zeolites at 250-260°C 

(Sanjuan et al., 2001).  

 

2.2. Lamentin plain 
 

The Lamentin plain, on the western coast of Martinique (Fig. 1), south of Fort de France, is 

an alluvial plain with a surface area of approximately 100 km2. The Lamentin area 

corresponds to a major graben zone limited by NW-SE faults and intersected by NE-SW 

faults. There are numerous thermal springs aligned along an axis oriented NNW-SSE to NW-

SE in the area. Their flow rate is generally low and they are characterized by the presence of 

CO2-rich NaCl fluids (Sanjuan et al., 2002a, b), with exit temperatures ranging from 37 to 

58°C. 

Three boreholes were drilled at a depth of 1000 m in this area in 2001. Only the borehole 

Californie, located farther north, indicated the presence of hot fluid close to 90°C at a depth 

of 400 m. A fluid with a similar chemical composition but with a lower temperature (50°C) 

was also found at a depth of about 400 m in the borehole Carrère, near thermal springs.  

The geochemical study of the fluids collected from these exploration boreholes and thermal 

springs suggests that the current hydrothermal system is concentrated in the north in relation 

to a general outflow coming from the NW and at relatively deep depths. The geothermal NaCl 

fluid, made up of about 30% seawater and 70% freshwater (TDS ≈ 10-11 g/L; pH = 6.2) and 

accompanied mainly by magmatic CO2 gas, probably comes from a reservoir located close to 

seawater. Chemical geothermometers such as Silica-Chalcedony, Na/K/Ca/Mg, K/Mg 

(Arnorsson and Gunnlaugsson, 1983; Fournier and Potter, 1979; Giggenbach, 1988) suggest 

reaction with volcano-sedimentary rocks at temperatures ranging from 90 to 120°C. which 
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are identical to the maximum value (90-100°C) measured in the boreholes (Sanjuan et al., 

2002a; 2002b). The Na/K and Na/K/Ca geothermometers (Michard, 1979; Fournier, 1979; 

Fournier and Truesdell, 1973) yield higher temperatures. Concerning the Na/Li 

geothermometer, only the relationship determined by Kharaka et al. (1982) for waters from 

world geothermal and US oil sedimentary basins yields temperatures close to that measured 

in the boreholes (Sanjuan et al., 2002a; 2002b). This result thus strongly suggest the 

importance of a sedimentary signature in the reservoir rocks.  
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2.3. Diamant area 
 

The Diamant area is located in southern Martinique (Fig. 1). An extensive survey of gas and 

water geochemistry (Sanjuan et al., 2003; 2005) confirmed the presence of zones of high-

temperature of geothermal interest. In this area, the only thermal spring (Petite Anse) has 

several discharge points near the seaside from which two water samples were collected 

(DIAM1 and DIAM2). The main emergence (DIAM1) has a temperature close to 35°C at the 

surface. The deep geothermal NaCl fluid, discharged from this emergence, has a high 

salinity (TDS ≈ 20 g/L) and a pH value close to 5.3. Abundant magmatic CO2 gas emanations 

are associated with this fluid (Sanjuan et al., 2003; 2005). The location of the thermal spring, 

the nature of this fluid and its high salinity, all suggest a marine origin, and its exceedingly 

low δD value (-22‰) compared to other values observed in the fluids of Martinique and the 

Lesser Antilles, also point out a magmatic contribution.  

The geochemical characteristics of this fluid, and especially the use of chemical 

geothermometers such as Silica-Quartz, Na/K, Na/K/Ca or isotopic geothermometers such 

as δ18O(H2O-SO4) (Fournier and Rowe, 1966; Fournier, 1979; Fournier and Truesdell, 1973; 

Mizutani and Rafter, 1969), enabled us the identification of a geothermal reservoir at about 

180°C (Sanjuan et al., 2003; 2005). As for the Lamentin geothermal fluid, only the Na/Li 

relationship determined by Kharaka et al. (1982) gives temperature values in agreement with 

that estimated for the reservoir fluid, again suggesting the importance of a sedimentary 

signature in the reservoir rocks. 

 

3. ANALYTICAL METHODS 

 

3.1. Major and trace elements 
 

All the chemical analyses were carried out 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 
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titration. The accuracy of the major species is better than ± 5%. Alkalinity was determined in 

the field following HCl titration and Gran's method. Ion balance values lower than 5% suggest 

a good quality for the analyses of the major species. Lithium concentrations in geothermal 

waters were determined by ICP-MS (accuracy ± 5%).  
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Water samples for Li isotopic determination were collected in acid-washed polyethylene 

bottles and then filtered through pre-washed 0.2 µm Sartorius cellulose filters using a 

cleaned polycarbonate Sartorius apparatus under nitrogen. Samples were acidified with ultra 

pure nitric acid down to pH ~ 2. 

 

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). Typical in-run precision on the determination of δ7Li is 

about 0.2‰ (2σm). 

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. 

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 = +30.8‰ ± 0.4 

(2σ, n=15) over the period of the duration of the analyses. 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 reported in the literature (see, for example, Tomascak 2004 for a 

compilation). For rocks, a total digestion of the sample is necessary before separation of Li 

from the matrix. About 50 mg of crushed sample was dissolved in a closed beaker with an 

ultrapure mixture of three acids for 4 days at 100°C: 4 ml of HF (23N), 1 ml of HNO3 (14N) 

and 0.1 ml of HClO4 (12N). Four days later, after the acid mixture had evaporated, 4 ml of 

HCl acid (6N) was added for 4 days at 100°C. A sample aliquot (30 ng of Li) of the residue of 

the acid dissolution was then dissolved in 0.5 ml of HCl (0.2N) before being placed in a 

column containing cationic resin for Li separation. Accuracy and reproducibility of the 
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procedure for solid samples (dissolution + purification procedure + mass analysis) was tested 

by repeated measurement of the JB-2 basalt standard (Geological Survey of Japan) and 

gave a mean value of δ
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7Li = +4.9‰ ± 0.6 (2σ, n=17) which is in good agreement with 

published values (see Carignan et al., 2007 and Tomascak 2004 for data compilation). 

 

3.3. Experimental techniques for seawater/basalt interaction 
 

In order to determine the extent of Li isotope fractionation during water/rock interaction as a 

function of temperature, we performed laboratory experiments. These experiments consisted 

of determining Li isotopic fractionation during the interaction of basalt with seawater at 

different temperatures (25°, 75°, 200° and 250°C) and various pressures. This is the first 

study involving Li isotope exchange experiments for low temperature water/rock interaction 

(below 100°C). 

The basalt chosen for the experiments is the JB-2 tholeiitic basalt (Japan Geological Survey), 

which is a well characterized secondary reference material for Li isotopes and Li 

concentration (δ7Li = +4.9‰ ± 0.6, Li = 7.78 µg/g). The seawater chosen for the experiments 

is the reference material IRMM BCR-403 (δ7Li = +31.0‰ ± 0.5, Li = 0.18 mg/L, Millot et al., 

2004). 

The experiments were carried out with a seawater/basalt mass ratio of 10 and a seawater 

solution diluted to 60% (with ultrapure H2O Milli-Q®) in order to reproduce the natural 

conditions (water/rock ratio and seawater dilution) that are found in the Bouillante geothermal 

site. 

Run durations varied from days to weeks depending on the applied temperature (Table 1). 

Lithium concentration and Li isotope composition (δ7Li) were measured through time in 

sampled aliquots of the solution having interacted with the basalt at various temperatures 

(25°, 75°, 200° and 250°C). 

Two different experimental devices were used. For experiments carried out at 25°, 75° and 

200°C, large volumes (5 to 10 ml) of solution were put into closed beakers and then placed in 

an oven. For experiments carried out at 200° and 250°C, small volumes of solution (300 µl) 

were loaded in gold capsules and then placed in an autoclave. We were, therefore, able to 

compare the results obtained from the two devices at 200°C. 

For experiments at 25° and 75°C, 5 ml of diluted seawater were initially placed with 500 mg 

of powdered JB-2 basalt in a closed Teflon® PFA beaker and then placed in a thermo-

controlled oven, with temperatures set at 25° or 75°C. The temperature inside the oven 

varied less than 5% over the total duration of the experiments. The solution was sampled 

after 2 days and then after 1, 5, 10 and 35 weeks (Table 1) and the samples (300 µl) were 
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filtered at 0.20 µm before Li isotopic measurement in order to ensure that only dissolved Li is 

sampled, without any contribution of powdered basalt. 
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At 200°C, 10 ml of diluted seawater with 1 g of powdered JB-2 basalt was put in a Teflon® 

PTFE bomb within a screw-top stainless-steel container and then placed in an oven at 

200°C. Solution aliquots (300 µl filtered) were sampled after 3 and 7 days. 

Experiments were also carried out at 200° and 250°C in an autoclave furnace system under 

high pressure at the Institut des Sciences de la Terre d’Orléans (ISTO). Diluted seawater 

(300 µl) and powdered basalt (30 mg) were loaded in gold capsules (4 cm long, 5 mm in 

diameter) previously cleaned by boiling in diluted HCl solution and then in distilled water. The 

powdered basalt was placed at the bottom of the gold capsule before the diluted seawater 

was added. Once filled with diluted seawater, the capsules were welded shut using a 

graphite arc welder. The weight of the capsules was used to monitor loss during welding. 

The capsules were then placed in an internally heated pressure vessel pressurized with Ar 

(Scaillet et al., 1992) at either 200° or 250°C (P = 150 bar). Run durations varied between 1 

and 12 days (Table 1), during which the temperature remained within 1°C of the target value, 

whilst pressure fluctuations related to changes in room temperature were less than 5 bars. 

Overall, the uncertainties in temperature and pressure values reported here are estimated to 

be ± 5°C and ± 5 bar. Upon completion of the run, capsules were removed from the vessel, 

weighed to check for leaks and opened. The sampled solution was then filtered at 0.2 µm. 

No experiments showed weight changes in excess of 0.2 mg, which is within the analytical 

uncertainty of the balance.  

Possible contamination for experiments using Teflon® PFA beakers (25° and 75°C), Teflon® 

PTFE bomb (200°C) and gold capsules (200° and 250°C) was tested by running diluted 

seawater without powdered basalt for several days and by comparing Li concentration and 

δ7Li values before and after run completion. This clearly showed that there is no variation in 

either the Li concentration (0.1 mg/L, 60% diluted) or δ7Li values (7Li = +31.0‰), meaning 

that there was no Li contamination from containers or handling. 

At the end of each experiment (25°, 75°, 200° and 250°C), Li isotope compositions (δ7Li) 

were measured in the solid products, in order to determine the Li isotope fractionation 

between the liquid and the solid phase. 

 

3.4. Mineral characterization 
The residual solids (powdered basalt after interaction) were analyzed at the end of each 

experiment (25°, 75°, 200° and 250°C.). Transmission Electron Microscopy (TEM) was 

performed at the University of Orléans to determine the bulk mineralogical composition of the 

residual solid after interaction. In addition, infrared spectra were obtained on a BRUKER 

Equinox IFS55 Fourier Transform Infrared Spectrometer (FTIR spectrometry) by 
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transmission through a pellet of a mixture of 150 mg KBr with less than 1 mg of sample. The 

spectrometer is equipped with a high energy source, separating KBr and a DTGS detector 

making it possible to explore the infra-red average ranging classically from 4000 to 350 cm
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The spectral resolution is 4 cm-1, with 32 scans used for both the background and for the 

samples. 

 

 

4. RESULTS 
 

4.1. Bouillante, Lamentin and Diamant areas 
 

Lithium concentrations span almost two orders of magnitude in the water samples collected 

from the Bouillante area, ranging from 0.19 mg/L for the sub-marine spring SM5 to 6.7 mg/L 

for the deep geothermal water (well BO-6). The fluids from the wells have the highest Li 

concentrations, ranging from 4.3 to 6.7 mg/L depending on the sampling conditions (down-

hole sampling, sampling after phase separator, sampling in the weir box; see Table 2). 

Generally, the down-hole water sample is representative of the deep fluid. The increasing 

concentrations observed for most of the chemical species (including Li) in the samples of 

residual fluid collected at the surface (after separator or in the weir box) are the result of the 

formation and loss of steam, the amount of which depends on the temperature and pressure 

conditions of the phase separation. 

Lithium isotopic compositions (δ7Li) are also very variable and range from +3.8 for the BO-BS 

water sample to +29.3‰ for the seawater sample respectively. However, it is important to 

note that all the well fluids in the Bouillante geothermal field (BO-2, BO-4, BO-5 and BO-6 

samples) have similar δ7Li values. These geothermal water samples were collected from the 

various wells intersecting the deep reservoir and under different sampling conditions (from 

1999 to 2002). They present δ7Li signatures between +4.2 and +4.8‰, with an average value 

of δ7Li = +4.4‰ ± 0.4 (2σ, n=8). This constancy in δ7Li values (± 0.4‰, close to the 

reproducibility of the analytical determination of δ7Li) clearly shows that geothermal fluids 

discharged from the wells are homogeneous from a Li isotope point of view and, 

consequently, that all of the geothermal wells are probably fed by a common reservoir. 

These conclusions are in agreement with the homogeneity observed from the chemical 

analyses and other isotopic analyses (δD and δ18O values, boron and strontium isotopes; 

Sanjuan et al., 2001; Mas et al., 2006). Our results show that no Li isotopic fractionation 

occurs (or is negligible) during the phase separation between liquid and steam, under 

different temperature and pressure conditions (after separator: 160°C and 6-8 bar; in weir 
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box: 100°C and 1 bar, see Table 2). For instance, the δ7Li value determined in a sample of 

separated steam is δ

331 

332 

333 

334 

335 

336 

337 

338 

339 

340 

341 

342 

343 

344 

345 

346 

347 

348 

349 

350 

351 

352 

353 

354 

355 

356 

357 

358 

359 

360 

361 

362 

363 

364 

365 

366 

7Li = +4.8‰, (sample BO-4-00-222C, Table 2), identical to the δ7Li value 

prior to phase separation. In addition to that, the BO-BS water samples that were collected 

from a shallow borehole also yield δ7Li values (+3.8 and +4.2‰) similar to those measured in 

the fluids discharged from the geothermal wells. The overall chemical and isotopic results 

(δD, δ18O, 87Sr/86Sr) therefore suggest that these samples consist mainly of geothermal 

reservoir fluid, which can be slightly diluted by shallow freshwater before vaporizing as it 

rises to the surface and cools.  

The fluids discharged from the submarine thermal springs have δ7Li signatures ranging from 

+4.8 to +26.1‰ (sample SM5 having the highest δ7Li value). The value for seawater sampled 

offshore in the Bouillante bay (δ7Li = +29.3‰) is at the lower end of the range of variation 

observed for oceans worldwide (from +29 to +34‰, Millot et al., 2004). 

For the Lamentin plain (Martinique), lithium concentrations in the water samples range from 

0.23 mg/L (seawater) to 1.67 mg/L (borehole Carrère, Table 2). The geothermal water 

samples collected from the two boreholes are different with δ7Li = +7.8‰ for the borehole 

Californie and +6.0 and +6.2‰ for the borehole Carrère respectively. The seawater sampled 

near the Lamentin area has a Li isotopic composition of δ7Li = +30.1‰, in good agreement 

with the average value of seawater. 

In the Diamant area, Li concentrations range from 0.226 mg/L (seawater) to 10.1 mg/L 

(thermal water sample DIAM1). The lithium isotopic range is very large with δ7Li values 

between +6.2 and +30.5‰ for the DIAM1 sample and the seawater sample, respectively. 

The water samples collected from the two discharge points of the thermal spring Petite Anse 

(DIAM1 and DIAM2; Fig. 1) present a Li isotopic composition in the range of +6.2 to +7.1‰.  

 

4.2. Seawater/basalt interaction experiments  
 

The lithium concentration and isotopic composition of the solutions were determined after 

various reaction times during seawater/basalt interaction at 25°, 75°, 200° and 250°C. 

Results are given as a function of reaction time and interaction temperature (Table 1). For 

the liquid phase, lithium concentrations and δ7Li variation with time are plotted against 

temperature including the initial seawater (diluted to 60%) having a Li concentration of 100 

µg/L and a δ7Li value of +31.0‰, (Fig. 2). 

At 25°C, the seawater/basalt interaction was measured in liquid samples collected after 2, 7, 

35, 70 and 245 days. Starting with an initial value of 100 µg/L, the Li concentration varies 

little throughout the experiment with values between 97 and 123 µg/L. According to the 

uncertainty of the method used to measure Li concentration after run completion, there is 
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little variation of Li concentration in solution during the interaction of basalt with seawater at 

25°C. On the other hand, starting with an initial value of δ

367 

368 

369 

370 

371 

372 

373 

374 

375 

376 

377 

378 

379 

380 

381 

382 

383 

384 

385 

386 

387 

388 

389 

390 

391 

392 

393 

394 

395 

396 

397 

398 

399 

400 

401 

7Li = +31.0‰, the Li isotopic 

composition of the solution decreases rapidly and significantly to reach a δ7Li value of 

+23.5‰ after 245 days. 

At 75°C, sample aliquots were collected after 2, 7, 35, 70 and 245 days. The lithium 

concentration increases steadily with time up to 220 µg/L (twice the initial value). Associated 

with this increase of Li in solution, δ7Li values in the solution decrease. The δ7Li signature 

drops from +31.0‰ to +16.5‰ after 245 days. 

At 200°C, Li concentration significantly increases in solution during seawater/basalt 

interaction both in experiments carried out with the PTFE bomb and in those completed with 

gold capsules in an autoclave. This increase is observed after 1 day of interaction (212 µg/L), 

after which Li concentration does not vary appreciably (Fig. 2). The lithium isotopic 

composition of the solution decreases rapidly and significantly down to a minimum δ7Li value 

of around +14.5‰. Values are identical for both the PTFE-bomb and gold-capsules methods 

(+14.2‰ to +14.7‰). The fact that the same δ7Li values are obtained with both methods and 

that the δ7Li signature is constant with time shows that steady state is probably reached for Li 

isotopes exchange. The lithium isotopic signature is δ7Li = +15.2‰ after 12 days, identical to 

+14.5‰ considering the reproducibility of the method: ± 0.5‰ (2σ). 

At 250°C, Li concentration rapidly increases in solution and tends to a maximal value of 352 

µg/L after 7 days (more than 3 times the initial value of 100 µg/L). Li isotope variation at 

250°C shows a strong decrease from +31.0‰ down to +13.1‰ after 1 day, after which 

values are constant with +11.7‰ and +11.6‰ after 2 and 7 days, respectively. 

In addition to the fluid, the Li isotopic composition of the residual solid (powdered basalt after 

interaction) was analyzed at the end of each experiment (25°, 75°, 200° and 250°C.). These 

δ7Li values (Table 3) are identical to the initial value measured for the JB-2 basalt, showing 

that there is no measurable variation in the Li isotopic composition of bulk solid phase during 

these experiments, which reflects the order of magnitude difference in Li concentrations 

between starting solid and fluid. 

 

5. DISCUSSION 
 

5.1. Li isotopic systematics in geothermal systems 
 

A graph of the Li isotopic composition (δ7Li) of the various waters from the Bouillante 

geothermal area plotted against their Li/Cl ratio (Fig. 3), reveals the mixing process (shown 
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by hyperbolic curve on the graph) and highlights samples having the highest Li/Cl ratios (i.e. 

those enriched in Li), which are the samples of interest for the study of geothermal systems. 
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As stressed above, the most important result is that all of the deep geothermal fluids from the 

Bouillante area (BO-2, BO-4, BO-5, BO-6 and BO-BS) have very homogeneous Li isotopic 

signatures, with an average value of δ7Li = +4.4‰ ± 0.5. These well fluids also correspond to 

the samples with the highest Li/Cl ratios (from 3.7 x10-4 to 4.1x10-4) and belong to the 

Bouillante geothermal reservoir for which a deep temperature was estimated at 250-260°C. 

On the other hand, it is apparent that the fluid samples collected from the submarine thermal 

springs define a good mixing trend between a geothermal reservoir fluid and seawater, the 

latter having a high Li isotopic signature of δ7Li = +29.3‰ and a low Li/Cl ratio of 0.1x10-4. 

This mixing process has already been reported on the basis of major element concentrations 

by Traineau et al. (1997), Sanjuan and Brach (1997) and Sanjuan et al. (2001), and is 

confirmed here by the use of Li isotopes tracing. 

The geothermal waters of the Lamentin area, which are initially made up of a mixture of 

seawater and fresh surface water, are significantly different compared to Bouillante samples 

with respect to their Li isotope signature, with δ7Li = +7.8‰ for the borehole Californie and 

+6.0 and +6.2‰ for the two Carrère boreholes. These fluids correspond to the Lamentin 

geothermal reservoir with an average value of δ7Li = +6.7‰ (n=3), the deep temperature of 

which was estimated to be between 90° and 120°C. The Li isotopic signature of the Lamentin 

geothermal reservoir is, therefore, very different from that of Bouillante. 

Figure 3 shows the waters collected from wells and submarine thermal springs in both the 

Bouillante and Lamentin geothermal sites for comparison. The hyperbolic curves for mixing 

of deep reservoir fluids and seawater are also shown for each geothermal system, illustrating 

that the Bouillante and Lamentin geothermal reservoirs are very different in terms of both 

their Li isotopic signature and their Li/Cl ratios and this is probably results from the difference 

in temperatures of the reservoir sources (90-120°C for Lamentin and 250-260°C for 

Bouillante). Indeed, at higher temperature, it is likely that more Li is released to the 

geothermal water thus lowering the δ7Li signature of the water, which would trend toward that 

of the interacting reservoir rocks. The extent of Li isotope fractionation as a function of 

temperature during water/rock interaction will be discussed in paragraph 5.2. Alternatively, 

these Li isotopic signatures might also result from differences in the lithology and nature of 

the reservoir rocks at the two sites. 

In what concerns the Diamant area, the comparison of the chemical compositions of samples 

DIAM1 and DIAM2 indicates a dilution by fresh surface water. The origin of these saline 

thermal waters seems to be relatively complex (Sanjuan et al., 2003; 2005). Their δ7Li 

signatures, however, are similar at the 2σ level (+6.8 and +6.2‰ for DIAM1, +7.1 and +6.6‰ 
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for DIAM2 respectively) which suggest that they are coming from the same geothermal 

reservoir at 180°C.  
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5.2. Lithium isotopic fractionation and temperature dependence 
 

5.2.1. Lithium isotope exchange experiments 

 

Experiments were carried out at different temperatures to investigate Li isotope exchange 

between a diluted seawater solution and a powdered basalt. The evolution with time of Li 

concentrations in solution clearly indicates a temperature dependence of lithium and its 

isotopes (Fig. 2 and section 4.2.). Indeed, the release of Li into solution for each experiment 

increases with temperature. In addition, we can observe (Fig. 4) that during our experiments, 

Li and δ7Li data agree well with a simple mixing process between the initial basalt and 

seawater. This confirms that Li is a fluid-mobile element that tends to preferentially pass into 

the fluid phase during water/rock interaction. 

In order to help in the characterization of processes controlling lithium and its isotopes in our 

experiments, the mineralogy of the residual solids were investigated after run completion. 

Transmission electron micrographs (Fig. 5) clearly show that alteration minerals are 

observed for experiments carried at 25° and 75°C (alteration rings are observed in Fig. 5b 

and 5c and highlighted by black arrows) and that the formation of secondary minerals is 

much more important for experiments carried at higher temperature (200° and 250°C in Fig. 

5d and 5e). 

Moreover, infrared spectra were obtained by FTIR spectrometry for the same residual solids 

after run completion (at 25°, 75°, 200° and 250°C, Fig 6a) and the starting unaltered basalt, 

(Fig 6a). The infrared spectra obtained in transmission show the lines characteristic of salts 

contained in sea water and basalt for solids having interacted at 25° and 75°C (Figure 6b). 

On the other hand, for the solids having interacted at higher temperatures (200° and 250°C, 

Figure 6b), we can notice the presence of the lines characteristic of clay minerals. The lines 

are rather close to that of a nontronite (smectite) for the sample having interacted at 200°C 

(line around 3565 cm-1 in the field as of elongations of the OH bonds) and between a 

nontronite and a beidellite (line centered around 3605 cm-1 in the field as of elongations of 

the OH bonds) for the sample having interacted at 250 °C. In addition, X-Ray Diffraction 

spectra confirm the presence of smectite minerals in the solids having interacted at 200° and 

250°C. 

However, experiments carried by James et al. (2003) have shown that Li is taken up by 

basalt alteration phases at 150°C and then released at higher temperature. Uptake of Li by 

alteration minerals is not a one-way process. The fact that such a behavior is not observed in 
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our experiments, is possibly related to the different experimental conditions explored in our 

study relative to those of James et al. (water/rock ratio, initial Li concentration in the solution). 

In particular, in our experiments, there is a large initial Li concentration gradient between the 

starting solution (5 mL x 100 ng/g = 500 ng Li) and the basalt (0.5 g x 7.78 µg/g = 3.9 µg Li).  
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In spite of that, it is quite obvious that during our experiments, secondary minerals (clays) are 

formed during water/rock interaction and this may have played a key role on the Li isotopic 

trends documented here. The importance of Li isotopic fractionation during formation of Li-

bearing secondary minerals has already been addressed in previous works (Chan and 

Edmond, 1988; Chan et al., 1992; 1993; 1994; James et al., 1999), which have shown that 

fractionation occurs when 6Li is removed from the solution when clay minerals precipitate. In 

contrast, according to such work, the heavy Li isotope (7Li) is not preferentially released into 

solution since there are no reason to expect Li isotope fractionation during dissolution of a 

fresh basalt (Pistiner and Henderson, 2003).  

Therefore, in light of the above evidence, we suggest that in our experiments, the behavior of 

lithium (concentration and isotopic ratio) is essentially controlled by two complementary 

processes: 1/ mixing between Li in the initial solution (seawater, δ7Li = +31‰) and Li 

released to the solution from the basalt (Fig. 4) and 2/ uptake of lithium into secondary 

minerals, this process being temperature dependent.  

Considering the water/rock ratio and the Li concentrations in seawater and basalt, we can 

estimate the maximum Li concentration in the solution to be about 880 µg/L. Upon inspection 

of figure 2, it is obvious, however, that this maximum value is not reached in any case, which 

implies that another process (not simple dissolution) is controlling the release of lithium into 

the solution. We propose the following scenario for the observed trends in lithium and its 

isotopes in our experiments: as reaction time proceeds, lithium concentration in the solution 

increases and the δ7Li values flatten out. For any given temperature, two successive 

processes control lithium and its isotopes, as schematically illustrated on Fig. 7: first, 

dissolution processes are preponderant and release lithium into solution (consequently δ7Li 

sharply decreases whereas Li concentrations increase). This step is short as observed in 

Fig. 2. Then, during the second step, a steady state is reached between dissolution of basalt 

on the one hand and precipitation of alteration minerals on the other hand. The competition 

between dissolution and precipitation processes is likely to be the key factor controlling 

lithium and its isotopes in these experiments. 

In addition to the different processes controlling lithium , the question of steady state is thus 

crucial for a correct application of the experimental results. The fact that δ7Li values are 

constant and reach a plateau at the end of each experiment is a good indication of having 

attained an isotopic steady state. We can, therefore, determine the δ7Li signature of the 
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solution at steady state by averaging the constant values measured after run completion for 

each experiment (Fig. 2). These δ
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7Li signatures in solution determined at steady state (δ7Li 

solution) are given in table 3. 

Isotopic fractionation (Δ solution - solid) between the solution and the solid can then be calculated 

after run completion (when isotopic steady state is reached, Table 3). Fractionation factors 

range from +6.7 to +19.4‰ for experiments carried at 250° and 25°C, respectively. At low 

temperature (25°C), Li isotopic fractionation is much more important (Δ solution – solid = +19.4‰). 

At higher temperatures, the fractionation factor decreases from +12.5‰ at 75°C and +9.5‰ 

at 200°C to a value of +6.7‰ at 250°C. Altogether, these experiments confirm the strong 

temperature dependence of Li isotope exchange during water/rock interaction (Fig. 8a). 

In addition to this experimental approach, the water/rock interaction process may also be 

investigated using the modeling method reported by Magenheim et al. (1995). In this model, 

the initial rock is incrementally destroyed, and Li is partitioned into the fluid and alteration 

phases. The relationship of the integrated concentration of the two isotopes 6Li and 7Li in 

solution with rock/water ratio (r/w) is described by the following two equations: 
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6Li0 and 7Li0 are the initial concentrations of the two isotopes in the starting solution (seawater 

diluted, Li = 0.1 mg/L and δ7Li = +31‰). 6Lir and 7Lir are the concentrations of the two 

isotopes in the initial rock (basalt JB-2, Li = 7.78 µg/g and δ7Li = +4.9‰). K is the distribution 

coefficient of an isotope between the solution (Liw) and the altered phase (Lialt), and α is the 

associated isotopic fractionation (α = (7Li/6Li) liquid / (7Li/6Li) solid), so that: 

 

walt LiKLi 66 =      (3) 

 

and 

walt LiKLi 77 α=      (4) 

 

Since K and α are temperature dependent, different values are used for the calculations with 

data as compiled by Magenheim et al. (1995) and Chan et al. (2002). The empirical values 
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for the parameters used are as follows: for 260°C, K = 0.35 and α =0.994; for 300°C, K = 

0.32 and α =0.995; for 350°C, K = 0.27; α = 0.996; for 400°C, K = 0.23 and α =0.997. 
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The δ7Li values calculated for liquid and solid phases following Magenheim’s model are 

reported as a function of the water/rock ratio (w/r) in Figure 9. We note that this model is in 

good agreement with our experimental results. Indeed, this model takes into account a 

fractionation of 6‰ at 260°C between liquid and solid phases, similar to the value obtained in 

our experiments (i.e. 6.7‰ at 250°C). It is also important to highlight that this isotopic 

fractionation value is not a function of the water/rock ratio (w/r). 

This feature can be investigated further by comparing our experimental constraints with Li 

isotopic fractionation and values determined either in natural environments or in other 

experimental studies. Most lithium fractionation values reported so far in the literature come 

from studies of interaction between seawater and more or less weathered basalt. The 

isotopic fractionation factors inferred from these studies give Δ values of +4‰ at 350°C, +9‰ 

at 160°C and +19‰ at 2°C (Chan and Edmond, 1988; Chan et al., 1992; 1993; 1994; James 

et al., 1999). These Δ values are shown in figure 8a as ‘hydrothermal basalt alteration’ for 

which an empirical equation was reported by James et al. (1999). Chan et al. (1994) have 

also shown that the isotopic composition of fluids decreases with increasing temperature. 

Their results clearly demonstrate that Li mobilization is a temperature-dependent process. 

Lithium release can begin at relatively low temperatures and increases with heating. Our 

experimental data are in good agreement with the relationship inferred from natural systems, 

namely ‘hydrothermal basalt alteration’ (Fig. 8a). 

In figure 8b, isotopic fractionation determined using our experiments (Δ solution - solid) is plotted 

as a function of 1000/T (temperature in Kelvin, K). This graph allows us to determine the 

empirical relationship (Equation 5) between the isotopic fractionation and the reciprocal 

temperature (R² = 0.93): 
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On figure 8 are also shown the data of Wunder et al. (2006) who have worked out 

experimentally the Li isotopic fractionation between clinopyroxene and aqueous fluids at 

temperatures between 500° and 900°C at 2.0 GPa. According to these authors, there is 

significant fractionation (about +1‰) even at high temperatures (900°C). Their relationship is 

shown in figure 8b, the dashed-line corresponding to an extrapolation to temperatures below 

500°C. Although the relationships derived by Wunder et al (2006) is not strictly comparable 

to ours owing to the widely different experimental conditions explored and solid composition 
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used, the two data sets agree remarkably with each other, which considerably strengthens 

the use of Li isotopes as tracers of fluid-mineral interaction processes over a large range of 

P-T conditions  
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5.2.2. Application to deep saline geothermal waters in volcanic island arc areas  

 

The Li isotopic compositions of deep saline geothermal waters are plotted as a function of 

reservoir temperatures as determined either by direct measurements or via chemical 

geothermometers (Fig. 10). The obtained relationship supports a temperature dependence of 

the Li isotopic signature in the geothermal reservoir showing, as a general rule, that the 

higher the reservoir temperature, the lower the Li isotopic signature of the geothermal 

waters. However, it is important to point out that the δ7Li signatures in the Lamentin and 

Diamant geothermal waters are very similar, despite having significantly different reservoir 

temperatures. 

Using the experimental data (Δ solution – solid) obtained during this study (Table 1) and assuming 

that Li behaves in a manner similar in the water/rock interaction processes occurring during 

the experiments and within the geothermal reservoirs of Bouillante, Lamentin and Diamant, 

the δ7Li signatures of the reservoir rocks were estimated from the δ7Li values determined in 

the geothermal waters (see in Fig. 10). 

According to Chan et al. (2002), the δ7Li value found for the rocks of the Bouillante deep 

reservoir (close to ~ -2.4‰) suggests that the geothermal water is in equilibrium with rocks 

located in the transition zone that marks the contact between volcanic flows and basaltic 

dikes being a privileged region of fluid mixing. On the basis of geological and geophysical 

arguments (Andreieff et al., 1987), this transition zone would be located, in the Bouillante 

area, at a depth higher than 3 km, or up to 5 - 6 km. Lithium enrichment is accompanied by 

relatively low isotopic compositions, which indicate the influence of basalt-derived Li during 

mineralization and alteration. The high Li concentration analyzed for the Bouillante 

geothermal fluid (about 4.5 mg/L) compared to of the experimental fluid at 250°C which was 

produced using a water/rock ratio of 10 (352 µg/L), suggests a lower water/rock ratio of about 

1 to 5 in the Bouillante reservoir, keeping in mind that the initial Li concentration in the 

Bouillante reservoir rocks can be very different from that of the rock used in the laboratory 

experiments (7.78 µg/g).  

The δ7Li value of -2.4‰ determined for the reservoir rocks at 260°C can be also found using 

the model of Magenheim et al. (1995), considering a water/rock ratio (w/r) close to 4-5, a Li 

concentration of 15 µg/g and a δ7Li value of 2.7‰ for the initial fresh rock. This Li isotopic 

value is commonly observed in samples of unaltered basalts and basaltic andesites or lavas 
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from subduction zones and island arcs (δ7Li values from 1.1 to 7.6‰; Moriguti and 

Nakamura, 1998; Magna et al., 2003). 
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When considering the Bouillante area, such a water/rock ratio parameter can be also 

estimated using the relationship reported by Edmond et al. (1979):  
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where LiFR is the Li concentration in the fresh rock, LiGF is the Li concentration in the 

geothermal fluid and LiIF is the Li concentration in the diluted seawater (i.e. initial fluid). 

For different Li concentrations in the fresh rock (LiFR ranging from 5, 10, 15 and 25 µg/g), we 

obtain the following values for the water/rock ratio (w/r): 1.2, 2.4, 3.6 and 4.8 respectively, 

which are in a good agreement with estimates based on our experimental constraints (w/r 

from 1 to 5).  

Lastly, the water/rock ratio at Bouillante (w/r) can also be estimated using the relationship of 

Albarède et al. (1981) for Sr isotopes concerning hydrothermal alteration of the oceanic 

crust: 
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where (87Sr/86Sr)GF = 0.70496, (87Sr/86Sr)FR = 0.7041 and (87Sr/86Sr)DSW = 0.709 are the Sr 

isotopic ratios of geothermal fluid, fresh rock and seawater, respectively. And SrFR and SrDSW 

are the Sr concentrations for fresh rock and diluted seawater, respectively (we assume here 

that the dilution of seawater (60%) by fresh water (40%) does not affect the Sr isotopic ratio).  

After calculation, we obtain a w/r ratio value close to 4.1 for SrFR = 100 µg/g and w/r = 8.2 for 

SrFR = 200 µg/g.  

It thus appears that both Li and Sr-based estimates converge towards a water/rock ratio (w/r) 

value around 4-5, assuming that Li and Sr concentrations in the fresh rock are close to 15-20 

and 100 µg/g, respectively, which are values commonly observed in subduction zone and 

island arc basalts, enriched in Li relative to the mantle (5-6 µg/g in normal MORB; Tomascak, 

2004). 

For the Diamant area, the same value of δ7Li as that of Bouillante (close to ~ -2.4‰) is found 

for the reservoir rocks. Given that the Na/Li geothermometer suggests that the geothermal 
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fluid is partially in equilibrium with sedimentary rocks, contrary to the Bouillante area, and 

according to the literature data (Tomascak, 2004; Chan et al., 2006, Millot et al. 2007), this 

negative value could reflect the presence of sedimentary rocks in the deep reservoir.  
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In the Lamentin plain, the geothermal reservoir is relatively shallow and is constituted of 

volcano-sedimentary rocks. The Na/Li geothermometer, which suggests that the geothermal 

fluid is partially in equilibrium with sedimentary rocks, is in a good agreement with this 

reservoir composition. The δ7Li values estimated for the reservoir rocks (close to -5 and -6‰; 

Fig. 10) are low compared to literature data (Tomascak, 2004). However, a δ7Li value of -

4.7‰ was analyzed by BRGM in an altered white lava collected from the borehole Carrère at 

a depth of 414 m. As shown by Sturchio and Chan (2003) for the Yellowstone system, 

hydrothermal alteration products of volcanic rocks have also extremely low δ7Li value (-

4.8‰). On the other hand, it is possible that the Li isotopic fractionation equation determined 

for basalt in this study is less well adapted for the volcano-sedimentary rocks which 

constitute this reservoir, where the sedimentary rocks are abundant. 

Lithium concentrations and δ7Li values are, therefore, not only a useful tool to estimate the 

temperature of geothermal reservoirs but can also be used to determine the nature (and 

sometimes the depth) of the reservoir rocks. Additional water/rock interaction experiments 

(fresh water/basalt, seawater and fresh water/andesite, etc.) similar to those reported here 

would enable us to complete this study and add to our understanding of Li behavior in island 

arc geothermal systems.  

 

6. CONCLUSIONS 
 

The present work has made it possible to better characterize the behavior of Li and its 

isotopes in geothermal systems located in volcanic island arc areas such as those in 

Guadeloupe and Martinique. The main results of this study are: 

• The deep geothermal waters collected from wells and thermal springs indicate that Li 

isotopic signatures are very homogeneous for a given site. This confirms the geochemical 

homogeneity of the geothermal systems under consideration and is a good argument for 

using the Li/Na geothermometer to calculate reservoir temperature. Moreover, it is important 

to highlight that the Bouillante geothermal reservoir is the most homogeneous from a Li 

isotope point of view, with a mean value of δ7Li = +4.4‰ ± 0.4 (2σ, n=8) without any short 

term temporal variation (1999-2002). 

• The Li isotopic signatures of each of these geothermal systems are also very different, as a 

result of both highly variable temperatures of water/rock interaction (90-120°C for the 
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Lamentin plain, 180°C for the Diamant area and 250-260°C for the Bouillante geothermal 

fields), but also of lithological differences of the reservoir rocks.  
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• Li isotopic tracing confirms a process of mixing between deep geothermal fluid and 

seawater for submarine thermal springs. 

• Experiments of seawater/basalt interaction were carried out at different temperatures and 

the results confirm the temperature dependence of Li isotope fractionation, ranging from 

+19.4 to +6.7‰ (Δ solution - solid) between 25° and 250°C, in agreement with available field and 

experimental data. We suggest that, in our experiments, lithium and its isotopes are 

controlled by two complementary processes: 1/ mixing between lithium in seawater and 

lithium released in solution from the basalt 2/ uptake of lithium into secondary minerals. 

• These experimental results were applied to the saline geothermal waters collected from the 

Bouillante and Lamentin wells, and from the Diamant thermal spring. Based on literature data 

and some assumptions, the results suggest that the Bouillante geothermal water is in 

equilibrium with a reservoir composed of rocks located at the transition zone between 

volcanic flows and basaltic dikes and is a privileged region of fluid mixing. This zone would 

be situated at a depth higher than 3 km, or even around 5 - 6 km. In the Lamentin and 

Diamant areas, the Na/Li geothermometer and the Li isotopic signature suggest that the 

geothermal fluid is partially in equilibrium with reservoir sedimentary rocks.  

Therefore, we conclude that lithium isotopic systematics is a powerful tool for the 

characterization of temperature and to infer the origin of the waters and the nature of the 

reservoir rocks. 
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Figure 1 
Map of sampling sites in the Bouillante area (Guadeloupe), in the Lamentin and Diamant 

areas (Martinique). Detailed information concerning the location of the sampling sites can be 

found in Traineau et al. (1997), Sanjuan and Brach (1997) and Sanjuan et al. (2001) for the 

Bouillante area, and in Sanjuan et al. (2002a, b) and Sanjuan et al. (2003; 2005) for 

Martinique (Lamentin plain and Diamant areas). 

 

Figure 2 
Graphs showing the evolution with time of the solution for lithium isotopic composition in red 

(δ7Li, ‰) and Li concentration in blue (Li, µg/L) during experiments at 25°, 75°, 200° and 

250°C. Lithium isotopic composition determined at steady state (δ7Li equ, i.e.: equilibrium: 

equ) in the solution corresponds to the average value reached at isotopic steady state and is 

calculated by averaging the constant values at the end of each run. At 200°C, red circles and 

red squares correspond, respectively, to experiments carried with gold capsules in an 

autoclave and with a Teflon® PTFE bomb placed in a screw-top stainless-steel container in 

an oven. 

 

Figure 3 

Lithium isotopic compositions (δ7Li, ‰) in waters from the Bouillante (red) and Lamentin 

(green) geothermal fields plotted as a function of the Li/Cl ratio. The temperature of the deep 

geothermal reservoir was estimated by geothermometry to be about 90-120°C and 250-

260°C for the Lamentin and Bouillante areas, respectively. 

 
Figure 4 

Graphs showing the lithium isotopic composition (δ7Li, ‰) as a function of 1/Li (ppb-1) in the 

liquid fraction during experiments at 25°, 75°, 200° and 250°C. 

 

Figure 5 
Transmission electron micrographs of the starting solid material (basalt JB-2) and the 

different solid run products (powdered basalt after interaction) at the end of each experiment 

(25°, 75°, 200° and 250°C.). The black arrows show the formation of clay minerals. The white 

arrows show the presence of residual salts after the evaporation of remaining seawater. 

 

Figure 6 
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(a) Infrared spectra obtained by FTIR spectrometry for residual solids after run completion (at 

25°, 75°, 200° and 250°C) and the initial materials (seawater and basalt).  
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(b) Infrared spectra for experiments after correction of remaining seawater and initial basalt. 

 

Figure 7 

Schematic graph showing the evolution of δ7Li values and lithium concentrations in liquid as 

a function of time. 

 

Figure 8 

(a) Lithium isotopic fractionation between solution and solid (Δ solution – solid) determined in our 

experiments vs. the interaction temperature (red circles and red curve). The blue curve 

corresponds to isotopic fractionation factors inferred from studies of altered basalt and 

hydrothermal solutions that give Δ values of +4‰ at 350°C, +9‰ at 160°C and +19‰ at 2°C 

(Chan and Edmond, 1988; Chan et al., 1992; Chan et al., 1993; Chan et al., 1994; James et 

al., 1999). 

(b) Lithium isotopic fractionation between solution and solid (Δ solution – solid) calculated in our 

experiments (red circles) vs. the inverse of the temperature of interaction (1000/T, K). The 

red line represents the correlation obtained in our experiments. The blue line corresponds to 

isotopic fractionation inferred from hydrothermal basalt interaction. The grey line represents 

the experimental relationship determined by Wunder et al. (2006), between 500° and 900°C, 

and the dashed grey line is an extrapolation below 500°C. 

 

Figure 9 

Lithium isotopic composition (δ7Li, ‰) for water and solid (alteration products) phases as a 

function of water/rock ratio (w/r) following Magenheim’s model (Magenheim et al., 1995) for 

temperatures of interaction ranging between 260° and 400°C. The empirical values for the 

parameters used are as follows: for 260°C, K = 0.35 and α =0.994; for 300°C, K = 0.32 and α 

=0.995; for 350°C, K = 0.27; α = 0.996; for 400°C, K = 0.23 and α =0.997. 

 

Figure 10 

Lithium isotopic compositions (δ7Li, ‰) in well fluids from the Lamentin, Diamant and 

Bouillante geothermal fields plotted as a function of the temperature of the reservoir 

determined either by direct measurements (Bouillante and Lamentin wells) or chemical 

geothermometers (Diamant, Bouillante and Lamentin wells). Parametric curves correspond 

to different values of δ7Li in reservoir rocks (from -2 to -8‰) assuming the temperature 
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dependence of Li isotopic fractionation obtained in the present work by experiments (Table 

3). 
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Table 1 
Seawater/basalt interaction at different temperatures. Lithium concentration (µg/L) and 

isotopic composition (δ7Li, ‰) values in the solution are grouped according to the 

experimental method used and run duration for each experiment carried out at 25°, 75°, 200° 

and 250°C. The initial solution is a seawater solution diluted to 60% (with ultrapure H2O Milli-

Q®). It has a Li concentration of Li = 100 µg/L and a Li isotopic composition of δ7Li = +31.0‰. 

Sample aliquots (300 µl) were filtered and weighed. During mass spectrometry analysis, the 
7Li beam intensity of the sample was compared to that of the L-SVEC standards (standard 

bracketing measurement), enabling us to determine the Li concentration of the solution. We 

estimate a typical error of ± 10% for this determination based on replicate measurements of 

seawater samples. Replicate analyses were performed for experiments carried at 250°C and 

are in good agreement within the range of ± 0.5‰ (2σ). 

 

Table 2 
Major cations and anions, lithium concentrations and Li isotopic compositions of water 

samples from the Bouillante, Lamentin and Diamant geothermal fields. The temperatures 

given are those measured during sampling, whereas the temperatures within the geothermal 

reservoirs are around 250-260°C, 90-120°C and 180°C, respectively, for Bouillante, 

Lamentin and Diamant. Sample BO-4-00-220A was collected in the weir box, BO-4-00-222B 

after the phase separator, and BO-4-00-222C is a sample of condensate after separated 

steam. 

 

Table 3 

Li isotopic composition determined at steady state in the solution (δ7Li solution) and in the solid 

phase (δ7Li basalt) for seawater/basalt interaction experiments carried out at 25°, 75°, 200° and 

250°C. The uncertainty is  the standard deviation (2σ) of the δ7Li values at run completion for 

each experiment. The fractionation (Δ solution - solid) is the difference in Li isotopic composition 

between the solution and the basalt for each experiment at steady state. 
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Table 1 1029 
1030 
1031 

 
 

Temperature Experimental device Run duration Li δ7Li 2σm

°C days µg/L ‰
25 PFA beaker in oven 2 114 26.4 0.3

7 103 26.7 0.1
35 123 24.8 0.1
70 97 24.8 0.1

245 121 23.5 0.1
75 PFA beaker in oven 2 116 22.6 0.1

7 150 20.9 0.1
35 166 17.8 0.1
70 158 17.9 0.1

245 220 16.5 0.1
200 PTFE bomb in oven 3 - 14.5

7 - 14.5
200 Gold capsule in autoclave 1 212 14.2 0.1

2 233 14.7 0.1
12 214 15.2 0.1

250 Gold capsule in autoclave 1 284 13.1 0.3
2 316 11.7 0.1
7 352 11.6 0.1

0.1
0.1
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Table 3 1038 
1039 
1040 
1041 
1042 
1043 
1044 

 
 
 
 
 
 

Temperature   δ7Li basalt Δ solution - solid

°C ‰ ‰ ‰
25 24.4 ± 1.5 5.0 19.4
75 17.4 ± 1.6 4.9 12.5

200 14.6 ± 0.8 5.1 9.5
250 11.7 ± 0.1 5.0 6.7

  δ7Li solution

 1045 
1046 
1047 
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