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dGéosciences Rennes UMR CNRS 6118, Université de Rennes 1, 35042 Rennes Cedex, France
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Abstract

Significant fracture and porosity sealing characterizes the sedimentary cover-basement interface in the northwestern margin

of the Aquitaine Basin (France). Dolomite and calcite (and sometimes fluorite, barite and quartz) constitute most of the fracture

fillings. They contain primary inclusions of brines having chlorinities in the range of 3.3 to 5.5 mol Cl/kg solution, with total

homogenization temperatures in between 65 and 130 jC for quartz and slightly lower for dolomite, barite, fluorite and calcite.

Crush-leach analyses indicate that brines are characterized by Na/K ratios of 5 to 40, Na/Li ratios of 20 to 530, and Cl/Br ratios

of 200 to 1000, which are rather typical of deep basinal brines. The fluid y
18O signature is estimated to bec 6.6F 1.8x

SMOW for a crystallization temperature of 100F 20 jC and the yD value is � 30F 10xSMOW.

The fluid source for the fracture filling mineral is interpreted as a deep sedimentary brine expelled during a period of

maximum subsidence in the Aquitaine Basin, which migrated along the sediment cover/basement, a zone characterized

interface which is characterized by high permeabilities below the Toarcian shales. The sealing is likely to be linked to the

mixing of the brines with dilute, ascending hot waters. These dilute waters infiltrated from emerged zones, convected and

heated at depth, reaching temperatures of 100 jC (up to 150 jC on the basis of cation geothermometry).

Extensional activity, of probable Cretaceous age, related to the Gascogne Gulf rifting could be considered as the most

likely cause of a significant fluid migration event at the basement/cover interface all along the margins of the French Massif

Central. These processes are large scale as shown by the similarities of mineral sequences, fluid types and general features of

most of the F–Ba–Pb–Zn deposits located at the basement–sedimentary cover interface.
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The mass transfer of Cl linked to this stage is significant and accounts for the early introduction of large amounts of

chlorine in the granitoid microporosity. This probably explains the significant chlorine concentrations of the present-day

fluids recovered in the granitoid aquifer.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Some basement groundwaters have significant

chloride contents, the origin of which is still unclear

because these waters are more or less equilibrated

with their host rocks and have lost their original

isotopic and chemical features (Frape and Fritz,

1987). Nordström et al. (1989) consider two sources

for chlorine in crystalline rocks: (i) allochthonous

sources external to the host rock: in a significant

number of cases, brines were recognized as sedi-

mentary in origin (Nurmi et al., 1988; Munz et al.,

1995), (ii) autochthonous source such as release of

chlorine through water–rock interactions and hydrol-

ysis of silicate minerals (Edmunds et al., 1984;

Kamineni et al., 1992), or leakage of secondary fluid

inclusions trapped in primary minerals. The last

process was, however, demonstrated to be unrealistic

on the basis of mass balance calculations (Savoye et

al., 1998).

Present-day deep groundwaters of some French

Hercynian granites in western Europe, such as the

Vendée granites (Chardon uranium mine, Beaucaire et

al., 1999) and the Vienne granites (Matray et al.,

1997), have significant but much lower chloride

concentrations (only 10 g l� 1 Cl) than brines from

stable cratons (Canadian shield brines, for instance).

Such chlorinate-rich fluids were found during the

recent exploration of basement rocks by 17 continu-

ously cored boreholes, 200 to 1000 m deep, by the

Agence Nationale pour la gestion des Déchets Radio-

actifs (ANDRA=French Nuclear Waste Management)

in the Vienne granites. The latter are located beneath a

Mesozoic sedimentary cover (150 m of limestones

and detrital series from Hettangian up to Malm) over

an area of c 125 km2 located between the Armorican

massif and the ‘‘Massif Central’’ in France, the so-

called ‘‘Poitou High’’. In the case of plutonites located

below a sedimentary cover, such as the Vienne gran-

itoids, present-day saline waters could be interpreted

as the result of several processes: (i) penetration of

seawater during periods of transgression, (ii) penetra-

tion of seawater or evolved seawater during diagene-

sis of the sedimentary cover, or (iii) penetration of

allochtonous brines not related strictly to the over-

laying sediments: in that case, it could be a diagenetic

brine formed in an other part of the basin, a brine

produced from seawater evaporation or from evaporite

dissolution in a more or less remote area (Yardley et

al., 2000). During their migration, brines may be

affected by subsequent processes such as mixing with

other kinds of water, such as recharge waters which

can quickly percolate downwards through fractures or

locally ascent from convection cells. This is typically

the case in the Rhine graben, where both present-day

fluids and inclusion fluids found in fractures fillings

are the witnesses of brines resident in Trias formations

and of recharge meteoric waters involved in deep

convective systems (Pauwels et al., 1993; Dubois et

al., 1996). In the Vienne granitoids, preliminary

mineralogical and fluid inclusion studies of fracture

minerals (carbonates) have shown that these minerals

crystallized from a brine at rather low temperatures,

brines which experienced mixing process during a

period younger than the deposition of the overlaying

infra-Toarcian sedimentary series (Cathelineau et al.,

1999).

The aim of this work was: (i) to determine the

origin and nature of brines percolating through the

basement and responsible of the fracture sealing,

(ii) to evaluate their role in the transfer of elements

from the basins towards the basement, and (iii) to

search for the origin of chlorine in present-day

waters. This was carried out through a study of a

selected set of representative samples, previously

studied (when possible) by means of petrography

and microthermometry, with sizes large enough to

permit the analysis of significant quantities of fluid
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inclusions by mean of crush and leach techniques

and the determination of yD values of inclusion

fluids.

Work was focused on the Poitou basement under

the sedimentary cover (Charroux–Civray area). In

order to evaluate the extension of the process in

northern Limousin, several occurrences of the same

specific paragenetic sequence filling the fractures,

known to have formed from brines, were also sampled

within the basement at various distances from the

unconformity with the Mesozoic series.

2. Geological setting and mineral sequences of the

studied veins

The Charroux–Civray area is located at the

northwestern border of the French Massif Central

and northwestern border of Aquitaine (see Fig. 1, in

Fourcade et al., 2002), below a 150-m-thick sedi-

mentary cover composed of marine Lias and Dogger

formations. The basement is dominated by plutonic

rocks from the ‘‘Tonalitic Lineament’’ of the Lim-

ousin (Peiffer, 1986; Shaw et al., 1993) and contains

multiple intrusions of medium K calc–alkaline

tonalites and granodiorites dated around 350–

360F 5 Ma (U–Pb zircons; Bertrand et al., 2001).

The latter were later intruded by peraluminous

intrusions (Capdevila, 1997; Cuney et al., 1999).

Investigated samples (vein material) from this area

were taken from 17 continuously cored, 200–1000-

m-deep boreholes drilled by ANDRA. Exceptional

and unweathered drilled material from Hercynian

plutonites (tonalites and granodiorites) from the

Vienne site has shown that the crystalline basement

contains rather dense sets of fractures. By means of

paragenetic and fluid inclusions in veins and host-

rock minerals, the existence of at least three stages

of fluid flow was demonstrated, each stage charac-

teristic of extremely distinct P–T conditions and

geodynamic contexts (Cathelineau et al., 1999;

Fourcade et al., 2002). (i) Hercynian veins (stage

I) were produced during thermal heating and fluid

circulation linked to the emplacement of the pera-

Fig. 1. Photomicrographs of typical vein fillings. (A) Dolomite (Dol)–Fluorite (Fl) and Calcite (Cc) mineral assemblage [sample CIV 107–

1016 (253.73–254 m)]. (B) Adularia (Adul)–Dolomite (Dol)–Barite (Ba)– late calcite (Cc) vein filling [sample CIV 107–1018 (293.46–

293.79 m)].
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luminous intrusions and ultimately, by a late retro-

grade alteration (locally pervasive) of plutonic rocks,

coeval with the final basement uplift and cooling. A

small amount of sealed fractures are related to these

stages and consist of quartz–hematite, quartz–chlor-

ite–phengite or illite veins with a small amount of

carbonates (Freiberger et al., 2001). The basement

was uplifted and the top of the granites was weath-

ered during a Triassic period of emersion. (ii)

Abundant fractures, corresponding to several sets

striking NW–SE (for the most abundant ones) and

NE–SW, filled by dolomite and calcite are found in

the plutonic rocks (stage II). (iii) Stage III is

characterized by late calcite (F kaolinite) fillings

crystallized at low temperatures.

Stage II veins which constitute more than 75% of

the sealed fractures are the object of the present study

(Fig. 1). Dolomite represents the main fracture filling

mineral, calcite being much less abundant. Both car-

bonates have a rather low Fe content ( < 0.15 mol%)

and are close to the two carbonate end-members (pure

dolomite and calcite). Most of stage II veins show that

without any exception, carbonates crystallize in a

specific order within a mineral sequence: hematite–

adularia/quartz/dolomite (F fluorite and bariteFCu,

Zn, Fe sulphides)/calcite (Fig. 1). Below 400-m depth,

halite crystals were observed by SEM on fragments of

fractures and adjacent wall rocks. The typical associ-

ation of the minor minerals—fluorite, barite, traces of

Pb–Zn sulphides—is the most striking index which

allows to conclude that stage II fluid circulation was

predominantly responsible for the fracture sealing. Its

impact is recognized down to 800 m underneath the

basement/cover interface and in all studied drill cores

(17 drill holes over 200 km2). As this assemblage is

also observed in the lower part of the sedimentary

cover either as joints or pore fillings in all series below

the Toarcian shales (i.e., in Hettangian/Sinemurian

limestones and sandstones), it indicates an age

younger than Hettangian (Cathelineau et al., 1999).

Stage II mineral assemblages and their location are

typical of most F–Ba deposits from the ‘‘Poitou

High’’ (Lougnon et al., 1974) and from the northern

(Chaillac; Ziserman, 1980) and southeastern parts

(Albigeois area, Munoz et al., 1999) of the French

Massif Central. Thus, complementary vein material

was sampled in outcropping granites: fluorite veinlets

in the La Marche peraluminous granites in the north-

ern Limousin basement (Bernardan–Cote Moreau

area), and dolomite veins from the Margnac–Peny

area in the peraluminous granite of St Sylvestre (see

Fig. 1; Fourcade et al., 2002 for location). At Cote

Moreau, fluorite occurs as yellow euhedral crystals of

millimetre size, deposited on a thin hematite-bearing

quartz comb. At Peny, centimetre-sized monocrystals

of pink dolomite are observed in fracture fillings,

without any other minerals.

In addition, the Chaillac fluorite–barite veins

(located at the unconformity on the northern edge of

the Limousin area; Ziserman, 1980) were also con-

sidered as formed under similar conditions (see

below). In Chaillac, the main stage of fluorite depo-

sition produced a yellow to brown amber fluorite

followed by grey fluorite, barite and pyrite.

3. Fluid characteristics

3.1. Analytical techniques

Among the population of veins infillings identified

as produced during the brines circulation event on the

basis of morphology and mineral parageneses (Vienne

granitoids), a few samples were selected for micro-

thermometric, Raman, crush-leach and D/H studies of

fluid inclusions, as well as representative samples

from northern Limousin area (Table 1).

Such samples, very typical and big enough to allow

combined analyses (in most cases), are rare especially

quartz. To confirm that these samples pertain to the

group of brines-derived minerals isotopically defined

in Fourcade et al. (2002), they were also analyzed for

y
18O and y

13C (Table 2) with the methodologies

described in this companion paper.

3.1.1. Microthermometry and Raman analyses

Microthermometric studies of the fluid inclusions

were performed on wafers using a Chaixmeca heat-

ing–freezing stage (Poty et al., 1976). The stage was

calibrated with melting-point standards at T>25jC

and with natural and synthetic fluid inclusions at

T < 0 jC. The rate of heating was monitored in order

to obtain an accuracy of F 0.2jC during freezing,

F 1jC when heating above 25jC. For microthermo-

metric data, abbreviations are used as follows: Te:

temperature of ice—first melting; Tm ice/hy: final
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Table 2

Ranges, mode in parenthesis and number of measurements (n) of microthermometric data

Location Mineral Sample number Tm ice (jC) Th (jC) yD (y18O/y13C)

Vienne Quartz CIV 1019 � 14, � 27.6 (� 22); n = 23 75, 130 (90/110); n = 8 � 46

Quartz CHA 1052 � 9, � 11.7; n = 6 n.d.

Quartz CHA 8805 � 12.2, � 22.6; n = 5 101, 120 (100/110); n= 5

Dolomite CIV 00667 n.d. n.d. (26.4/� 9.7)

Dolomite CIV 1068 � 24.9, � 26.3 (� 25.5); n = 5 88.5, 95.2 (90); n = 6

Dolomite CIV 1019 B � 21, � 26.7 (� 25.7); n = 9 90.6, 113.5 (110); n = 9 � 19 (27.3/� 8.8)

Dolomite CHA 5646 n.d. n.d. � 40 (28.7/� 13.4)

Dolomite CHA 8598 n.d. n.d. � 21 (25.9/� 10.7)

Dolomite CHA 8602 n.d. n.d. (26.4/� 10.0)

Dolomite CHA 8606 n.d. n.d. � 28 (26.6/� 9.9)

Fluorite CIV 1016 � 15, � 18 (� 16); n = 4 87, 102.7 (90); n = 4

Fluorite CHA 2421 � 14.5, � 22.6; n = 4 86.5, 95.1 (90); n = 13

Calcite CIV 671 � 11.9, � 25.1 (� 19.5); n = 8 64, 102 (70; 100); n = 9 � 28 (23.8/� 10.9)

Barite CHA 8594 � 6, � 16.8; n = 11 84, 116 (110); n = 6

North Western Massif Central

Chaillac Fluorite C1 � 3.8, � 9.8; n = 6 78, 120 (110); n = 6

C2 � 7.3, � 19.4; n = 12 90, 116 (110); n = 11

C4 � 18.1, � 19.4; n = 7 95, 120 (105); n = 7

Cote Moreau Fluorite P284L110 � 18.4, � 18.7; n = 6 95, 100 (100); n = 5

Peny Dolomite 1051 E17b � 19.7, � 30.2; n = 5 109, 133 (110/130); n = 6 (27.8/� 7.5)

yD values measured on fluid inclusions contained in quartz and carbonates are given together with (in parenthesis) the O and C isotopic

compositions which identify them as minerals crystallised from the brines (see text for explanations).

n.d.: Not determined.

Table 1

Samples investigated in the microthermometric study, with host rock type and predominant alteration type

Drilling number Sample number Depth (m) Host rock Mineral succession

Vienne

CIV 102 CIV 00667 206.5 Quartz tonalite adularia–dolomite–barite–pyrite

CIV 102 CIV 671 227.02/227.18 Tonalite calcite

CIV 107 CIV 1016 253.7/254 Quartz monzodiorite fluorite–pyrite–chalcopyrite

CIV 107 CIV 1019 347.02/347.7 Microdiorite quartz–pyrite–dolomite

CHA 106 CHA 1052 491.8/491.9 Monzogranite quartz

CHA 106 CIV 1068 585.7/586.04 Fracture dolerite-polyphased dolomite–barite

CHA 108 CHA 2421 243.10/243.2 Quartz monzodiorite fluorite–pyrite–barite–chalcopyrite

CHA 212 CHA 5646 607.2/607.6 Tonalite adularia–dolomite–barite

CHA 212 CHA 8594 728.5/728.65 Tonalite dolomite–barite–chalcopyrite–pyrite

CHA 212 CHA 8602 892.3/892.5 Tonalite adularia–dolomite–pyrite

CHA 212 CHA 8606 800.00 Tonalite dolomite–barite–pyrite

CHA 212 CHA 8598 855.5/855.8 Fine-grained granite dolomite–pyrite–barite–galena–calcite

CHA 312 CHA 8805 115.25 Sedimentary cover quartz in cavity

North Western Massif Central

Chaillac C1 Detrital series—Hettangian Yellow to brown fluorite–bariteF pyrite

C2 Detrital series—Hettangian Yellow to brown fluorite–bariteF pyrite

C4 Detrital series—Hettangian Yellow to brown fluorite–bariteF pyrite

Cote Moreau P284L110 Peraluminous granite quartz– (hematite)–yellow fluorite

Peny 1051 E17b Peraluminous granite Pink dolomite in fracture

The mineral studied for fluid inclusion is indicated in bold.
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melting temperature of ice or an undefined hydrate;

Th (L�V): total homogenization temperature (L +V

to liquid or L +V to vapour). Chlorinity was ana-

lyzed in individual fluid inclusions in quartz by

Raman spectroscopy, using a DILOR LABRAM

Raman spectrometer at CREGU, Nancy following

the methodology described in Dubessy et al. (2002).

However, as the method could not be applied to fluid

inclusions in carbonates, due to fluorescence, and

fluids are dominated by sodium chloride (Na repre-

sents more than 80% of the cationic charge; see

results below), chlorinity was also estimated in such

instances using microthermometric data and the

equation from Bodnar (1993) for the H2O–NaCl

system.

3.1.2. Crush-leach analyses

Bulk crush-leach analysis was performed on sam-

ples of quartz, calcite, dolomite, barite and fluorite.

Samples were prepared and cleaned using the methods

of Banks et al. (2000). The amount of sample crushed

was typically between 0.5 and 1 g. Analysis of anions

Cl, Br, I, F and SO4 was performed by ion chromatog-

raphy on double distilled water leaches. Na and K were

determined on the same solutions by flame emission

spectroscopy (FES). Ca was not analyzed in series of

leachates because most minerals are Ca carriers.

Therefore, calcium was estimated from laser-induced

breakdown spectroscopy (LIBS, Fabre et al., 1999).

The major cations and anions in the fluid inclusions

have been calculated in mmol/kg of solution and are

discussed in the text in terms of molar ratios.

3.1.3. D/H ratios of fluid inclusions

yD of fluid inclusions was measured directly on FI

populations, using standard procedures as described

by Fallick et al. (1987) in the Scottish Universities

Research and Reactor Centre (SURRC). The uncer-

tainties on hydrogen isotope ratio are 2x.

3.2. Microthermometry and Raman results

Similar data were obtained from the analyzed

minerals from the Vienne site and the deposits of

the northwestern Massif Central. The fluid does not

contain any detectable CO2 (undetected by Raman).

Within the zoned quartz crystals, primary fluid inclu-

sions are distributed along the growth zones. They are

generally small (V 10 Am) and irregular. Dolomite,

fluorite and calcite contain two-phase aqueous inclu-

sions of variable size (up to 20 Am), generally flat and

irregular in shape. We stress the point that fluid

inclusion planes (FIP) in the host rocks (Vienne

plutonites) never contain this type of high-salinity

fluids. This could indicate that no FIP developed in

quartz in the host granitoids during the stage of brine

circulation either because this event was not accom-

panied by fracturing, or because the temperature was

too low for quartz healing.

Microthermometry and Raman microprobe inves-

tigations show the existence of a single dominant fluid

type (H2O–NaCl–KCl–CaCl2FMgCl2) in all pri-

mary fluid inclusions from all the minerals of the

infilling sequence. The first melting temperature, as

low as � 50 jC, is diagnostic of the presence of

CaCl2 (and possibly MgCl2; Crawford, 1981) in

addition to NaCl. Two-phase fluid inclusions were

found in all the minerals of the infilling sequence and

show a range of final melting temperatures of a solid

from � 12 jC (and some values up to � 6 jC for the

Vienne barite, and � 3.8 jC for the Chaillac fluorite)

to � 27.6 jC (iceF hydrohalite melting) (Table 2).

Most meltings observed in dolomite and quartz fluid

inclusions are between � 16 and � 27 jC but cannot

be determined unequivocally as corresponding to the

melting of ice or hydrohalite, even with the support of

Raman spectroscopy. For this reason, the chlorinity of

the inclusions has been determined by Raman spec-

troscopy using the calibration curves from Dubessy et

al. (2002). This could only be done on quartz because,

for other minerals, fluorescence made the measure-

ments impossible. For inclusions showing a melting

of a solid around � 27 jC (sample CIV 1019), the

measured chlorinity is around 5.2 mol/kg solution,

i.e., slightly lower than the maximal estimate expected

below halite saturation (5.6 mol/kg solution). As the

Na–Ca content is dominated by Na (Na/Ca = 4F 1,

Na/K>5.5; see data below), a maximal estimate of the

chlorinity was obtained by considering the micro-

thermometric measurements and the H2O–NaCl sys-

tem. In spite of a probable slight overestimation,

chlorinities are considered to range from 3.3 to 5.5

mol/kg solution.

Homogenization temperatures are between 75 and

130 jC for quartz and slightly lower for dolomite

(90–115 jC), barite (85–115 jC), fluorite (85–100
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jC) and calcite (65–100 jC) (Fig. 2 and Table 2).

Because inclusions homogenize into the liquid state,

the minimum fluid pressure prevailing during this

stage (estimated using the method of the fluid vapour

pressure at the homogenization temperature in the

H2O–NaCl system) can be as low as 10–20 bars.

The lack of evidence for boiling, however, suggests

that pressure was higher but probably did not exceed a

few hundred bars (see Discussion).

3.3. Fluid chemistry

The reconstructed fluid chemistry calculated from

crush-leach analyses and using the average salinity

deduced from microthermometry and Raman spectro-

scopy is reported in Table 3. Average salinities are

evidently lower than the maximum estimates for

inclusions showing the lowest Tm ice but are likely

more realistic for the bulk population of inclusions

analyzed by the crush-leach technique. The maximum

salinity of these brines is around 5.5 mol Cl/kg

solution, close to the halite saturation. Microthermo-

metric data show that fluid inclusions display a

significant range in salinity (3.3 to 5.5 mol Cl/kg

solution), from near halite saturation down to lower

salinities more typical of brackish waters.

The dominant anion in the fluids analyzed is Cl,

and there is a significant amount of SO4 in some

samples (quartz, dolomite). Major cations are Na and

K. The presence of Ca, deduced from the micro-

thermometric measurements, is confirmed by the

LIBS data. The major cation ratios are the followings:

Na/K ratios of 5.5 to 40 and Na/Li ratios of 20 to 600

(Fig. 3). Na/Ca ratios are estimated to be around 3 to 5

from LIBS measurements. Mg is probably also

present as the brines precipitate predominantly dolo-

mite, but at a content which was not compatible with

its determination by LIBS (therefore, at a content

much lower than Ca).

Na/K and Na/Li ratios indicate that the brines

studied have similar compositions as those of sedi-

mentary brines, especially two groups of data reported

in the literature: the hotest brines (114–121 jC) from

the Mississippi salt dome basin (Na/K from 11 to 20,

Fig. 2. Tm ice vs. Th diagram of aqueous fluid inclusions.
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Na/Li from 223 to 356, Kharaka et al., 1987), and a

part of the brines reported for Mississipi oil fields

(Carpenter et al., 1974). The Na/Li ratios are remark-

ably consistent with those expected at temperatures

from 100 to 150 jC, using the Fournier (1979) and

Fouillac and Michard (1981) geothermometers

Table 3

Reconstructed composition (in mmol/kg solution) of fluid inclusions from crush-leach analyses

Location Sample Mineral Na K Li Cl Br F SO4 I

Vienne CIV 01019C Quartz 1383 144 47 3068 14 185 234 0.0012

CHA 1052 Quartz 2014 74 30 1989 3 6 146

CHA 8805 Quartz 3267 136 169 3931 2

CIV 00667 Dolomite 1678 158 5 2688 5 76 441

CHA 1068 Dolomite 2332 61 5 3857 4 27 24 0.0006

CIV 01019A Dolomite 1782 322 27 2988 15 79 3224

CIV 01019B Dolomite 1565 102 4 3897 17 0.0014

CHA 5646 Dolomite 1583 79 3 3408 16 42 1354

CHA 8602 Dolomite 2275 59 4 3534 8 104

CIV 1016 Fluorite 1941 134 4 3316 5 3

CHA 02421 Fluorite 1897 126 6 3926 4

CIV 00671 Calcite 2180 70 7 3911 8 10 0.0037

CHA 8594 Barite 1399 269 13 3424 14 0.0056

North Western Massif Central

Chaillac C1 Fluorite 1353 100 1738 3 19

C2 Fluorite 2141 105 3495 21 18

C3 Fluorite 2637 97 3446 9 47

C4 Fluorite 2512 73 3684 10 3

Cote Moreau P284L110 Fluorite 1656 537 33 2512 2 423

Peny 1051 E17a Dolomite 2368 82 4 3810 12 27 31

1051 E17b Dolomite 1358 73 2 3642 22 8 89

Fig. 3. Na/K–Na/Li ratios of fluids determined from crush-leach analyses. Full line = seawater evaporation trend from Fontes and Matray

(1993). B: bischofite, C: carnallite, S: sylvite, E: epsomite. Dotted line: temperature estimation deduced from the geothermometric cation

relationships (Verma and Santoyo, 1997).
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revised by Verma and Santoyo (1997). The Na/K ratio

plots between the geothermometric curve and the

seawater trend. The evolution in the Na/K ratio, from

that expected after halite saturation towards that

predicted for fluids equilibrated at 100–150 jC with

crystalline rocks, could indicate either a progressive

chemical change due to water–rock (plutonic rocks)

interactions, or a Na/K ratio typical of the brine (see

Discussion). Some data are quite distinct and espe-

cially enriched in Li, yielding low Na/Li ratios.

In the Na vs. Cl and K vs. Cl diagrams (Fig. 4A

and B), data plot below and at the left side of the

seawater evaporation curve, respectively. The large

range of chlorinities could be representative of the

following. (i) A series of fluids sampled during the

progressive evaporation of a brine having passed

gypsum saturation and in the way of reaching halite

saturation (primary origin of the brine with no sub-

sequent changes). There are, however, several contra-

dictions with such a model, especially the fact that

Fig. 4. Na vs. Cl (A) and K vs. Cl (B) diagrams of the composition of the fluids determined from crush-leach analyses. Full line = seawater

evaporation trend from Fontes and Matray (1993). SW: seawater, G: gypsum, H: halite, E: epsomite, S: sylvite, C: carnallite, B: bischofite.
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seawater evaporation cannot produce such a range of

Cl/Br ratios when halite saturation is not reached (see

paragraph below), and that Na content is too low for a

given chlorinity compared to that expected by the first

part of the seawater curve (increasing Na content up to

the halite saturation). (ii) A mixing between a brine

having passed halite saturation (evolved brines),

therefore with potentially a large range of Na/K, and

Fig. 5. Cl/Br vs. Cl diagram of the composition of the fluids determined from crush-leach analyses. Full line = seawater evaporation trend from

Fontes and Matray (1993). SW: seawater, G: gypsum, H: halite, E: epsomite, S: sylvite, C: carnallite.

Fig. 6. Na/Br vs. Cl/Br diagram of the composition of the fluids determined from crush-leach analyses. Full line = seawater evaporation trend

from Fontes and Matray (1993). SW: seawater, H: halite, E: epsomite, S: sylvite.
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Cl/Br ratios at nearly constant chlorinity (4300 mmol/

kg solution) and a fluid of low salinity. Dilution is,

therefore, the most likely process, as shown by the

dashed lines from Fig. 4A. The degree of mixing with

fluids having a salinity lower or equal to seawater is

estimated using a Cl vs. Br diagram, following

method of Connolly et al. (1990) to range from 20%

to 70%.

The halogens Cl, Br and, to a lesser degree, I can

be used to distinguish sources of fluid (Bohlke and

Irwin, 1992) because they display a conservative

behaviour in solution and are relatively unaffected

by fluid–rock interactions (Banks et al., 1991). Br

contents range between 2 and 22 mmol/kg solution

and I between 0.0006 and 0.0056 mmol/kg solution.

Br/Cl (log Br/Cl from � 2.2 to � 3) and I/Cl ratios

(log I/Cl from � 5.8 to � 6.8) are typical of deep

basinal brines. In the Cl/Br vs. Cl diagram (Fig. 5), the

composition of the brines lies mainly below the sea-

water evaporation curve (Fontes and Matray, 1993)

with Cl/Br typical of brines which reached saturation

with respect to halite. The lower Cl content is inter-

preted to be due to the dilution of the primary brine as

discussed above. The Cl/Br vs. Na/Br plot (Fig. 6),

shows that most data plot around the seawater trend

and are significantly distinct from that determined by

simple halite dissolution (ratio 1:1). In addition, most

Na/Br and Cl/Br values (Fig. 6) are lower than those

of seawater, as are most inclusions found in evaporite

halite (Horita et al., 1991; Kesler et al., 1996). The I

contents are rather low and typical of fluids originat-

ing from seawater evaporation and noticeably lower

than the I content of brines derived from halite

dissolution or of oil field brines which are enriched

in I due to its release from organic matter.

In conclusion, the present data suggest that the

stage II fluids studied are primary brines expelled

from evaporites, brines that subsequently underwent

Fig. 7. yD and y
18O values of fluids (symbols) associated with fractures infillings of the Charroux–Civray site and with mineralised sites at

Poitou (northwestern edge of the French Massif Central). Also represented are the compositional fields of some representative fluids (organic

waters from Sheppard and Charef, 1986, Basinal fluids from Sheppard, 1984, 1986: GC=Gulf Coast; C =California; M=Michigan) as well as a

typical seawater evaporation trends [after Knauth and Beeunas, 1986; Pierre, 1989, initial evaporation under humid conditions (curve no. 1)

under arid conditions (no. 2), evaporation curve (no. 3) from Pierre et al., 1984], present-day waters sampled in Vienne boreholes from Michelot

(1999), Zn-mineralised sites of Peyrebrune [southeastern edge of the Aquitaine Basin (after Munoz et al., 1995, 1999)], and Canadian shield

brines from Frape and Fritz (1987).
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dilution processes in the zones where the minerals

crystallized.

3.4. Stable isotopic compositions

Measured fluid inclusion yD values range between

� 19x and � 50x (Table 2) and discriminate the

Poitou and northern Limousin mineralizing fluids

from those associated with similar mineralization

events at the southeastern edge of the Aquitaine Basin

(Fig. 7). For a mean temperature of 100 jC, the y
18O

of the fluid supposed to have been in equilibrium

with carbonates is found to be 6.7F 2.0x(1r 28)

(see companion paper, Fourcade et al., 2002), a value

comparable to that obtained with the same method of

calculation on the set of samples selected for yD

analysis: 6.6F 1.8x(1r 5) and to that obtained

from coexisting quartz: 6.4xand 7.8x(Fourcade

et al., 2002). Note that we excluded quartz sample

CIV 1019 from that calculation because this sample is

geometrically associated with an older quartz in the

same host fracture and we suspect that the mechanical

Fig. 8. Simplified geological map of the Aquitaine Basin, with location of the boundary of the presence of halite, gypsum in Lower Lias series

(Hettangian) from Curnelle and Dubois (1986), and main occurrences of Pb–Zn–F–Ba occurrences located in Lias or the Hercynian basement.

A: basement; B: limit of anhydrite; C: limit of halite; D: present limit after erosion; E: F–Ba (Pb–Zn) deposits; F: Studied sites, 1—Charroux–

Civray, 2—Chaillac, 3—Cote-Moreau, 4—Peny.
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extraction could have produced a composite sample

(y18O of the older quartz may be as low as + 5.1x,

Fourcade et al., 2002).

Thus, in a yD/y18O diagram, our brines plot in a

sector in which compositions of metamorphic, dia-

genetic fluids and present-day basinal brines overlap

(Fig. 7). On the basis of both the y
18O and the yD

values, these fluids cannot be pristine marine waters.

Such isotopic signatures may be those of fluids

derived from deep and relatively high-temperature

environments (metamorphic fluids, see Fig. 8), but

such a source is difficult to conceive in the geo-

dynamic context at the time of mineral precipitation

and with the geometry of the fluid flow (see below).

Neither they correspond to fluids (of any primary

origin) equilibrated at low temperatures (100–150

jC) with the basement lithologies (such as the local

granitoids themselves) under low fluid/rock ratios

because such fluids would have had much lower

oxygen isotopic values (i.e., y
18O in the range of

� 3xto � 8xif equilibrated with a granitic feld-

spar with a y
18O value of 8x). They cannot repre-

sent seawater, isotopically modified by evaporation,

because yD values are too low for the estimated y
18O

range (see the evaporation trends in Fig. 7). Unfortu-

nately, we do not have access to the direct isotopic

signatures of both O and H in fluid samples, that of O

being estimated indirectly from that of whole quartz

sample with large temperature (then fractionation)

uncertainties. Consequently, we cannot evaluate the

possible existence of a correlation between y
18O and

yD values, which could be helpful in order to

discriminate equilibration vs. evaporation vs. mixing

processes (generally characterized by different slopes

in the yD y
18O diagram). Like many examples of

basinal brines, the isotopic compositions of the highly

saline fluids are likely the result of several processes,

including evaporation and mixing (e.g., Knauth and

Beeunas, 1986), combined with the interaction of the

fluids with 18O-enriched sediments at temperatures of

100 to 150 jC (e.g., Taylor, 1987; Kyser and Kerrich,

1990 and references therein). It is noteworthy that the

homogeneously low y
13C values of brines carbonates

exclude marine limestones (including the thin carbo-

nate series locally overlying the ‘‘Poitou High’’) as

the recharge source of brines carbon. Such values

were acquired by reworking a stock of ancient

‘‘metamorphic’’ carbonate already present in the

granitoids (see Fourcade et al., 2002, companion

paper). This indicates that the preferential travelling

medium for the brines was the basement rocks

themselves and likely its most permeable upper levels

located underneath the sedimentary cover (variably

altered granitoids and their thin siliclastic cover).

4. Discussion

4.1. Salt source

The solutions are primary brines, resulting from the

evaporation of seawater, which evolved chemically

during their interaction with the Hercynian basement

and the siliclastic infra-Liassic formations. The neigh-

bouring Aquitaine Basin is the most obvious large-

scale reservoir of evaporated fluids due to the pres-

ence of thick evaporite sequences. Like the Paris

Basin, the Aquitaine Basin contains two levels of

marine salts (Fig. 8): (i) the first one is located at

the base of the sedimentary pile which formed during

an initial phase of rifting (275 to 205 Ma, late

Triassic), i.e., the so-called ‘‘Salifère inférieur’’ (Cur-

nelle, 1983); (ii) the second one is present in the infra-

Toarcian sequence, more precisely within the Hettan-

gian series which occurs in the Charroux–Civray area

(some of the studied drillings crosscut such levels).

There, the evaporitic horizons are characterized by

anhydrite nodules, precipitated in the supratidal zone,

and by breccias with cavities resulting from salt or

sulfate dissolution. The Hettangian rhythmic evaporite

sequence, which is overlain by Sinemurian platform

carbonates (Curnelle, 1983), may be thick (c 900 m)

in some parts of the basin (SW part of the Aquitaine

Basin). The primary brines present in the area studied

were thus probably derived from these Hettangian

evaporitic series, which have a wide extension at the

base of the Aquitaine Basin including its northern

part.

4.2. Style of fluid migration

The high fluid temperatures obtained indicate that

the fluid flow took place in the infra-Toarcian palaeo-

aquifer, at greater depths than today (present depth is

100 to 900 m). Because the estimated minimum

amount of denudation ranges between 500 and 1000
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m, this locates the depth of circulation at more than

600 and up to 1900 m. The homogeneity of the

mineralogical sequence, laterally over tens of kilo-

metres and vertically over more than 800 m below the

unconformity, indicates mineral precipitation during a

major fluid event that did not reiterate. In this respect,

the lack of mutual crosscutting relationships among

the fracture infillings is very significant. The similar-

ities between fracture minerals in the Vienne gran-

itoids and those from most F–Ba–Pb–Zn mineralized

faults all around the Aquitaine Basin, especially the

Poitou area (Fig. 8), argue for a brines circulation

extending over large distances, similar to that

described in most Mississipi Valley-type deposits

(Viets and Leach, 1990). From this feature, we infer

that the migration of fluids was controlled by two

driving forces as follows.

(i) Subhorizontal migration along the unconform-

ity, in relation with pressure–temperature gradients.

Thus, the easiest way brines issued from deeper parts

in the Aquitaine Basin could have reached the upper

part of the series (the ‘‘Poitou High’’), travelling at

the basement/basin boundary during the expulsion

associated with the maximum burial (Figs. 8 and 9).

The lack of mineralized fractures above the Toarcian

could indicate that the fluid migration did not occur

through the shales which constitute a thick and rather

low permeability formation over a huge area (cap

rock). Sandstones and conglomerates from the infra-

Toarcian formations acted as aquifers, as well as the

first hundreds of metres of the basement which

underwent superficial decompression (generalized

opening of preexisting joints) and alteration during

emersion.

(ii) Downward penetration of brines in fractured

zones in relation with faults, a process which favoured

fluid mixing. It is worth noting that zones character-

ized by sizeable Pb–Zn–Ba–F deposits are fre-

quently associated with horsts and major faults in

the basement [mineralized Alloué–Ambernac fault,

SE of the Charroux–Civray area; Pb deposit in Melle,

located on a horst of granite (Lougnon et al., 1974);

F–Ba Chaillac deposit related to a deep subvertical

fault zone (Ziserman, 1980)]. Similar processes have

also been described for base metal-mineralizing brines

in Cornwall (Gleeson et al., 2001) and in Pb–Zn

deposits in the Variscides of Belgium (Heijlen et al.,

2001).

Fig. 9. Schematic model of the hydrothermal circulations within the Charroux–Civray plutonic complex at the unconformity surface. 1—

Tertiary cover; 2—Mesozoic limestones; 3—Impermeable shales, Toarcian formation; 4—Basal siliciclastic series and dolomites, Infra Lias;

5—Basal siliciclastic series; 6—Weathered basement (palaeosurface with supergene oxidised facies); 7—Granitoids (hercynian basement).
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The relatively high temperature of the mineral

deposition, at such a rather shallow level, and the

subisothermal character of the mixing event suggest

that the recharge diluting fluids were distinct of those

generally expected from a shallow-seated granite

aquifer, and had probably a temperature close to that

of the brines. This implies that the general flow

pattern which was a lateral migration of brines at

the basement–sedimentary cover interface was locally

interfering with ascending low-salinity hot fluids

involved in convective cells focused on horst fault

systems. Such a situation is typically examplified in

the Rhine graben since the Oligocene (Person and

Garven, 1992; Pauwels et al., 1993). There, the fluid

movements are long lived (15 Ma) and result in the

filling of open fractures with similar mineral assemb-

lages (quartz, barite, carbonate) (Komninou and Yard-

ley, 1997) like in the Vienne granitoids.

4.3. Dating brine migration

The age of brines circulation is not precisely

known. The ‘‘post-rift’’ period, which lasted until

Upper Jurassic, is dominated by thermal subsidence

(Brunet, 1983). The maximum compaction in that part

of the basin may have occurred during or slightly after

the Barremian (Middle Cretaceous; Brunet, 1983).

Over a long period, the evolution of the Aquitaine

Basin can be explained in terms of crustal stretching

and lithospheric thinning. The optimum epochs for

fluid circulation were likely the extension periods,

when the geothermal gradient was high. In the

absence of absolute dating of the fractures, we spec-

ulate that this fluid flow could have occurred during

either of the following.

(a) The Lias–Dogger: Indirect dating of the max-

imal age of the process was given by K–Ar ages

obtained on the finest fractions of clays sampled

within fractures of the Vienne granitoids, fractures

that have experienced the brines episode (ages are

younger than 160–170 Ma, Cathelineau et al., sub-

mitted for publication); the most significant exten-

sional episode occurred at the Lias–Dogger transition,

around 180 Ma ago (Bonhomme, 1982; Curnelle and

Dubois, 1986). Coeval with this extension, a signifi-

cant hydrothermal event is recorded at several sites in

the southern Massif Central (Leveque et al., 1988;

Lancelot and Vella, 1989; Respault et al., 1991). This

hypothesis is faced to a serious restriction. Indeed,

during this period, the thickness of the sedimentary

rocks around the ‘‘Poitou High’’ was no more than

200–300 m, and the temperature at the level of the

unconformity could not have exceeded a few tens of

degrees (30–40 jC at maximum). In such a context,

long-distance migration of fluids, in complete thermal

disequilibrium (ca. 100 jC), at the basin–basement

boundary, i.e., in a cold aquifer, without significant

cooling, is difficult to conceive. In addition, active

faults at the time of fluid migration were not likely

formed or reactivated during Jurassic, a period char-

acterized by little tectonic activity (F. Guillocheau,

personal communication).

(b) The Oxfordian–Kimmeridgian (ca. 145 Ma) or

(c) the Barremian–Aptian intervals (ca. 110 Ma),

which also coincide with new rifting episodes (Bru-

net, 1983), especially the Gascogne Gulf rifting, and

major geodynamic events at the crustal scale (litho-

spheric flexure, F. Guillocheau, personal communica-

tion). A K–Ar date of 112 Ma was obtained on one

sample of adularia extracted from a fracture infilling

in the Vienne granitoids (Cheilletz et al., 1997).

Although the thickness of the sedimentary sequence

at that time is debated in the Poitou High, more than 6

km of sediments were deposited in the SW Aquitaine

Basin at that time. This situation was also very

favourable for the release of hot fluids (c 180 jC

with a thermal gradient of 30 jC/km). Reactivation

and formation of basement fractures are likely during

this stage of extensional tectonics as no significant

deformation is known during the Jurassic). Faulting

and abnormal thermal gradients could also explain the

specific location of F–Ba–(Pb–Zn) deposits around

basement faults and horsts, and the ascending move-

ments of hot recharge fluids.

4.4. Fluid mixing and fracture sealing

The extreme efficiency of the sealing process can

be attributed to the following.

(i) A major interaction between brines and the

shallow part of the granitoids weathered during emer-

sion, with a redistribution of the stock of ancient

carbonates disseminated in the plutonites (Fourcade

et al., 2002, companion paper) and the local extraction

of Ba and F from weathered feldspars and biotite

(F amphibole), respectively. Actually, the fact that
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carbonates in the host granites were somewhat remo-

bilized argues that the small-scale permeability was

not negligible at the time scale of the sealing event. It

also indicates that part of the material filling the

fractures in granitoids had a local provenance.

(ii) An efficient mechanism of mineral precipita-

tion. The mixing of two fluids having different salin-

ities (a dilute and a saline end-member) is likely the

key factor that promoted precipitation of the dolomite/

fluorite (F sulphide) association as modelled by

Azaroual and Fouillac (1999) in the Paris Basin.

According to these authors, mixing of brines with

only 10% of dilute water is able to explain a signifi-

cant amount of mineral precipitation and reproduces

the mineral crystallization sequence observed in the

studied case. Dilute recharge waters have probably

been significantly heated at depth through interaction

with deeper rocks to produce temperatures similar to

that of brines.

Most of the fluid flow was accommodated by

faults and macroscopic (cm-wide, dm-to-m-long)

fractures and not by microfractures. Because no

brines were significantly trapped as fluid inclusions

in the host rocks (no healing of quartz micro-

cracks), this indicates either that: (i) the conditions

allowing an efficient trapping of fluids in rock-

forming minerals (quartz) were not matched; or/and

possibly (ii) the intrinsic permeability of basement

rocks in the volumes located between drains was

rather small.

4.5. Consequence of the paleofluid migration event on

the present-day water chemistry

In the Vienne granitoids, 75% of the present-day

sealed fractures can be considered as fractures that

were opened (or reopened if formed earlier during

Hercynian stages) and (re-)sealed during the Mesozoic

event. The chemical consequence of brine migration

was the introduction of F, Ba, Cl into the basement

and also of a stock of chlorine in the rocks micro-

porosity, preserved as brines inclusions in the minerals

and halite crystals in the microporosity as a result of

evaporation during sampling. This has three main

consequences concerning the hydrological behaviour

of fractured granitoid rocks. (i) The discovery of

saline (up to 10 g salt/kg solution; Matray et al.,

1997) present-day groundwaters at depth in the

Vienne granitic rocks (>400 m below the unconform-

ity) may be explained by a contribution of the

Mesozoic brines (up to 300 g salt/kg solution) still

preserved in the plutonic rocks to the chemical budget

of this present-day deep aquifer. This explanation is

an alternative to that proposed by Casanova et al.

(2001), who invoked the preservation of marine water

within the granitoids since the Mesozoic. (ii) The

preservation of some of the Mesozoic stock of chlor-

ine within the basement demonstrates that some rock

volumes were preserved from washing effects by the

recharge meteoric waters and had, for long periods of

time, a limited connection with more transmissive

faults and shallower aquifers around the unconform-

ity. (iii) Parts of these relatively close systems were,

nevertheless, accessible to remobilization. Indeed, in

the conductive faults, the present-day maximum sal-

inity (around 10 g salt/kg) is at least 30 times lower

than that of the brines, which implies a large dilution.

The rather complex hydrological behaviour of that

fractured basement rocks is consistent with results

presented in the companion paper (Fourcade et al.,

2002), which called for a limited, but recurrent,

reworking through time of a still more ancient (Her-

cynian) stock of soluble material, i.e., basement trace

carbonate. Concerning the stock of chlorine, however,

we do not know whether the diluting waters pene-

trated the basement continuously since the Creta-

ceous, or during specific stages.

5. Conclusions

The pattern of palaeofluid circulations during the

major sealing Mesozoic event in the northern part

of the Aquitaine Basin is twofold with (i) a major

system of laterally migrating brines at the granite–

sedimentary cover interface, where both the sand-

stones and the upper part of the (granitic) basement

had a high permeability (a property acquired for the

basement through weathering during the emersion

period); (ii) local convective cells (rooted at least at

800-m depth) involving low-salinity fluids (presum-

ably surface-derived) as well as brines, and centred

on horst fault systems. This picture is inferred from

a series of similar fracture sealings found down to

800 m below the cover/basement interface (maximal

depth reached by drillings), which indicates that the
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brines likely penetrated downwards at least to this

depth, into the basement, through dense sets of

connected macrofractures. Mixing of the brines with

the low-salinity fluids likely infiltrated from

emerged zones and heated up at depth to temper-

atures of 100–110 jC (150 jC on the basis of

cation geothermometry) was mostly responsible for

the efficient sealing process.

Extensional movements, probably Cretaceous in

age, related to the Gascogne Gulf rifting could be

considered at the cause of the most significant fluid

migration at the basement/cover interface and pres-

ently observed all along the margins of the French

Massif Central, where erosion led this interface to

crop out. This conclusion is strongly suggested by

the similarity of paragenetic sequences, fluid chem-

istry and geometrical characteristics of all the Pb–

Zn (F–Ba) deposits known at the western Massif

Central margin (from the Atlantic coast in Sables

d’Olonne down to the Albigeois area). We consider

these discrete or major mineral deposition sites are

witnesses of a major fluid dynamic event at the

scale of the Aquitaine Basin, the age of which has

to be precisely determined.

Unraveling the origin of chloride in aquifers as

well as the evolution of its concentration are important

clues in understanding the behaviour of fluids in

fractured basement rocks. In the present example,

possibly representative of many basement rocks

located beneath a sedimentary cover, the past fluid

circulation revealed by studying the fracture infillings

enlights some past behaviour of the rocks system as

well as explains some of the present-day chemistry of

deep-seated aquifers. More precisely, the brines cir-

culation was found to be efficient in reducing the

present-day basement porosity at depths larger than

400 m below the basement/cover interface. The

present data also show that the microporosity of some

rock volumes may be somewhat connected to the

network of conductive fractures, while some other

parts may be relatively isolated and retain soluble

material since periods of time which are of the order

of tens of Ma. These conclusions are of interest

concerning the monitoring of fracture networks in

the hot dry rock projects (for instance, the injection

tests in the Soultz granites, Rhine graben), or the

prediction of water chemistry in deep low-permeabil-

ity aquifers from basement rocks, such as those

investigated for deep waste-disposal geological labo-

ratories.
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J. Sci. ANDRA, Poitiers, p. 30 (abstract VH.9).

Michelot, J.L., 1999. Les eaux du système granitique de la Vienne:
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