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Abstract. Scheelite-bearing calc-silicate gneisses (CSG) 
occur in the Montagne Noire within a series of dominant 
micaschists. Detailed petrographical and mineralogical 
studies reveal three successive stages of metamorphism 
and hydrothermal alteration: (1) stage 1, a regional meta- 
morphism at 550 ~ and 4.5 kb where no mineralization is 
formed; (2) stage 2a, a hydrothermal alteration at 500 to 
450 ~ and 4 to 3 kb which is characterized by an intense 
sericitization of feldpars and deposition of Sn in Sn- 
bearing calc-silicates; and (3) stage 2b, a hydrothermal 
alteration characterized by the crystallization of idocrase- 
grossular in CSG with concomittant precipitation of 
scheelite. Tungsten was transported through the micasch- 
ist environment and deposited as scheelite only in the 
CSG of stage 2b at relatively low pressures. To character- 
ize the mechanism of tungsten transport, tungsten speci- 
ation at high P-T and scheelite solubility in aqueous 
solutions buffered by the CSG and by the micaschists 
assemblages were calculated. It was found that H2WO ~ 
HWO2 and WO 2- are the dominant tungsten aqueous 
species in H20-NaC1 (one molal) solutions at 500 ~ and 
2-4 kb. Calculations also indicate that scheelite deposi- 
tion is controlled by decreasing pressure and increasing 
activity of aqueous calcium in this system. This is con- 
sistent with the petrographical and mineralogical observa- 
tions. The consequences of the presence of volatiles (N2, 
CH4, CO2) in the regional fluids were examined by 
determining the effect of N 2 on tungsten speciation and 
scheelite solubility. The addition of N 2 (up to 10 tool %) 
to the mineralizing fluids results in a marked increase in 
H2WO ~ and HWO 2 concentrations relative to WO 2- 
and in a large decrease of scheelite solubility. This mech- 
anism favours scheelite precipitation and accounts for the 
commonly observed association of W (and Sn) deposits 
with graphitic series generating mixed volatiles fluids. 

Introduction 

Tungsten concentrations commonly occur as stratiform 
scheelite (CaWO4)-bearing calc-silicate gneisses (CSG) 
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within series of schists and aluminous gneisses and do not 
show any direct connection with granitic plutonism. 
These tungsten concentrations have been interpreted as 
being of sedimentary-exhalative origin (Boyer and Routh- 
ier 1974; Plimer 1980, 1987; Fulp and Renshaw 1985; Ririe 
1989; see also a detailed review by Cheilletz 1988). How- 
ever, detailed petrological and geochemical studies have 
demonstrated that in most cases the host CSG has been 
metasomatized by reactions with infiltrating fluids and 
that the tungsten concentrations were closely related to 
this metamorphic-hydrothermal episode (Tweto 1960; 
Derr6 et al. 1982; Cheilletz 1983; Zahm 1987; De Smedt 
and Sonnet 1988; Gibert et al. 1988, Gibert et al. 1989). 
This petrological interpretation implies that tungsten 
would have been transported by fluids circulating through 
aluminous rocks and deposited as scheelite in the calc- 
silicate gneisses under metamorphic conditions. 

A priori it is likely that a major cause for scheelite 
precipitation is the increase of calcium activity resulting 
from the chemical equilibration of the mineralizing fluid 
with the CSG host rocks, however, other physical and 
chemical parameters could also play an important role in 
scheelite deposition. For example, scheelite solubility in 
aqueous solutions of NaC1 falls by a factor of 4-5 when 
temperature decreases from 450 to 300~ and it also 
decreases when NaC1 concentration is reduced (see de- 
tailed calculations in Rafal'skiy et al. 1984). Pressure is 
probably another important parameter controlling 
scheelite deposition. However, to the best of our know- 
ledge, it has never been investigated. In addition, micro- 
thermometric studies and Raman spectroscopy analyses 
of fluid inclusions have shown that W-Sn mineralizing 
fluids often exhibit relatively high concentrations of non- 
polar volatiles such as CO2, CH4 and N 2 (Dubessy et al. 
1987) whose effect on transport and deposition of tungsten 
has never been quantified. 

A detailed petrological and mineralogical study was 
carried out to determine the P-T-Xco 2 conditions of 
crystallization for the successive stages of the meta- 
morphic/hydrothermal history and the chemical composi- 
tions of the aqueous solutions in equilibrium with the 
different parageneses. Using these data various calcu- 
lations were performed to evaluate the respective roles of 
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tempera ture ,  pressure  and fluid compos i t ion ,  including 
n o n p o l a r  volat i le  content ,  on the t r anspor t  of tungsten 
and  its depos i t ion  as scheelite. The  purpose  of this pape r  is 
to descr ibe the role of  different physical  and  chemical  
pa rame te r s  on the t r anspo r t  and  depos i t ion  of tungsten by 
focusing on the example  of the W-Sn  bear ing  C S G  of  the 
M o n t a g n e  Noire.  

Regional geological setting 

The Montagne Noire is located at the southern edge of the Massif 
Central and is comprised of three main tectonic units: the northern 
slope, the southern slope and the Axial Zone (sensu lato) (Fig. 1; 
Thoral 1935; G6ze 1949). 

The northern and the southern slopes of the Montagne Noire 
consist of epimetamorphic Paleozoic rocks. The southern slope is 
composed of allochtonous units separated from the Axial Zone 
(sensu lato) basement by a major thrust fault formed during the 
Hercynian phase of deformation D1 (recumbent isoclinal folding: 
Arthaud 1970)�9 The D2 deformation (upright refolding) is syn- 
chronous with the uplift of the Axial Zone (sensu lato). 

The Axial Zone (sensu lato) is comprised of two distinct litho- 
logical units (Demange 1982): (1) a basement composed of orthog- 
neisses and migmatites with some interlayers of paragneisses (here- 
after referred to as the Axial Zone), and (2) its cover, composed of 
medium-grade metamorphic rocks, mainly porphyroblastic schists 
and metagreywackes with some graphitic schists, quartzites and 
calc-silicate bearing gneisses (hereafter referred to as the Schistes X) 
which are probably Cambro-Ordovician in age. These rocks are 
characterized by a polyphased metamorphic history with two major 
stages (Demange 1982, 1985)�9 The first stage is a metamorphism of 
intermediate- to low-pressure type and related to the D1 deforma- 

tion. The second stage is a low pressure type metamorphism, 
concomitant with the uplift of the orthogneissic dome. 

Calc-silicate gneisses occur within two different structural units 
of the Montagne Noire. The first occurs within the Axial Zone in 
association with paragneisses levels. The second, which contains 
most of the mineralized CSG (up to 1% W and 2000 ppm Sn), and 
thus the bulk of the W and Sn in this system, is located in the lower 
part of the "Schistes X" series. The CSG are observed along seventy 
kilometers (from Cabard~s to Lamalou, Fig. 1) as stratiform lenticu- 
lar levels (0.x m thick) interlayered with staurolite-garnet micaschists 
and black schists. 

Two generations of pegmatitic veins are observed in the Schistes 
X series. The older ones, which are sub-horizontal (post Dl-ante 
D2), usually contain cassiterite (up to 3000 ppm of Sn). The second 
generation (post D2) is sub-vertical and does not contain cassiterite. 
Cassiterite has also been discovered in a quartz-tourmaline sub- 
vertical vein structure (post D2; Gibert 1991). No significant W 
mineralization has been observed in these pegmatitic veins. 

The lack of connection between the W (Sn) mineralized CSG and 
any granitic stock, as well as the large extension of the CSG bodies, 
have been previously interpreted as evidence for a sedimentary- 
exhalative origin of the tungsten anomalies (Boyer and Routhier 
1974). 

Petrology and mineralogy of the calc-silicate gneisses 

Two main stages of crystallization have been identified in the calc- 
silicate gneisses of the Schistes X series (Gibert 199l). 

Stage 1. regional metamorphism 

The earliest preserved crystallization stage (1) results from the 
regional metamorphism and is characterized by a main paragenesis 
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Fig. 1. Geological sketch map of the Montagne Noire 1: Migmatites 
and orthogneisses; 2: Hercynian granites; 3: deformed Hercynian 
granites; 4: Cambro-Ordovician (southern slope); 5: Cambro-Silur- 

ian (northern slope); 6: Devonian (southern slope); 7: Cambrian; 
8: Stephanian 



Table 1. Mineral assemblages, pressures, temperatures and mole 
fractions of CO2 characteristic of the different stages of meta- 
morphism and alteration of the calc-silicate gneisses 

Main stage of Late metamorphism 
metamorphism hydrothermal alteration 
Stage 1 Stage 2a Stage 2b 

Clinopyroxene Sericite Idocrase 
(Hd45-50) Cpx (Hd40-50) Grossular 

Plagioclase (An90) Czo (Psl0, Sn) Czo (Psl5, Sn) 
K-Feldspar Titanite Scheelite 
Clinozoisite (Psl0) (12% A1203, Sn) Fluorite 
Titanite Malayaite Sericite 

(2% A1203) Quartz Quartz 
Quartz Plagioclase (An40) {Plagioclase} 

{K-Feldspar} {Cpx} 

4.5 kb, 550 ~ 4 kb, 500 ~ 2 kb, 500 ~ 
XCO2 < 0.16 to 3 kb, 450 ~ XCO2 < 0.01 

XCO2 < 0.03 

Abbreviations: Cpx = Clinopyroxene; H d =  Hedenbergite; An 
= Anorthite; Ps = Pistacite; Czo = Clinozoisite; {relic mineral} 

consisting of clinozoisite, clinopyroxene, plagioclase, K-feldspar, 
quartz, and titanite. Clinozoisite is the most widespread of the CSG 
minerals in the Schistes X series. Its composition is close to Ps 10 (see 
abbreviations in Table 1). Thin section observations suggest that, in 
this stage, clinozoisite is in equilibrium with K-feldspar and calcic 
plagioclase (An90). Clinopyroxene composition does not vary signi- 
ficantly (Di45-Hd55). The proportion of quartz is quite variable, but 
it is always present in the CSG. Titanite is also frequently encoun- 
tered in these rocks and exhibits low AI20 3 concentrations (2 to 
4 wt%). The CSG of the Axial Zone show a similar mineralogical 
association except that epidote is replaced by a Na-K pargasite. 

Stage 2, hydrothermal alteration event 

The first stage of crystallization is followed by an important hy- 
drothermal alteration of stage 1 minerals. It comprises two separate 
episodes. The first (stage 2a) is a retrograde process characterized by 
an intense sericitization of the feldspars and the crystallization of Sn- 
bearing calc-silicates (Table 1).Titanite formed at this stage contains 
up to 12 wt% A1203 (42 tool % of vuagnatite and fluor-vuagnatite) 
and is chemically homogeneous (Gibert et al. 1990). The second 
episode of hydrothermal alteration (stage 2b) is characterized by the 
overgrowth of porphyroblastic idocrase and grossular +_ clinozois- 
ite (Table 1). Some of these idocrase grossular-bearing rocks show 
relatively high calcium concentrations (Fig. 2; Table 2, analyses M 16 
and 13BM) due to carbonate-rich precursors or to addition of Ca in 
the course of the alteration. This stage ended or was followed by a 
minor stage of fluorite crystallization. The W mineralization, as 
scheelite, occurs only at stage 2b. 

Whole-rock geochemistry 

Numerous chemical analyses (major and trace elements) of the 
different metamorphic rocks have been carried out to determine the 
nature of the protoliths and to quantitatively characterize the 
metasomatic alteration (Gibert et al. 1988; Gibert 1991). These 
studies indicate that stage 1 CSG originated from isochemical 
metamorphism of calcareous pelites and sandstones, the composi- 
tion of which was consistent with that of the whole series (see Fig. 2 
and Table 2). A geochemical comparison with the northern slope of 
the Montagne Noire suggests that the Schistes X series should be the 
stratigraphical equivalent, at higher metamorphic conditions, of the 
lower Cambrian "black schists f'ormation" (Caleffi et al. 1988). In 
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Fig. 2. ACF plot of the different rock and mineral compositions. 
Squares and hexagons represent the micaschists and the marbles, 
respectively. Diamonds, crosses and triangles represent stage 1, stage 
2a and stage 2b CSG, respectively. Microprobe analyses of the 
minerals plot in the grey areas 

addition, it has been shown that stage 2 CSG resulted from the 
metasomatic alteration of the stage 1 CSG through an intense 
leaching of alkalis (stage 2a; see Table 2 and Fig. 2) and a small 
addition of A1 (stage 2b). Note that no traces of this alteration 
episode can be found in the CSG of the Axial Zone. 

Another important feature is the absence of W (Sn) anomalies in 
the CSG of stage 1 found in the Schistes X series or in the Axial Zone 
( < 6 ppm) as well as in the surrounding rocks ( < 4 ppm in para- 
gneisses, micaschists and black schists). In addition to the petrogra- 
phical observations this demonstrates that the Sn-W mineralizations 
in the CSG of the Montagne Noire did not originate from exhalative 
sedimentary processes, but were formed during the second stage of 
metamorphism. 

P- T-X conditions 

The P-T-Xco 2 conditions of metamorphism and hydrothermal 
alteration can be constrained from phase mineral equilibria using 
the internally-consistent thermodynamic data set of Berman (1988), 
and the Geo-Calc computer program (Berman et al. 1987; Brown et 
al. 1989). In the calculations, the actual mineral compositions ob- 
tained from microprobe analyses were taken into account within the 
framework of the following solid solution models. The activities of 
epidote and clinozoisite in the epidote solid solution and activity of 
grossular in garnet were calculated according to equations and 
parameters reported by Bird and Helgeson (1980). The activities of 
anorthite and albite in plagioclase were computed using the Newton 
et al. (1981) model. Muscovite activity in white mica was obtained 
using the ideal site mixing model (Powell 1978). The activities of the 
end-members in clinopyroxene, titanite and K-feldspar were esti- 
mated to be equal to their mole fraction. The activities of H20 and 
CO2 in H20-CO 2 mixtures were calculated using the Redlich 
Kwong equation modified by Kerrick and Jacobs (1981). 

The maximum temperature reached during stage 1 was estim- 
ated by applying garnet-biotite geothermometers to the "Schistes X" 
micaschists surrounding the CSG. A temperature of about 550 ~ 
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Table 2. Chemical analyses representative of the micaschists and of the different calc-silicate gneisses. Major oxides in percent; minor 
elements in ppm; LOI = loss on ignition 

Micaschists Calc-silicates gneisses 
Stage 1 Stage 2a Stage 2b 

X24 38 333 L17A E4 13BS El0  K27 KI 1 21 K6 M16 13BM 

SiO 2 59.09 62.86 63.94 62.06 54.48 53.84 57.52 57.65 56.66 55.53 56.76 43.70 39.08 
AI/O 3 18.63 17.55 18.34 11.97 16.74 12.77 12.98 14.64 16.48 16.37 17.55 18.75 17.03 
Fe20 3 6.96 5.93 4.95 4.11 6.58 6.75 5.87 5.03 5,07 6.24 4.79 3.97 3.87 
MnO 0.05 0.09 0.03 0.05 0.11 0.09 0.20 0.15 0.09 0.11 0.11 0.17 0.12 
MgO 3.12 2.02 2.00 3.92 3.10 5.05 4.27 3.59 2.84 3.02 2.07 2.82 2.49 
CaO 0.61 1.02 0.39 9.73 12.63 14.73 12.25 11,10 11.85 13.95 12.75 26.10 30.18 
NazO 1.43 2.16 0.82 2.18 1.05 1.97 0.63 0.76 2.45 1.82 1.33 0.70 0.90 
K 2 0  5.66 3.75 4.13 3.37 2.34 1.68 2.32 3.18 1.03 1.18 1.29 1.39 0.74 
TiO/  0.92 0.86 0.98 0.50 0.76 0.81 0.70 0.69 0.56 0.82 0.65 0.36 0.26 
PzO5 0.25 0.30 0.45 0.20 0.22 0.49 0.92 0.32 0.38 0.35 0.25 0.22 0.45 
LOI 2.5 2.19 4.38 1.48 1.19 1.25 2.06 2.53 2.21 0.80 2.08 2.04 4.57 
Total 99.22 98.73 100.41 99.57 99.20 99.43 99.72 99.64 99.62 100.19 99.63 100.22 99,69 

Ba 548 594 1002 649 472 1709 127 356 229 413 88 288 257 
Be - 1 - 15 - 16 16 - 51 181 97 
Co 13 15 12 30 27 26 27 30 30 35 30 9 20 
Cr 99 91 115 58 95 155 88 97 82 105 89 51 86 
Cu 11 171 20 > 10 22 14 > 10 13 20 62 29 > 10 > 10 
Nb - - 30 15 23 14 30 30 - 30 10 5 
Ni 35 43 38 30 58 93 62 47 53 64 31 20 27 
Rb 209 129 136 108 78 68 91 128 46 41 53 51 37 
Sc 11 - 22 14 14 - 16 10 14 
Sr 217 164 47 525 764 2787 429 493 826 1354 703 583 947 
V 205 129 141 79 141 169 151 202 108 147 155 115 273 
Y - - 28 32 40 51 32 55 - 36 20 25 
Zn - - - 69 0 190 0 87 68 - 79 91 123 
Zr - - 248 160 173 188 200 158 206 89 54 
W 3 2 2 2 5 3 13 13 3 7 443 3400 9700 
Sn - 5 7 - 239 134 86 554 1276 530 

Major oxides and elements Ba to Zr analyzed in Centre de Recherches P&rographiques et G6ochimiques (Nancy) by ICP. W and Sn analyzed 
in Laboratoire de G6ochimie (Toulouse) by colorimetry and atomic absorption, respectively. 

was obtained using several geothermometers (Indares and Mar- 7 
tignole 1985; Perchuck and Lavrent'eva, 1983; Hoinkes 1986). Fig- 
ure 3 shows the calculated P-Xco2 section for the system Ca-A1-Si- 
K-Ti-O-H-C at T = 550 ~ The reactions (1) to (25) considered in 
Figs. 3 and 4 are given in Table 3. The reactions delimiting the 6 
stability field of stage 1 mineral assemblage are (abbreviations as in 
Table 3): 5 

2Zo + CO2 = Cc + 3An + H 20  (12) 

aQz + 2Cc + An = Gr  + 2CO2 (4) 

2Zo + 2aQz + Ms = 4An + Kfs + 2H20  (14) 4 

It can be seen that total pressure (3.3 kb < P < 5 kb) and Xco 2 
(0 < Xco 2 < 0.16) are constrained by the observed mineral assem- ~ 3. 
blage. However, the actual pressure was probably near the upper 
limit of this range (4.5-5 kb) as indicated by the local occurrence of 
kyanite in the region (Bouchardon et al. 1979; Demange 1982, 1985; 
Demange et al. 1986). These P-T conditions are consistent with the 2 
presence of staurolite, biotite and garnet in the surrounding 
micaschists and with the present interpretation of the Montagne 
Noire geology (Arthaud 1970; Demange 1982). 1. 

The P-T conditions of stage 2a can be seen in Fig. 4. All the 
equilibria involving plagioclases in this P-T diagram were recalcula- 
ted using the activity model of Newton et al. (1981) because there is 
no provision for the calculation of the activity of plagioclase in the 
Geo-Calc program (Berman et al. 1987). As opposed to epidote solid 
solutions where the activity of clinozoisite is only slightly dependent 
on temperature, the activity of anorthite depends heavily on temper- 
ature for the observed plagioclase compositions in stage 2a (An40). 
As a result, the equilibria involving plagioclase becomes more 
dependent on temperature in particular for reaction (12). It can also 
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Fig. 3. Pressure-Xco2 section for the system Si-AI-Ca-K-Ti-O-H-C 
for a temperature of 550 ~ The different equilibria (see listing in 
Table. 3) were calculated for the following activity values of mineral 
end-members: anorthite = 0.86; muscovite = 0.75; titanite = 0.9; 
zoisite ~ 0.7; grossular = 0.85. Conditions of stage 1 of crystalliza- 
tion are given by the shaded  area 



Table 3. List of the reactions considered in Figs. 3 and 4 

1 : Kfs + 6 Zo = Ms + 2Gr + 6An + 2H20  
2: Kfs + 3Cc + 3An + H 2 0  = 2Gr + Ms + 3CO2 
3 : Mrg + 2aQz + 2Zo = 5An + 2H20  
4 : a Q z + 4 Z o = G r + 5 A n + 2 H 2 0  
5 : aQz + 2Cc + An = Gr + 2 C O  2 
6: 2 Z o + 2 R t = A n + M r g + 2 T i t  
7 : C c + M r g + 4 T i t = 4 R t + 2 G r + H 2 0 + C O 2  
8: 2 R t + C c + 2 A n + H z O = M r g + 2 T i t + C O  2 
9: a Q z + G r = A n + 2 W o  

10: G r + C O z = W o + C c + A n  
11: 5Cc + 8Zo = 3Mrg + 6Gr + H 2 0  + 5CO2 
12: 2Zo + CO2 = Cc + 3An + H 2 0  
1 3 : M s + a Q z + T i t = R t + K f s + A n + H 2 0  
14 : 2Zo + 2aQz + Ms = 4An + Kfs + 2H20  
15 : 2Cc + Kfs + 2Zo = Ms + 2Gr + 2 C O  2 
16 : aQz + R t  + 2Zo = Tit + 3An + H 2 0  

17: a Q z + C c = W o + C O  2 
18: 5Cc + 3aQz + 2Zo = 3Gr + H 2 0  + 5CO2 
19: 6Tit + 3Mrg + CO2 = Cc + 6Rt + 4Zo + H 2 0  
20: 4Cc + 3Ms + 6aQz = 2Zo + 3Kfs + 2H20  § 4CO 2 
2 1 : R t + a Q z + C c = T i t + C O 2  
22: Cc + Ms + 2aQz = Kfs + An + H 2 0  § C O  2 
23: 4Zo + 3aQz = 5An + Gr + 2H20  
24: 2Zo + 3aQz + 5Cc = 3Gr + 5CO2 + H 2 0  
25: 5Cc + 3Mrg + 6aQz = 4Zo + H 2 0  + 5CO2 

Assemblages on the left are stable on the high side of the Y-axis 
variable, or the high side of the X-axis variable for vertical reactions. 
Abbreviations: An = Anorthite, Ce = calcite, Zo = Zoisite, Mrg 
= margarite, Wo = wollastonite, Kfs = K feldspar, aQz = quartz 

~, Rt = rutile, Tit = titanite, Ms = muscovite, Gr  = grossular 

v 

375 

1 

400 500  600  700  

Temperature (~ 
Fig. 4. Pressure-temperature section for the system Si-A1-Ca-K- 
O-H-C for Xco2 = 0.02 and for the following activity values of 
mineral end-members: muscovite = 0.75; zoisite = 0.7; grossular 
= 0.85; anorthite = 0.93 at 400 ~ to 0.58 at 700 ~ Equilibria are 

given in Table 3. Curves a and b represent equilibrium (12) for Xco 2 
= 0.03 and Xco ~ = 0.05, respectively. Conditions of stage 2a of 

crystallization are given by the shaded area 

be seen in Fig. 4 that the position of this equilibrium is highly 
dependent on Xco2. Indeed, for zoisite to remain stable during a 
slightly retrograded metamorphism (P decreas!ng from 4.5 to 4 kb, 
for example) Xco2 cannot exceed 0.03 [curve (a) in Fig. 4]. The 
sericitization of feldspar according to reaction (14) is the result of a 
decrease of both temperature and pressure compared to stage 1. As 
margarite [curve (3), Fig. 4 and Table 3] has not been observed in 
the CSG, the P-T-X conditions of stage 2a are given by the grey area 
on Fig. 4; pressures ranging from about 3 to 4 kb and temperature 
from approx. 450 to 500 ~ Note that  these low-to medium-pressure 
conditions are compatible with a high aluminium content in titanite 
(Gibert et al. 1990). 

Stage 2b is characterized by the crystallization of idocrase and 
grossular. It can be seen in Fig. 4 that the formation of grossular 
Ecurves (24) and (5), Table 3] results from an increase of temperature. 
According to the experimental work of Hochella et al. (1982) 
idocrase crystallization requires a very low Xco2, and its association 
with quartz indicates probably a maximum temperature of about  
500~ for Fe-bearing idocrase. Thus, from a similar P-T plot 
calculated for Xco 2 = 0.01 the P-T conditions of stage 2b can be 
estimated to be about  2 kb and 500 ~ 

Fluid compositions 

A systematic study of fluid inclusions has yet to be performed on the 
scheelite deposits of the Schistes X series of the Montagne Noire. 
However, the regional metamorphic fluids from the D6me de 
l'Agout (Axial Zone) and from the Schistes X series are known for 
their high gas content, including a relatively high proportion of 
nitrogen (Kreulen and Schuiling 1982; Bahdi and Moine 1992). For 
example, quartz-andalusite segregations related to the D2 event in 
the micaschists surrounding the CSG exhibit a majority of fluid 
inclusions composed only of C H  4 and N 2. Kreulen and Schuiling 
(1982) proposed a deep-seated source for N2, while Duit et al. (1986) 

suggested that the breakdown of NH2 -bearing micas was the main 
process producing the observed nitrogen. In a neighbouring region 
(D6me de Montredon), a systematic determination of fluid inclu- 
sions compositions and of ammonium concentrations in micas and 
whole-rocks of the lower Cambrian series was performed by Guillot 
(1989). He showed that the dominant  metamorphic fluids are aque- 
ous solutions (about 90 mol %) of relatively low salinity (ca. 1 m 
NaC1) and a gaseous phase. N z (up to 25 mol % of the gas) was 
observed only in the black schists series, which also exhibits rela- 
tively high concentrations of ammonium. This suggests that the N 2 
found in these fluid inclusions originated from primary organic 
compounds and the interaction between fluids and NH+-bearing 
micas (Guillot et al. 1988; Guillot and Moine 1989). Note that the 
gas phase found in similar fluid inclusions in the scheelite bearing 
calc-silicate schists of the D6me de Montredon is composed mainly 
of C H  4 and N2. In general, the regional characteristics of the 
metamorphic fluids are compatible with the mineral associations 
described previously, suggesting low values of Xco_, in the fluid 
phase of the CSG. In addition, it can be inferred that  high concentra- 
tions of N2 and CH4 should have been present in the fluid, especially 
at stage 2 of metamorphism (Bahdi and Moine 1992). In conclusion, 
it can be deduced from petrological and mineralogical studies that 
tungsten was transported within the micaschists and deposited as 
scheelite only in the CSG of the Schistes X series at low-pressure. 

To test whether these conditions are favourable for the transport  
of dissolved tungsten through aluminous rocks (i.e. micaschists) and 
its deposition as scheelite in the CSG, three major problems were 
examined: (1) the speciation of tungsten at about 500 ~ and 2-4 kb 
in HzO-NaC1 solutions; (2) the solubility of scheelite in the CSG and 
in the micaschists; and (3) because of the presence of volatiles 
(specially N2) in the thermal d6me of the Montagne Noire, the effect 
of N 2 o n  tungsten speciation and scheelite solubility. Similar pro- 
cesses are likely to operate for Sn transport and deposition in the Sn- 
bearing calc-silicates of stage 2a. However, it is not yet possible to 
model these processes because of the lack of thermodynamic data on 
the Sn end-members, 
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S ~ c i a t i o n  o f  tungs ten  in H 2 0 - N a C !  so lu t ions  
at  h igh  pressare  and t e m p e r a t u r e  

The aqueous  chemis t ry  of tungsten is simplified by the fact 
tha t  only  W (VI) is s table in most  hyd ro the rma l  fluids. W ~v) 
can become impor t an t  at  very low oxygen fugacity which 
is not  l ikely to be encountered ,  even in the presence of 
g raphi te  ( W o o d  and  Vlassopoulos  1989). The  identif ica- 
t ion of the stable hydrolys is  p roduc t s  of W 6 + is difficult, 
as a result  of slow react ions  in solut ion,  interference f rom 
transient  and  pe rmanen t  prec ip i ta t ion ,  and  because some 
of the s table species with fairly large po lymer ic  ions (W6 
or  W~2) are difficult to characterize.  However ,  in hydro-  
thermal  solut ions  the s i tua t ion  is much s impler  since 
po ly tungs ta tes  domina t e  the spec ia t ion  of  tungsten only 
at low tempera tu re  in acidic, W-enr iched  solut ions  (Wes- 
o lowski  et al. 1984). I t  is general ly  agreed that  at  hydro th -  
ermal  condi t ions  the monomer i c  species are dominan t :  
W O  2 -  in a lkal ine  solutions,  H W O 2  and  H 2 W O  ~ in 
neut ra l  and  acidic solutions.  Several  au thors  have sugges- 
ted the fo rmat ion  of N a - W  complexes  in concen t ra ted  
NaC1 solutions.  In  par t icular ,  W o o d  and Vlassopoulos  
(1989) have po in ted  out  that  N a H W O  ~ or  K H W O  ~ are  
p r o b a b l y  the d o m i n a n t  species in concen t ra ted  solut ions  
of N a O H ,  NaC1 or  KC1. Al though  Bryzgalin (1986) has 
called for the fo rmat ion  of W O 3 C 1 -  in supercr i t ical  NaC1 
and KC1 solutions,  it is unl ikely that  W-C1 complexes  
would  be d o m i n a n t  since, even at  very low pH,  posi t ively 
charged  tungsten species do not  form. This has been 
recent ly conf i rmed by the measurement  of crystal l ine 
WO3 solubi l i ty  in concen t ra ted  solut ions  of HC1 (up to 
5m)  at  500~ and 1 kb  ( W o o d  and Vlassopoulos  1989). 

Assuming  that,  under  m e t a m o r p h i c  condi t ions ,  the W 
d o m i n a n t  species in hyd ro the rma l  fluids are W O  2 - ,  
H W O 2 ,  H 2 W O  ~ and N a H W O  ~ the fol lowing reactions,  

need to be cons idered  to de te rmine  tungsten speciat ion:  

H2WO4 ~ = HWO4 + H + (26) 

HWO4 = WO~- + H + (27) 

NaHWO ~ = HWO 4 + Na + (28) 

Unfo r tuna te ly  no t he rmodyna mic  da t a  on these react ions  
is cur rent ly  avai lable  in the l i te ra ture  at  t empera tu res  
above  300 ~ 

Weso lowsk i  et al. (1984) de te rmined  the equi l ibr ium 
cons tan t  of  reac t ion  (27), K27, to 300~ under  v a p o u r  
pressure from po ten t iomet r i c  t i t ra t ions  in the system Na-  
WO4-C1-H20 .  At  300~ they p r o p o s e d  that  logK27 = 
- 6.89. These au thors  also measured  the appa ren t  dis- 

soc ia t ion  cons tants  Q of react ions  (27) and (26 + 27) 
( H 2 W O ~  2 -  + 2 H  +) at  290~ in 5 .12m NaC1 
aqueous  solutions:  log Q27 = - 4.46 and  log Q(26+27) = 
- 7 . 2 7  (where Q is expressed in mola l i ty  units). F r o m  

these da t a  it follows that  log Qz6 = - 2 . 8 1 .  These da t a  
were used to deduce  a value of K 2 6  using the H K F  mode l  
for act ivi ty  coefficients in NaC1 solut ions  (Helgeson et al. 
1981). The act ivi ty  coefficients for H W O 2  and  H + were 
a p p r o x i m a t e d  to be equal  to those of N a  +. This calcu- 
la t ion led to a value of  log K 2 6  = - - 4 . 3  at 300~ To 
ex t rapo la te  the value of  Kz6 and Kz7 to the condi t ions  of 
p rec ip i ta t ion  of scheelite in the C S G  (up to 550 ~ and 
4.5 kb) we have fol lowed the a p p r o a c h  of F ranck  (1956), 
Marsha l l  and  F r a n c k  (1981) and Ander son  et al. (1991), 
which found l inear  re la t ionships  between the value of 
log K for most  ion assoc ia t ion  react ions  and the logar i thm 
of the densi ty  of  H 2 0 .  The ex t rapo la t ions  were carr ied  out  
by assuming the P-T dependences  of K(H2WO~)  and 
K ( H W O 2 )  are s imilar  to those of K(H2SO4) (Quist  et al. 
1965) and K(CaCI+)  (F ran tz  and  Marsha l l  1982), respect-  
ively. The result ing log(K)  values are repor ted  in Table  4. 

TaMe 4. Dissociation constants and solubility constants (log K) used in the calculations 

300 ~ 500 ~ 
Psat 1 kb 2 kb 4 kb 

(26) H 2 W O  ~ = HWO~ + H + 
(27) HWO 4 = WO~- + H + 
(28) NaHWO ] = Na + + HWO4 
(29) WO3~c) + NaOH ~ = NaHWO ~ 
(30) WO3~c~ + HzO = H2WO ~ 
(31) HzO = H + + OH-  
(32) HC1 ~ = H + + C1- 
(33) NaC1 ~ = Na + + C1- 
(34) Na2C1 + = NaCI ~ + Na + 
(35) NaCI~ = NaC1 ~ + C1- 
(36) NazCl~ = 2Na + + 2C1- 
(37) NaOH ~ = Na + + OH-  
(38) KC1 ~ = K + + CI 
(39) KOH ~ = K + + OH-  
(40) CaCI2 ~ = CaCI + + C1- 
(41) CaCI + = Ca 2+ + C1- 
(42) CaWO4~c ~ = Ca 2 + + WO42- 

- 4.3 
- 6.9 

- 5.5 - 4.2 - 3.42 1 
- 8.1 -- 6.32 - 5.1 1 

0.48 1.28 1.59 2 
1.0 3 

- 2.55 3 
- 11.79 - 10.23 - 9.15 4 

- 3.63 - 2.32 - 1.73 5 
- 2.09 - 1.06 - 0.36 6 
- 0.04 0.42 0.84 7 
- 0.04 0.42 0.84 7 
- 3.47 - 1.80 - 1.28 8 
- 3.16 - 2.25 - 1.9 9 
- 3.13 - 1.54 - 0.82 10 
- 2.26 - 1.68 - 1.33 10 
- 2.75 - 1.64 - 0.89 11 
- 5.31 - 3.53 - 2.32 11 

- 16.28 - 11.95 -- 9.88 12 

1 Data at 300 ~ and Psat are from Wesolowski et al. (1984); other data are extrapolated (see text). 2 Calculated from Wood and Vlassopoulos 
(1989) at 1 kb, and extrapolated for higher pressure (see text). 3 Wood and Vlassopoulos (1989). 4 Marshall and Franck (1981). 5 Sverjensky et 
al. (1991). 6 Quist and Marshall (1968). 70elkers and Helgeson (1990). 80elkers and Helgeson (1992). 9 Extrapolated from Woodland and 
Walther data (1987). 10 Franck (1956). 11 Frantz and Marshall (1981). 12 Calculated using Helgeson et al. (1981), Jackson and Helgeson (1985) 
and Brown and Essene (1985) (see text) 



Wood and Vlassopoulos (1989) deduced that 
N aH W O ~ is the dominant species in concentrated solu- 
tions of NaC1 from solubility measurements of WO3(o) 
performed in alkaline solutions at 500 ~ and 1 kb. As- 
suming that N a H W O  ~ was the only significant tungsten 
species present in these experiments, Wood and Vlasso- 
poulos (1989) calculated a value of log K29 = 1.0 at 500 ~ 
and 1 kb for the reaction: 

w03(c) + NaOH ~ : NaHWO ~ (29) 

In addition, Wood and Vlassopoulos (1989) have derived 
a value of logK3o = - 2.55 for the reaction: 

W03(~) + H20 = H2WO ~ (30) 

from the solubility measurements of WO3(c) carried out at 
500~ in HC1 solutions where H z W O  ~ is the dominant 
species. Combining reactions (26), (29), (30) and the dis- 
sociation reactions of water (31) and of N a O H  ~ (37) yields 
a value of log K28 = 0.48 for the dissociation o f N a H W O  ~ 
at 500 ~ and 1 kb [note that for this calculation a value of 
l o g K 3 7 -  2.31 was taken from Wood and Vlasso- 
poulos (1989) who assumed K37 to be equal to the dis- 
sociation constant of - K (KOH~ K38 in Table 4]. The 
value of log K2s at higher pressure was estimated using 
the "density" approach and assuming the pressure depen- 
dence of K(NaHWO ~ to be similar to that of K(KHSO ~ 
as determined by Quist and Marshall (1966). 

To calculate the distribution of tungsten species as a 
function of pH in NaC1 solutions were considered: H +, 
O H - ,  CI-,  HC1 ~ Na + , NaC1 ~ NaOH ~ WO 2- , H W O 4 ,  
H2WO ~ and N a H W O  ~ Thus, eleven equations are re- 
quired to be solved for determining the solute speciation 
in this system. These equations include the law of mass 
action for the seven corresponding dissociation reactions 
listed in Table 4, charge balance constraints, and mass 
balance equations for sodium and tungsten. The pH in 
this system is varied by modifying C1 concentration. 
Activity coefficients of dissolved species were calculated 
after Helgeson et al. (1981), assuming T 2+ = 72- = 7~ + 
and 3'+ = 3'7 = 3'~a. The solution composition was calcu- 
lated using a Newton-Raphson algorithm, the consistency 
between activity coefficients and the true ionic strength 
being obtained through an iterative method. 

The distribution of W species as a function of pH is 
given in Fig. 5 at T = 500 ~ and P = 2 and 4 kb in a 1 m 
NaC1 aqueous solution, for W total = 10-3m. It can be 
seen in Fig. 5 that the dominant solute species are WO a- 
at 4 kb and W O ] - ,  HWO2 and H2WO ~ at 2 kb. As a 
general rule W O ] -  dominates in alkaline and neutral 
solutions while H W O 2  and H z W O  ~ a re  important only 
in acidic solutions, particularly for the lower pressures. 
For  pH_< 3 at 2kb,  the solution is dominated by 
H / W O  ~ . Additional calculations were carried out taking 
into account the formation of the multi-ion clusters 
Na2C1 +, NaC12- and NazC1 ~ proposed by Oelkers and 
Helgeson (1990, 1992). In 1 m NaC1 solutions it was found 
that the consideration of these clusters had a negligible 
effect on W speciation. It was found that the resulting 
change in solution pH and ionic strength are very small 
(i.e. at 500 ~ and 1 kb for Na = C1 = 1 m, the calculated 
pH shifted only from 5.12 to 5.06 upon consideration of 
NazC1 +, NaC12 and NazCl~ 
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Fig. 5. Speciation of tungsten as a function of pH in NaCI (1 m) 
aqueous solutions for EW= 10 3m, T=500~ and P = 2 k b  
(solid lines) and 4 kb (dashed lines) 
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Fig. 6a, b. Solubility of crystalline WO 3 at 500~ and 1 kb in 
aqueous solutions of a NaOH and b NaC1. Triangles and solid lines 
represent the experimental data of Wood and Vlassopoulos (1989). 
Squares and dashed lines represent the results of our calculations 

The distribution o f N a H W O  ~ was not plotted in Fig. 5 
because its concentration is extremely low (always less 
than 1% of total W), which contradicts the conclusion of 
Wood and Vlassopoulos (1989). Furthermore, the total 
concentration of dissolved tungsten in equilibrium with 
crystalline WO 3 was calculated as a function of N a O H  
concentration, ignoring N a H W O  ~ and using the value of 
log K30 determined by Wood and Vlassopoulos (1989) for 
the dissolution of WO3(o> and the values of the association 
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constants for H2WO ~ H W O 4  and WO 2- given in Table 
4. The good agreement observed between the calculated 
and measured W concentrations (Fig. 6a) demonstrates 
that there is no need to consider N a H W O  ~ to reproduce 
the solubility data. A similar calculation carried out for 
WO3(c) solubility in H20-NaC1 solutions leads to the 
same conclusion (Fig. 6b). The important  role ascribed by 
Wood and Vlassopoulos (1989) to N a H W O  ~ results from 
the fact that they assumed that H2WO ~ was the dominant 
species for the whole range of pH and that they ignored 
the formation of negative charged species in neutral and 
alkaline solutions. As a result, they explained the increase 
of WOa(c) solubility as a function of N a O H  concentration 
through the formation of the N a H W O  ~ complex rather 
than due to an increase of pH favouring the formation of 
WO4 z- ,  along with the decrease of the activity coefficients 
as a function of the ionic strength. The formation in 
alkaline solutions of complexes involving Na + and 
WO42- (i.e. N a H W O  ~ N a W O 2  or Na2WO ~ cannot be 
totally ruled out, however this assumption cannot be 
further investigated from the Wood and Vlassopoulos 
(1989) data, because, for a given N a O H  concentration, 
they did not perform experiments as a function of NaC1 
concentration, which is the only way to separate the effect 
of pH from those due to the possible formation of Na-W 
complexes. In conclusion it appears that WO 2 , H W O 2  
and H2WO4 ~ are the dominant W-bearing aqueous species 
at 500 ~ and 2 and 4 kb. 

Scheelite solubility 

Role of  presssure and host mineral assemblage 

In a solution in chemical equilibrium with the micaschists 
or the CSG assemblage and scheelite the following major 
aqueous species, besides W species, should be taken into 
account: Na  +, N a O H  ~ NaCl ~ K +, K O H  ~ KC1 ~ Ca 2 +, 
CaCI - ,  CaC1 ~ HC1 ~ H +, O H -  and C1 . At a given 
temperature, pressure and C1 molality, the composition of 
the solution is constrained by the mineral assemblage 
which determines the values of the activity ratios 

2 aca2+/aH+, aNa+/aH+, aK+/aH+. 
These ratios can be determined using activity-activity 

diagrams calculated with true mineral compositions. 
For example, Fig. 7 shows a log(aK+/aH+) versus 
log(ac~2+/a2+) plot for minerals corresponding to the 
stage 1 paragenesis at 550 ~ and 4.5 kb. It can be seen 
here that the association Czo(Psl0) + K-Feldspar + An90 
constraints the values of aca2+/a~+ and aK+/an+. Then the 
value of aN,+/aH+ can be calculated from the plagioclase 
composition. Thermodynamic data used for calculation of 
scheelite dissolution constant (K42 in Table 4) were taken 
from Brown and Essene (1985) for CaWO 4, Jackson and 
Hetgeson (1985) for WO 2- and Helgeson et al. (1981) for 
Ca 2+. The fluid compositions in equilibrium with the 
micaschists and the CSG were calculated taking into 
account the activity ratios and the scheelite dissolution 
constant. The results of these calculations are given in 
Table 5 for stage 1 and stage 2b. 

As emphasized already, temperature exerts an import- 
ant control on scheelite solubility. For  example, in the P-T 
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Fig. 7. Plot of log(aK./a H +) as a function of log (ac.~+/a2n.) for the 
mineral assemblage of stage 1 CSG (T = 550~ P = 4.5 kb and 
Xco2 = 0.1). See Table 3 for the significance of the abbreviations 

Table 5. Calculated compositions (molalities) of the aqueous solu- 
tions in equilibrium with the micaschists and CSG assemblages of 
stages 1 and 2b, respectively 

Stage 1 Stage 2b 
Micaschists CSG Micaschists CSG 

aCa 2 +/a2H + 5.95 6.65 5.48 7.05 
aK+/aH + 4.85 5.11 4.61 4.83 
aNa +~all + 5.20 5.06 4.90 4.96 

OH 1.73 E-03 2.01 E-03 1.27 E-04 1.76 E-04 
H + 2.67 E-06 2.27 E-06 4.00 E-06 2.79 E-06 
CI- 5.84 E-01 5.43 E-01 4.80 E-01 4.29 E-01 
HC1 ~ 3.77 E-05 3.03 E-05 4.63 E-05 3.01 E-05 
Na + 4.23 E-01 2.26 E-01 3.18 E-01 2.54 E-01 
NaC1 ~ 1.76 E-01 1.03 E-01 2.02 E-01 1.51 E-01 
NaOH ~ 1.58 E-02 1.15 E-02 8.32 E-04 9.55 E-05 
K + 1.89 E-01 2.29 E-01 1.63 E-01 1.89 E-01 
KC1 ~ 2.38 E-01 3.48 E-01 3.13 E-01 3.37 E-01 
KOH ~ 1.99 E-03 3.63 E-03 1.15 E-04 1.91 E-04 
Ca 2+ 6.94 E-04 2.19 E-04 5.74 E-05 9.58 E-04 
CaC1 + 3.64 E-04 1.25 E-03 9.08 E-04 1.53 E-02 
CaC1 ~ 6.50 E-04 2.11 E-03 2.14 E-03 3.36 E-02 
WO42- 1.31 E-02 3.05 E-03 2.06 E-04 9.77 E-06 
HWO4 1.95 E-04 4.50 E-05 1.68 E-05 6.23 E-07 
H2WO ~ 2.63 E-07 5.25 E-08 1.23 E-07 3.31 E-09 
NaHWO ~ 5.75 E-08 8.32 E-09 3.24 E-08 1.00 E-10 

Wto~,1 (ppm) 2440 570 41.06 1.91 

range of interest (450-550 ~ and 2-4.5 kb) its solubility 
decreases by approximately one order of magnitude as the 
temperature is lowered 100~ at constant pressure, 
chlorinity and rock composition. However, the most  strik- 
ing characteristic of scheelite deposition in the Montagne 
Noire is that it occurred at a relatively low-pressure. 
Figure 8 illustrates scheelite solubility as a function of 



pressure for two mineral assemblages typical of the 
micaschists (Qz, Kfs, Ms, Anl5) and CSG of stage 1 [Qz, 
Czo (Psl0), An90, Kfs] [note that below 3 kb the associ- 
ation of An90 and Czo (Psl0) is no longer stable and that 
clinozoisite is replaced by grossular]. It can be seen in Fig. 
8 that decreasing pressure strongly favours scheelite pre- 
cipitation and that solutions equilibrated with the 
micaschists (curve A) accommodate higher W concentra- 
tions than those in equilibrium with the calc-silicate gneis- 
ses (curve B). Note also that the ratio (R) between these 
two concentrations at a given pressure, is relatively low 
and remains constant (R = 4) when pressure varies. 

Scheelite solubility is further decreased when the min- 
eralogical variations occurring in the CSG between stage 
1 and 2 (see Table 1) are taken into account (Fig, 9; 
compare Figs. 8 and 9). Furthermore, the ratio (R) in- 
creases from R = 4 for stage 1 paragenesis to about 20 in 
the case of the CSG of stage 2b, where scheelite pre- 
cipitation was observed. Thus, a major reason why scheel- 
ite deposition is restricted to the CSG are the minera- 
logical changes that occur at stage 2b. 
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Fig. 8. Variation of scheelite solubility as a function of pressure at 
550 ~ in solutions in equilibrium with the mineral assemblages. 
Dashed line (A) = micaschists (Qz, Kfs, Ms, Anl5) and solid line (B) 
= stage 1 CSG (Qz, Czo (Psl0), Kfs). R (in the text) denotes the ratio 

between W concentration along (A) and (B) at a given pressure 
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Fig. 9. Variations of scheelite solubility in solutions in equilibrium 
with the micaschists (dashed lines) and with CSG (solid lines) in the 
course of metamorphism and alteration from stage 1 (550 ~ 4.5 kb) 
to stage 2a (450 ~ 3 kb) and stage 2b (500 ~ 2 kb). R has the same 
definition as in Fig. 8 
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Figure 9 also shows that aqueous tungsten concentra- 
tion decreases with increasing chlorinity. Note this trend 
is opposite to that observed in experimental dissolution of 
scheelite in H20-NaC1 solution. By contrast with scheelite 
dissolution experiments in the laboratory, under natural 
conditions the concentration of Ca in solution is con- 
trolled by heterogeneous equilibrium with silicate miner- 
als and increases with increasing C1 molality. Thus, an 
increase in aqueous C1 concentration in natural systems 
results in a decrease of W concentration. 

Speciation o f  tungsten and scheelite solubility 
in H 2 0 - N a C I - N  2 mixtures 

In general, the addition of nonpolar volatiles like N2, 
CH4, and CO2 results in a dramatic decrease of the 
dielectric constant (e) of the solution at a given pressure 
and temperature. For  example, it can be seen in Fig. 10, 
where the dielectric constant of HzO-N 2 mixtures is 
plotted at 500~ and 2 and 4 kb, that the addition of 
15 tool % o f N  2 to water reduces the value ofc  to one half 
of its value, In accord with Coulomb's law and the Born 
equation, this reduction in a changes the interactions 
among dissolved species and between the solvent and 
aqueous species. 

Assuming that the solvent is a dielectric continuum, 
the excess Gibbs free energy of dissolved species in crustal 
fluids (AG*x, ~) can be predicted from (Schott and Dandur- 
and 1987; Walther and Schott 1988; Dandurand and 
Schott 1987, 1992): 

AG*x.i = AG;H.I + AG*r. i 4- AGs*olv, i (43) 

where AG;H,~ accounts for long-range ionic interactions 
(Debye-Hiickel term), and AG*r,~ for short-range inter- 
actions between ions and dipoles of different types (Br6n- 
sted term). * A G~olv ~ is a solvation term which accounts for 
the free energy change associated with removing an ion 
from water and placing it in a different solution (for 

18 

16 

14 

12 

10 

87 

6 

4 

2-  

0.0 0.2 0.4 0.6 

500o C 
~ HzO - Nz 

~ ~ b  
2 kb 

0.'8 i.'0 

N N  2 

Fig, 10. Calculated dielectric constant of H20-N 2 mixtures at 
500 ~ and 2 kb and 4 kb, respectively 



380 

example a mixture of water with a nonpolar  volatile like 
N2). AG*olv, ~ can be expressed by the classical Born (1920) 
equation: 

AG*olv, i = N~ - 1/8~)/2ri (44) 

where N o is the Avogadro number, e the electronic 
charge, Z~ the ionic charge, r~ is the radius of the ion and e 
and ew are the dielectric constants of the solvent mixture 
and HzO, respectively. It  follows from Eq. (43) and the 
definition of the activity coefficient (ln7~ = AG*x, J R T )  
that: 

71 = YoH, i 'Y~.i '7~ol~,i (45) 

The analysis of experimental mineral solubility data 
with Eqs. (43) and (45) indicates that 7~o1,,~ is by far the 
most important  contribution to y~ in solutions containing 
substantial amounts of volatiles or organic compounds 
(Dandurand and Schott 1992; Fein and Walther 1989). 
Thus, solvent-ion or solvent-dipole interactions are likely 
to dominate in crustal fluids containing nonpolar  
volatiles. 

The striking simplicity of the Born model has led to its 
widespread application for prediction of ion/dipole- 
solvent interactions. However, two objections are fre- 
quently raised against the Born treatment of solvation. 
One objection concerns the use of the macroscopic quantity 

(this treatment is particularly questionable in describing 
the immediate vicinity of an ion in solution where strongly 
inhomogeneous fields up to l0 s V/m exist). The second 
concerns the interpretation of the Born radius r~. A de- 
tailed discussion of these limitations is beyond the scope 
of this paper (i.e. see Bucher and Porter 1986 or Dandu-  
rand and Schott 1992 for a thorough discussion of these 
objections). These limitations have been overcome by 
using the "dual solvent region model" developed by 
Abraham and Liszi (1978), and Dandurand and Schott 
(1992) to calculate G* In this model an ion (or a dipole) solv, i" 

of radius r~ is surrounded by an organized solvent layer of 
thickness (b - ri) with a dielectric constant ~ ;  beyond this 
layer exists the bulk solvent, assumed to be a dielectric 
continuum. The thickness of the solvent organized layer 
for most monovalent  cations is estimated to be equal to 
the radius of the water molecule (rH~ o = 1.5 A). Bivalent 
cations are assumed to be surrounded by two layers of 
organized water (b - r~ = 2rmo); also it is assumed that 
these cations retain one water layer when they form 
complex ions or neutral species by contact with anions. In 
agreement with Latimer et al. (1939), it was assumed that 
monovalent  anions are not surrounded by an organized 
solvent layer (b - rz = 0). Within this framework, the free 
energy of solvation of an ion i, * Gso~v,~ can be expressed as 
(Dandurand and Schott 1992): 

G*ol~, / = N~ -- 1)/r i -- (1/8~ -- 1/8)/b)/2 (46) 

where r~ is the ionic crystal radius, e is the dielectric 
constant of the bulk solvent mixture and ~ = 2. 

This model was applied to predict the speciation of 
tungsten and the solubility of scheelite in HzO-NaC1-N 2 
solutions. The H K F  model was used [Eq. (298), p. 1478 in 
Helgeson et al. 1981] to calculate the product "~DH, i'~lsr, i. 
The solvation Gibbs free energy was deduced from Eq. 
(46). Values of 7~ for ions and dipoles used in these 

Table 6. Values of  the con t r i bu t i on  o f s o l v a t i o n  'Ysolv, i to the activity 
coefficient of ions and dipoles in HzO-N2 mixtures (T = 500~ 
P = 2 kb) 

ri(A) N u m b e r  of  b (A) log 7i 
H20 layers 5% N 2 10% N 2 

H + - 1 1.6 a 0.63 1.36 
N a  + 0.97 1 2.47 0.41 0.88 
K + 1.33 1 2.83 0.36 0.77 
Ca 2 + 0.99 2 3.99 1.02 2.18 
e l -  1.81 0 1.81 0.56 1.20 
O H -  1.40 b 0 1.40 0.73 1.55 
W O  2 1.89 c 1 d 3.39 1.20 2.57 
H W O s  2.30 c 1 3.80 0.27 0.57 
CaC1 + - 1 4.30 023 0.51 
H 2 W O  ~ - 0 2.30 0.07 0.15 
NaHWO ~ - 0 3.28 0.05 0. l 1 
NaC1 ~ - 0 2.78 0.06 0.13 
NaOH ~ - 0 2.37 0.07 0.15 
KC1 ~ 0 3.12 0.05 0.11 
KOH ~ - 0 2.73 0.06 0.13 
CaCl ~ - 1 4.66 0.03 0.07 
HC1 ~ 0 2.01 0.08 0.17 

Crystal radii (ri) are from Pauling unless noted otherwise. 
Approximated to the radius of H20; b from Shock and Helgeson 

(1988); c calculated in this study from the crystal radii of W 6+ and 
O 2 -; a the bivalent anion, WO 2-, was assumed to be surrounded by 
one layer of solvent 

calculations are listed in Table 6. The dielectric constants 
of HzO-NaC1 (1 m)-N2 mixtures were assumed to be 
equal to those of H z O - N  2 mixtures because, at this con- 
centration, NaC1 has little effect on e (Walther and Schott 
1988). Following the approach of Looyenga (1965), the 
dielectric constant of mixtures of water with other vola- 
tiles was obtained using a truncated Taylor expansion for 
the volume of mixing and the dielectric constant of the 
end-members: 
~,, = [ ~ / 3  + ~w(8~/3 _ 8~/3)] (47) 

where the subscripts v and w stand for the pure nonpolar  
volatile and H 2 0  respectively, and dO is the volume frac- 
tion in the mixture. @w in H 2 0 - N  2 mixtures was obtained 
from a modified Redlich-Kwong equation (Holloway 
1977, 1981; Flowers 1979). The dielectric constants of pure 
H 2 0  and N 2 were calculated from the Kirkwood (1939) 
equation given by: 

(28 + 1)(8 - 1)/98 = (4rcN~ + ~tZg/3kT)  (48) 

where 9 and M are the density and molecular weight of 
the pure fluid, respectively; k is the Boltzmann constant 
and T is temperature in K; a and bt are the molecular 
polarizability and dipole moment,  respectively and q, the 
"Kirkwood orientation factor", quantifies the local 
ordering between polar molecules in the fluid phase. 
Values of g for pure H i O  w e r e  obtained from equations 
and parameters reported by Pitzer (1983), whereas, be- 
cause it = 0, a value of 9 is not necessary for the calcu- 
lation of the dielectric constant of N 2. Values of a and it 
were obtained from B6ttcher et al. (1973). Densities of N2 
were computed using the Redlich-Kwong equation. Cal- 
culated e values for H 2 0 - N  2 mixtures at 500 ~ and 2 and 
4 kb are shown in Fig. 10. 

The addition of a nonpolar  volatile like N2 to ore- 
forming hydrothermal solutions has two main conse- 



1 0 0  

8o 

6 0 -  

~: 4 0 -  

20- 

o 
3 

H~W04 W042- 

"", n w o 4 -  

[Wt]=10-am 

"Y"(/ '"?-,, 500~ 2 k b  

," ', / ",. X .=O 
/ \ , 

3 4 5 6 7 
pH 

100  

80 

6o 
o 

4O 

Q eo 
o 

0 

b 

H2W04 W04 a- 

"., Hwo,- 

5 / \ \  

3 4 5 6 7 
pH 

1 0 0  - 

8 0 -  

60- 
o 

4O 

Q eo 
o 

0 
2 

C 

H2W04 
.... .. ~,--u4- 

\ / " ,  
\ 

\ / 

\ / 

i 
\ 1  

X N ~ = 0 . 1  /, 

, " " '  /W04 , \\ 2-- 

,,'/ \\\\ ~/ /* /  
.... -'" _ N a.I!. 

.... ) J - ~ - )  
4 5 6 7 

pH 

Fig. l l a - e .  Calcula ted d is t r ibut ion of tungs ten  species as a funct ion 
of pH  in HzO-N2-NaC1 (1 m) mixtures  at 500 ~ and  2 kb and  for 
Z W  = 10-3 m. a XN2 -: 0; b XN~ = 0.05; e XN2 : 0.1 

quences: (1) a modification of the distribution of metal 
aqueous species as a result of changes of their apparent 
association constants and (2) a decrease of the solubility of 
minerals because of the increase of activity coefficients. 
The consequences of these factors can be seen in Fig. 11 
which shows the computed distribution of tungsten 
among aqueous species as a function of pH at 500 ~ and 
2 kb for N 2 mole fractions ranging between 0 and 0.1. For  
a solution with a pH of approx. 4.5 to 6.5, the addition of 
N 2 results in a marked increase in H2WO ~ and H W O 2  
concentrations relative to WO 2 . The relative decrease of 
WO4 z-  becomes more important at lower pHs and higher 
N 2 concentrations. One might expect the relative increase 
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of H W O 2  and H 2 W O  ~ t o  favour W transport in hy- 
drothermal solutions where m W O ] -  is controlled by 
scheelite solubility. However, calculation of scheelite solu- 
bility for two likely values of aca> in equlibrium with 
micaschists (log ac~ . . . .  6) and calc-silicate rocks (log- 
aca . . . .  4.5) indicates that this generally is not the case 
(Fig. 12), as the increase of W O ] -  activity coefficient due 
to the addition of N2 often dominates the effects of the 
changes in the distribution of W aqueous species. Thus, 
the addition of N 2 results in a significant decrease in 
scheelite solubility, favouring its precipitation. In addi- 
tion, this effect is less significant in acidic conditions where 
the contribution of WO 2- to W-total becomes negligible. 
Furthermore, scheelite solubility does not change signific- 
antly when XN, increases from 0.05 to 0.1 at a pH of 5.5-6. 
Note that incorporation of triple and quadruple NaCI 
clusters has a negligible effect on tungsten distribution 
even at 10 tool % of N 2. This solubility decrease is of the 
same order of magnitude as the corresponding decrease in 
portlandite solubility with increasing Ar concentration in 
HzO-Ar mixtures at 500~ and 2 kb measured by Fein 
and Walter 1989 (for XAr = 0.1 they found a decrease of 
the molality of calcium by a factor of 5). 

Conclusions 

The observations and calculations summarized here leave 
little doubt that large amounts of tungsten (up to a few 
thousand ppm) can be accommodated by aqueous solu- 
tions circulating within a micaschist or a CSG environ- 
ment at high P-T conditions (i.e. 550~ and 4.5 kb). 
However, such concentrations are generally not observed 
because of the relatively low quantities of tungsten which 
are available in the source rocks. For example, the W- 
content of the micaschists in the Montagne Noire is about 
3-4 ppm. This regional concentration probably corres- 
ponds to the original sedimentary concentration as estab- 
lished on the basis of numerous analyses of regional rocks 
at various metamorphic grades (Caleffi et al. 1988; Couil- 
loud 1988; Guillot 1989; Gibert 1991). Assuming micas 
were the main tungsten-bearing minerals, their W-content 
should not exceed 50 ppm and one could expect a maxi- 
mum concentration of about 10 ppm W in equilibrated 
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solutions. Mass balance considerations reveal that  for a 
plausible water/rock ratio during the stage 2b event of 
1000, such hydrothermal  fluids would have precipitated 
3 ppm W as scheelite in the CSG to obtain a concentra-  
tion of 3000 ppm in the mineralized rocks (or 1 ppm W if 
the water/rock ratio = 3000). Thus the W-content  of  the 
mineralizing fluids was probably  between a few ppm and 
10 ppm. The petrological and mineralogical study indi- 
cates that these fluids were undersaturated with respect to 
scheelite in the micaschist environment  but supersatur- 
ated in the CSG. It  can be concluded from the results 
presented that pressures as low as 2000 bar at 500 ~ are 
necessary for scheelite to precipitate only in the GSC (see 
Fig. 9). Under  these conditions, a large solubility contrast  
(about 20) is obtained when the mineralizing solutions 
circulate f rom the micaschists to idocrase- and grossular- 
bearing CSG. 

In addition, these results demonstra te  that the addi- 
tion of nonpola r  volatiles like N2 to the mineralizing 
solutions results in a strong decrease of scheelite solubility 
in the solution p H  range consistent with c o m m o n  meta- 
morphic  assemblages (pH about  5.5-6). The presence of  
such volatiles, by extending the range of P, T and aca2+ 
allowing scheelite precipitation, is thus likely to favour its 
format ion and this might explain the frequent association 
of W (and Sn) deposits with graphitic series generating 
mixed volatiles fluids. Such fluids were present in the CSG 
as well as in the micaschists in the Montagne  Noire  during 
scheelite deposition. In the CSG environment  scheelite 
saturat ion is obtained for low W concentrat ions (about 
2 ppm in aqueous solutions). Thus, the addit ion of vola- 
tiles is likely to enhance scheelite crystallization. As dem- 
onstrated by the field observations, scheelite saturat ion 
was never reached in the micaschist environment.  It thus 
appears that large amounts  of  volatiles were not  present in 
the mineralizing fluids. For  example, the addit ion of only 
5% of N 2 would decrease the solubility of scheelite in the 
micaschists from 40 ppm to less than 3 ppm W. 
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