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Abstract 

Betwceii 1971 and 1986 tlie schcclitc dcposit of Salau, locatcd in the Frcncli IIcrcynian 
Pyrcnccs, produced 930,000 metric toils of ore with 1.50 percent WO3 (13,950 metric tons 
of WOJ). 

Tlic sknrn dcposit is hostcd i n  a Devonian carboiiatc and partly dctrital series intruded by 
a late Carboniferous stock. In thc Devonian scrics (thc lithostratigraphy and gcochcniistry of 
which is described in some detail) a unit of so-called “Barregiennes” (i.e., rythmic altcrnations 
of limestones aiid silts) appcars to be vcry favorablc for cxtcnsivc dcvclopnicnt of sknriis and 
ovcrprinted orcs. 

The Hcrcynian orogeny involved polyphase deformation, regional metamorphism of grcen- 
schist facies, and late intrusions of granitc-granodiorite. Deformation included two coaxial 
stagcs of tight isoclinal folding aiid one importalit later stagc wliich partly controllcd tlic 
intrusion of the granodiorite stock, followcd by three stages of brittle deformation. Ore dc- 
position is rclated to faulting stagcs O aiid 1 and orcbodies are cut into sliccs by stagc 2 rcvcrsc 
faults. 

The Salau intrusion includes various rock types belonging to two slightly different cale 
alkaline trcnds. One of these trcnds, characterized by its low K contents, is unusual in  tlic 
I’yreiices. Tlic local sliapes of tlic intrusion, apophyscs and cmbiiymcnts, arc important coiitrols 
of the orcbodies. 

After isocl1cniic;il contact iiictamorpliisln, thc sk;irns and orcs dcvclopcd i n  two main stagcs 
related to the infiltratiori of two cpitc dilrcrciit types of fluids. During the first stagc ( 5 4 0 O -  
45OoC), anhydrous sknrn formation was followcd by an intcrgraiiular dcvelopinciit of pyr- 
rhotite-sclicelitc-cluartz-calcite i n  ecjuilibriunl with tlic carlicr hcdcnbcrgitc. The resulting 
tungsten grade is unccononiic. The associated fluids, probably of magmatic origin, had a high 
salinity. In tlic sccond stagc (45Oo-35O0C), no new skarii formed; transformations of the 
silicate rocks are obscrved. A first substagc of cpidotization was followcd by thc dcvelopincnt 
of intermediate grossularite-almalidine-spessartitc garnct and finally by tlie main ore stage 
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with scheelite, pyrrhotite, arsenopyrite, and other sulfides with some gold. Two types of fluid 
inclusions are found in this stage; one is similar in composition to the first stage, the other is 
characterized by low salinity and high CO2 and CH, contents. 

Introduction 

THE S a h  mine is located in the central part of the 
French Pyrenees near the spring of the Salat River, 
130 km south of Toulouse, 30 kni south of Saint Gi- 
rons, and 4 km north of the Spanish border (Fig. l). 
The deposit was discovered in 1961 during a regional 
strategic prospection campaign held by the French 
Bureau de Recherches Géologiques et Minières 
(BRCM). Mineralized outcrops are known between 
altitudes of 1,230 and 1,850 m. 

The tungsten ore was exploited by the Société 
Minière d'Anglade from April 1971 to November 
1986. The Salau mine has been the main French 
tungsten producer during this period with a total of 
nearly 930,000 metric tons of ore with 1.50 percent 
WO3 (i.e., -13,950 metric tons WO3). Due to the 
drop in the price of tungsten, mining operation ceased 
in November 1986. At the time of shutdown the 
proved and probable workable reserves were more 
than 160,000 metric tons of ore with nearly 1.75 per- 
cent WO3 (i.e., -2,800 metric tons WO3), and ex- 
tensions of the orebodies at depth were demonstrated. 

The orebodies are located at or near the contact 
between a Hercynian granodioritic intrusive stock 
(the La Fourque stock), and folded and metamor- 
phosed carbonate sedimentary rocks of Silurian and 
Devonian age. Scheelite occurs mainly in skarns 
modified by late hydrothermal processes and partly 
in mylonites inside the granodiorite. The geometry 
of the orebodies is complex and appears controlled 
mainly by irregularities in the intrusive contact and 
faults. 

The present paper is a synthesis of numerous stud- 
ies undertaken 011 the Salau deposit for the last 20 
years since tlie early work by Foiiteilles and Machairas 
(1 968). The most important contributions have been 
by Soler (1977), Derré (1978, 1982), Autran et al. 
(1980), Raimbault (1981), Kaelin (1982), Zahm 
(l987a), Fonteilles et al. (1988), Guy et al. (1988), 
and Krier-Schellen (1988). The present paper is a 
synthesis of these results iiicluding regional geologic 
setting, lithostrati&raphy, and geochemistry of the 
sedimentary country rocks, regional metamorphism, 
folding and brittle deformation, geometry of the in- 
trusive rocks and the orebodies, petrography and 
geochemistry of the intrusive rocks, petrography and 
mineralogy of contact metamorphic, metasomatic, and 
hydrothernwl rocks, P-T-X conditions at the different 
stages of tlie formiition of the deposit, fluid inclusions, 
and stable isotopes. 

Regional Gcologic Sctting 
The Pyrenees are an alpine chain (Upper Creta- 

ceous-Eocene) superimposed on Paleozoic terrains 
with a Precambrian basement, deformed during Her- 
cyiiian orogeny. Alpine deformation of the Paleozoic 
rocks is mostly limited to tlirusting and faulting. 

Pyrcnsuii pro-Hcrcyniun sedinieiitanJ series 
The Pyrenean pre-Hercynian sedimentary series 

are reported as three major Paleozoic sedimentary 
cycles, i n  some cilses concordant but generally sep- 
arated by disconformities on a regional scale and even 
locally by angular unconformities. The Precambrian 
basenient consists of paragneisses (1,569 Ma by the 
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FIG. 1. Geologic map of the Hercynian Pyrenees. Localization of the priiicipal tungsten ore deposits 
and murences  (modified from Autran et al., 1980). 1 = upper Proterozoicbasement, 2 = Cambrian 
and Ordovician. 3 = Silurian, Devonian, and Carboniferous, 4 = Upper Wesphalian Granitoids (with 
the limits of the petrographical types for the composite massives: heavy dots = basic, light dots = acid), 
5 = sknrn scheelite deposits (A) and occurrences (B), 6 = other scheelite occurrences (calcite-quartz- 
scheelite veinlets), 7 = quartz-arsenopyrite-wolframite-gold veins. 
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Nd-Sm method; Ben Othman et al., 1984) intruded 
by late Proterozoic granitoids (now orthogneisses) 
dated at 630 Ma (Rb-Sr method; Vitrac-Michard and 
Allègre, 1975). The Cambrian-Lower Ordovician 
sedimentary cycle began with a platform volcano- 
sedimentary, detrital, aiid carbonate sequence with 
some interbedded black shales (“Canaveilles group”), 
followed by a very thick detrital sequence (“Jujols 
group”) (Guitard, 1970; Laumonier and Guitard, 
1986). The Upper Ordovician-Siluriali cycle began 
again with platform sedimentation: mostly detrital (in 
some cases coarse grained), with carbonate interca- 
lations and, very locally, intermediate to rhyolitic 
volcanism of cdc-alkaline affinity, then, a rather uni-  
form euxinic basin developed during the Silurian 
(Cavet, i95’7; Fonteilles, 1976). The Devonian-Car- 
boniferous cycle began equally with mostly platform 
carbonate (and locally detrital) sedimentation (Lower 
Devonian), then evolved to a slope sedimentation 
during the Upper Devonian and to pelagic sedimen- 
tation with radiolarites during the lowermost Cnr- 
boniferous; flysch-type sedime~itation predomiiiatcd 
during lower Carboniferous times. The Hercyiiian 
tectonics has brought close together two very differ- 
ent isopical domains. The allochthonous Devonian is 
made of very thick platform carbonate series, whereas 
the autochthonous Devonian series is thin and mainly 
composed of calc-schists of distal character. 

Notwithstanding the existence of black shales in  
each of these Paleozoic sedimentary cycles and ab- 
normal concentrations of Zii, Pb, Ba, and Cu in the 
Upper Ordovician and Lower Devonian formations, 
no concentration of tungsten higher than 2 ppm has 
been detected in the Pyrenean Paleozoic series 
(Derrk, 1982). The tungsten showings and deposits, 
which are mostly of skarn type (Fig. I),  are restricted 
to carbonate formations, Cambrian as well as Lower 
Ordovician and Devonian i n  age. 

HercynMn orogeny 
The Hercynian orogeny occurred in the Pyrenees 

between Namurian and D-Westphalian. The earliest 
phases of folding produced mostly similar folds con- 
temporaneous with metamorphism aiid foliation; some 
very deep-seated nappes, pennic in style, were 
formed Sn the eastern part of the chain (Guitard, 1964; 
Autran and Guitard, 1969). The later phases resulted 
i11 folds with steeply dipping axial planes. The inter- 
ference of two important phases striking N 110’ E 
and N 70’-80’ E, respectively, formed a basin and 
dome structure. Deep-seated terranes, in particular 
the Precambrian basement, appear in the core of flat- 
tened domes, along the flanks of which the rocks are 
isoclinally folded and dip vertically (Guitard, 1970; 
Boissonnas and Autran, 1974; Laumonier and Guitard, 
1986). Precise dating of the Devonian sedimentary 
formations (Raymond, 1980; Cygan et al., 1981) 

demonstrates the existeilce of large thrusts which in- 
volve Devonian platforln formations and some lower 
Carboniferous rocks; those tlirusts postdate the early 
folding but are refolded by the later phases. 

Syntectonic metamorphism, which grades from 
rpizonal to granulite fucies, is typically of low-pres- 
sure type and is remarkably controlled by a bnscnicnt 
effect of the Precambrian domes as defined by Fon- 
teilles and Guitard (1974). 

Besides numerous small bodies of peri-atiatectic 
granites and Pegmatites aiid some catazonal or me- 
sozonal stocks, most of the Hercynian plutonism of 
the Pyrenees is represented by batholiths emplaced 
at a rather high level in the crust (Autrao et al., 1970). 
The roof of these massifs reaches the chlorite zone of 
regional metamorphism (commonly Silurian and De- 
vonian terranes). Rb-Sr dating gives ages iii  :!ìe :iwg 
of 290 to 270 Ma (Vitrac-Michard and AlI&gre, 1975). 

These composite batholiths are mostly made of 
granodiorites and adamellites but include some more 
mafic rocks (tonalítes, diorites, gabbros, and cort- 
laidites) aiid some inore fclsic rocks (inuscovite- or 
tourmaline-bearing granites) (Autrao et al., 1970). 
These plutons define a typical continuous calc-alkaline 
suite from the gabbros to the evolved granites. Several 
individual trends may be distinguished on the basis 
of more or less sodic or potassic character, and of Fe 
and Al contents vs. MgO or TiOp. Tungsten occur- 
rences of the Pyrenees are almost exclusively of skarn 
type spatially associated with these intrusioiis (Autran 
et al., 1980; Fig. 1). There is no occurreiice either of 
tin or i iiobium- t ai1 t alu in. 

There is no obvious relation between the W de- 
posits and the chemistry (within the granitoid family) 
of the intrusions. The maiil controls appear to be the 
shape (apical character, morphology of the contacts), 
scale, and level of emplacement of the intrusions (i.e., 
the thermal desequilibrium between the intrusion and 
the host rocks). 

‘. 

- 

Scdimentary Host Rocks 

Lithostratigraph y 

The Salau scheelite deposit is located on the nortli- 
ern flank of the Pallaresa anticline (Fig. 2) which is 
made of lower Paleozoic terranes. The sedimentary 
rocks strike east-west and dip vertically. Disregarding 
the minor folds, the oldest terranes crop out i n  the 
south and the youngest in the north. From south to 
north, one may distinguish (Fig. 3) the following for- 
mations: (1) the pelito-psammitic Mont Rouch For- 
mation, which is inferred to be of Lower to Middle 
Ordovician age (Zandvliet, 1860; Dommanget, 1977; 
Palau et al., 1989); (2) the Salau Formation, which 
has not been dated locally but its lateral equivalent 
in the Marimaña aren provided conodonts with ages 
ranging from Upper Silurian to Lower Devonian: it 
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FIG. 2. Geologic map of the S a h  area arid localization of the scheclite bearing Skarns around the 
La Fourque stock (from Derré, 1982 and modified froin L. Nansot, Société Minière d’Anglade unpub. 
data). 1 = pelito-psammitic Mont Rouch Formation (Lower to Middle Ordovician); Salau Formation 
(Upper Silurian to Emsian): 2 = Black unit, 3 = Barrégieiules unit, 4 = carbonate Salau unit; 5 = Blue 
Shales Formation (Efeliaii); G = La Fourque granodioritic stock; 7 = microgranitic or niicrogranodioritic 
sills and dikes; 8 = Quateriiary deposits; 9 = scheelite-bearing Skarns. Numbers (SO, 72, etc.) indicate 
dip of the stratification. 

includes the clastic and carbonate basal Black unit; a 
rhythmic alternation of pelites and limestones, known 
locally as the “Barrbgiennes” (Caralp, 1888) of Upper 
Silurian age (probably lower Lludlow, Losantos et al., 
1985); and the carbonate unit of Salau, the upper part 
of which is laterally dated of Emsian age (Moret and 
Weyant, 1986); (3) the Blue Shales Formation ofEfe- 
lian age (Moret and Weyant, 1986); and (4) the car- 
bonate Carboire Formation of Lower to Middle De- 
vonian age (Dommanget, 1977). 

To the north the Salau and Blue Shales Form a t’ lolls 
are separated from the Carboire Formation of the 
same age which, however, belongs to a different iso- 
pica1 zone by a major thrust which was folded by the 
late tectonic phases. 

Black carbonaceous shales are the classical Silurian 
facies in the Pyrenees. Because such shales are not 
known between tlie Salau Formation and the lower 
Mont Rouch Formation, various authors (Moret and 
Weyant, 1986; Bodin and Ledru, 1986) consider that 
there is a major thrust between these formations. This 
abnormal contact can be traced up to the thrust de- 
scribed by Palau et al. (1989) in the south of the Ma- 
rimaíïa massif. However, detailed observation of the 
contacts does not producc clcar cvidencc of such a 
major abnormal contact in tlie Salau area. Moreover, 
the identical chemistry of both series (see below) and 
the fact that, in tlie mine, the Mont Rouch Formation 
and the Salau Formation are involved in early isoclinal 
folds which are supposed to predate the inferred 
thrust, support the hypothesis that this contact is a 
normal one. The variety of facies in the Black unit at 

- 

the base of the Salau Formation, and the fact that this 
unit lies on different units of the Mont Rouch For- 
mation may also be interpreted as a disconformity. 

Mont Rouch Fo’onnutioii: This formation represents 
the top of the thick lower Paleozoic series which crops 
out in  the core of the Pallaresa anticline. At  the Cru- 
z o u ~  pass, sonie 2 kin east of the deposit, three units 
may be distinguislied: a lower unit of gray laminated 
pelites; a unit of rather pure quartzites and green pel- 
ites with some intercalations of sandy dolomites and 
conglomerates (400-500 m); and a unit of banded 
sandy shales (30 m at the Cruzous Pass, 120 m south 
of the deposit) with some more calcareous beds and 
some shales with sulfides (pyrite, pyrrhotite, sphal- 
erite, chalcopyrite). Sedimentological, petrographi- 
cal, and geochemical features assign this formation to 
a platform elivironment. 

S a h  Foimution: The basal Black unit is a carbonate 
and detrital formation, with important lateral varia- 
tions, but always rich in organic matter, and in some 
cases, in phosphate (Derrb and Krylatov, 1976; Kae- 
lin, 1982). The facies are roughly organizedboth ver- 
tically-from clastic at the base to biochemical at the 
top (carbonaceous carbonates)-and horizontally- 
from a proximal shallow arca castwartl (coarsc dcatri- 
tals and dolomites) to a more distal area westward 
(black shales and limestones with sulfides). These 
black sedimentary rocks were deposited in a euxinic 
environment with important biochemical activity. 

The Barrbgiennes unit is a very regular unit coil- 

ate layers. The thickness of the individual detritic 
sisting of rhythmic alternation of detrital and c a1 *b 011- 
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block shales-Lemes of sondysholes pelttic beds Massive dolomite wrth chert 

Pb-Rhylhmkally interbedded pelites and limestones or dolomites Cborregiennes') 
Rhyfhcany nterbcddcd shales and Limestones and sholes beds Bedded dolomite 
limestones groding eostwords l o  
pelitic and limestone beds Limestones ond pelitic beds Dolomites and pelilic beds 

20-81ack unil _ _  
Boclastic limestone mth 
locolly pbsphole lenses shales.Biock ddomites 

Ltmestows with sulfides. black 

Black phosphalews shales.SmoY leases and pelitic beds Block qdortz~Ies wnh phmphates 
of limestones 1-MONT ROUCH Fm. 

Sondy shales -curbonoled beds-shales with sulfides 
Puortzites and green pelites 

Sondy sholes locoly with carbonates - - and sholes with wlfides P I  --- 
FIG. 3. Lithostratigraphy of the srdirnentary rocks of the S a h  area. 

+ carbonate sequences decreases from decimetric at 
the base to centimetric at the top. The detrital com- 
ponent varies from sandstone at the base to shale at 
the top and its proportion decreases upward; at the 
top of the formation, it appears only as pelitic partings 
between carbonate beds. Lateral variations are un- 
important. The total thickness of the unit increases 
from the east (20-40 m) to the mine area (80 ni) and 
decreases westward (40-50 m). Limestones change 
into dolomites eastward and a bed of brown phos- 
phatic shales appears at the top. 

The Salau unit constitutes a 100- to 130-m-thick 
unit of weakly graphitic banded limestones, known 
from the Salau area to the Marimaha massif. At about 
1 km east of the mine, the limestones change into 
dolomites. The very thin individual beds are clearly 
organized ill second-order sequences, each one in- 
cluding at the base bedded carbonates with thin pelitic 
interlayers, followed by massive carbonates. 

B ~ I I C  Slides Fornzatioti: With a thickness of 200 to 
250 in, this formatioil overlirs the Salau Form. t '  
without any transition aiid initiates a new sedimentary 

'1 1011 
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regime. These shales contain quartz, muscovite, clilo- 
rite, graphite, and sulfides. Chloritoid is common and 
locally abundant. Margarite and/or epidote appear in 
the lower part of the formation. 

A calc-schist unit of about 10 m in thickness occurs 
in  the lower part of the formation; crinoids are com- 
mon and locally form true encrinites at the top of this 
unit. This carbonate unit disappears westward in the 
vicinity of tlie mine and grades eastward to dolomites. 

Curhire Forntutioi~: This formation overlies con- 
forniably, with a tectonic contact, the Blue Shales 
Formation. Its base consists of gray to black limestones 
with some calcareous sandy shales (SO m), overlain 
by black graphitic shales, followed by limestones and 
slides alternating in ceiitimetric to deciinetric beds. 
These limestones are mineralized with Zii and Pb at 
Carboire, Saubé, and Hoque Rabé to the east of Salau 
aiid at Bonabé in Spain (Charuau, 1974; Dommanget, 
1977). 

Gsocltemistry 
The Sedimentary rocks of the Salau area have un- 

dergone regional epizonal metamorphism as discussed 
below. The sedimentary textures and mineralogy are 
commonly blurred aiid the aim of the geochemical 
analysis is to reconstruct the primary sedimentary as- 
semblages. The 118 analysis of sedimentary rocks 
sampled far from the deposit are classified into two 
groups: rocks with free carbonates (i.e., primary sed- 
imentary carbonates), even in small amounts (diagram 
Na20  vs. Cao; Fig. 4), and rocks free of carbonate: 
shales and sandstones. Among these, different types 
may be distinguished. The diagram Na20 + 31/47 
KzO vs. A1203 (Fig. S )  illustrates the repartitioning 
of alumina between feldspars and pliyllites; the dia- 

grain K-(Fe + Mg)-(Al-Na-2Ca) (i.e., nonfeldspathic 
alumina; Fig. 6) may be used for discussion of the clay 
minerals. On the MgO vs. FezOi diagram (Fig. 7), a 
special group can be recognized by its high Mg con- 
tent. 

Detritd rocks free of curhonute or with very low 
cur~onate content: These rocks (from the Mont Rouch, 
Salau, and Blue Shales Formations) forni a bimodal 
population: sandstones and shales. The high silica 
content of the sandstones (>70%), their low alumina 
content (<12%), and their high Al/Na + K ratio ex- 
clude the presence of arkoses and graywackes; the 
sandstones belong to the lithic arenites class (Pettijohn 
et al., 1972). The shales are rich to very rich in alu- 
mina (18-32%) and their AI/Na + K ratios are high. 
This Al-rich shale-lithic arenites association is typical 
of platform sedimentation (Pettijohn et al., 1972). 
Further analysis shows that the detrital formations of 
tlie Salau area belong to distinct sedimentary ensem- 
bles. The lower group includes the Mont Rouch For- 
mation and the noncarbonate detrital rocks of the Sa- 
lau Formation, whereas the upper one corresponds 
to the Blue Shales Formation (Figs. S to 7 and Ta- 
ble l). 

Curboiaate rocks: The carbonate rocks correspond 
to a mixture between two independent components: 
carbonates and silico-aluminous detritus. The pres- 
ence of free carbonates may be inferred for samples 
in  which the Ca0  content is higher than 1.3 to 1.4 
percent (Fig. 4). The range of Ca0 content is 1.3 to 
56 percent. As far as the detrital fraction is concerned, 
one can recognize a bimodal distributioil between 
shales and sandstones observed in the purely detrital 
rocks and the existence of two successive series as 
described in the previous section. The presence of 

A B C D  
1 A A  A 

2 o + 4  
3 o m m  
4 O B  m 

1 

FIG. 4. Naso  vs. C a 0  diagrani for sedini6ntnry rocks of the Salau areil. Symbols: A = noncarbonate 
sandstones and shales, B = sandstones and shales with very low carbonate content, C = carbonate 
rocks, D = Mg-rich noncarbonate rocks; 1 = Mont Rouch Formation, 2 = Black unit, 3 = Barrdgiennes 
and S a h  units, 4 = Blue Shales Formation. 
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FIG. 5. NapO 4- 31/47 KzO vs. Alzon diagram for noli-carbonate sedimentary rocks of the S a h  
area. Symbols i15 in Figure 4. 

some dolomite in those carbonate rocks results in a 
slightly lower Fe/Mg ratio than in the corrcsponding 
detrital rocks (Fig. 7). 

Puleogeagrapliic conclusioiis 

The Suliui Formation appears as a positive nicgnsc- 
qucnce with the following succession (witli soii~c re- 

chlori 

/i 
ortnose 

Al-Na -2Ca - 5  
FIG. G. Triangular Fr C Mg-AI-Na-SCa-K diagram for the 

~io~iciirbo~tate seclinietitary rochs of tlte Salau area. Synibols as i n  
Figure 4. 

ciirrciices): detrital facies, first coarse then fine- 
graincd; rythiiiic alternation of clastics and carbon- 
ates, with a progressive decrease in  the proportion of 
clastic mntc~rial; and nearly pure carlmiates. Geo- 
cliemical data would iiiclicatc that thc Mont Rouch 
Formation pw.ticipated in this large cycle. The change 
froin the Mont Rouch Forination to the Salau For- 
mation corrcspontls with a rapid increase of chemical- 
I~ioclieniical sedimentation which dilutes gradunllp 

FIG. 7 .  Fe203 vs. MgO diagram for the sedimentary rocks of 
tlw S;ilnu arca. Sytiil)ols as i l l  Figure 4. Noiicarbonatc rocks with 
high MC contrnts are cletirly distinguisld iii  tltis diagram They 
appcar in ti11 thc series Ilut arc vo1untetric:tlly subordinate. T1irc.e 
poi ips  may be distiiiguished (ser Fig. 6): ( 1 )  a group cliemically 
interinctliate between comnloii detrital rocks a d  chlorilites, (2) 
cliloritites, and (3) talc + chlorite rocks. Textures. in particular 
the lack of foliation ia these rocks, show that they are probably 
of a tnctasometio-liydri~tliermal origin. They appear to br similar 
to other tnrtasoniatic talc or chlorite deposits and occurreiices 
known ¡t i  the Pyrenees. 
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TABLE 1. Main Characteristics of Noncarboiiatc Rocks of the 
Mont Rouch, S a h ,  and Blue Slides Formatioils 

Mont Rouch and Salau Blue Shales 
Formations Formation 

Petrography Lithic arenites + shales High alumina 

AI/Na 4- K -3 5 (up to 8.75) 
Reconstructed Muscovite + chlorite High kaolinite 

phyllite content 
associati011 

Sandstones 0 .70  
Shales 0.60-0.65 0.70-0.88 

(rocks with- 

sedimentary 
carbonates) 

sl1ales 

Fe/Fe 4- Mg 

Ca/Ca + Na 0.15 0.20-0.30 

. . out Frec 

the detrital supply. The volume of the latter decreases 
with time, but its nature does not vary all along the 
cycle. These facts deny any importance to the uncon- 
formity between both series and make very improb- 
able the hypothesis of an important thrust between 
them. The Blue Shales Formation belongs to a differ- 
ent sedimentary cycle where the source areas appear 
to have been much more mature. 

Local Geologic Evolution and 
Geometry of the Dcposit 

Folding phases 
Considering their importance as a control 011 ore 

distribution, fold structures have been studied by 
Derré (1973, 1978), Charuau (1974), Soler (1977), 
Soler and Fonteilles (1 98Oa), and more specifically 
by Kaelin (1982). The successive tectoiiic phases rec- 
ognized in the present paper may be easily correlated 
with the regional tectonic events (Deraniond, 1970; 
Boissonrias and Autran, 1974). 

Fold structures are difficult to decipher in the mine 
due to the effects of the granodiorite intrusion, min- 
eralization, and brittle deformation. Therefore tlie 
structural study was carried out on the eastern slope 
of the Cougnets valley facing the mine, away from 
the granite; the structures unraveled there were 
traced westward to the mine. 

Seven tectonic phases have been recognized but 
only three of these, Pl to Il3, appear important: 

Po. Prefoliation phase, only demonstrated by the 
dispersion of the axis of the later phases in their axial 
plane. The reconstructed folds are open folds with a 
subhorizontal axis, trending N 45" E. This phase ex- 
plains the axial culminations and plunges of the later 
structures. 

Pl.  This synfoliation phase of regional extent gives 
isoclinal recumbent folds, of plurihectometric to kilo- 

. 

metric amplitude with a northward vergence. The fold 
axes, almost horizontal, trend N 110"-120° E in the 
area east of the mine where they are undisturbed by 
the later phases (Fig. SA and B). The associated fo- 
liation is more or less penetrative and largely trans- 
poses tlie bedding (graphitic banding of the marbles, 
calc-silicate hornfelses) with some metamorphic dif- 
ferentiation (Zahm, 1987a). 

ceiitimetric to plurihectometric, horizontal, normal 
tight folds with rounded hinges and vertical limbs. 
The axial plane is deformed by subsequent defor- 
matiolial phases, trends 120" E, and dips from 70" 
NE to 60" SW. A strain slip or fracture foliation de- 
veloped in narrow belts in the major hinge zones. 
This phase is responsible for the regional vertical dip 
of the series. It intcrferes with P1 , forming remarkable 
"en lacets" interference pattenis of cartographic scale 
(Figs. 2 and SA). 

P3. This phase formed nearly horizontal normal 
folds with subvertical axial planes trending N 150" E 
and a rough fracture foliation. The folds appear re- 
stricted to narrow belts. In the mine area, this phase 
was responsible for a major change in the trend of 
former structures from N 120" E to N 40" E (Fig. 
SA). The La Fourque stock is located in such a belt 
of P3 folds. 
Regiona 1 111 etaiiiorpli ism 

The Paleozoic country rock of the Salau deposit 
has undergone a regional low-grade syntectonic 
metamorphism of greenschist facies. The coninioii 
pelitic rocks show the association quartz-muscovite- 
chlorite i albite. Epidote is present in the more cal- 
careous beds. Fe- and Al-rich pelites of the Blue Shales 
Formation commoiily contaiii chloritoicl mit1 t l i c  morc' 
calcareous bcds of this series contain margarite. A 
regioiial biotite isograde is not reached i n  tlie Sal:tu 

Folds in the deposit 
The deposit is located i n  the southern border of 

the La Fourque granodioritic stock, at tlie periphery 
of a Pz anticline trending N 70"-90" E which cul- 
minates in the center of the mine and plunges east- 
ward and westward. This anticline refolded the .large 
PI recumbent folds (Figs. 9 and 10). Between the 
1350 and 1500 levels, the core of this Pz anticline 
consists of sliales of thc Mont Rouch Series involved 
in a P, recumbent fold. In the eastern part, those 
shales are invaded by the granodiorite. This major 
structure is complicated by minor parasitic folds 
which appear to control the detailed geometry of the 
intrusive contact. This Pl X Pz structure is deformed 
by trmsverse folds trending N 140"-1.50" E, related 
to the P3 phase (Fig. 9). Those P3 structures partly 
control tlie geometry of the apophyses of the grano- 
diorite. 

Pz. This phase, practically coaxial with Pl, formed , 

' 

aI.C¿l. 
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Frc. 8. Regional structures in the eastern part of the Salau arca- A. Structural map. B. Syntllctic 
normal cross section of the homoaxial folded structure integrating parallel cross sections at dilferent 
levels in the eastern slope of the Cougnets valley facing the mine. 1 = Mont Rouch Formation. 2 
= Barrdeiennes and Black units, 3 = Salau unit, 4 = Blue Shales Formation. P I ,  PO. P3 = axial planes ~ 

of folding phases. F = faults. 

Diriiensiott and shape of intrusions vations are restricted because of the very steep to- 
pography and difficulty of access in the central and 

Intrusive rocks in the Salm area include tjie La southern part of the stock, and debris and vegetatio11 
in its northern part. The best studied area is its s o d i -  

The La Fourque stock has :in equidin~ensional out- eastern part in the mine area. 
The shape of the southern contact is very coinpli- 

Fourque stock and a series of sills and dikes. 

crop (1 km N-S; 1.2 k m  E-W; Fig. 2). Field &er- 
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FIG. 9. Map ofthe 1430 level (modified from Derré, 1982). 1 = intrusive rocks, 2 = metamorphized 
Mont Rouch shales, 3 = marbles and limestones, 4 = calc-silicate hornfels (metamorphized Barrégiennes), 
5 = Skarns and orebodies, 6 = principal faults; AA = cross section of the Bois d'Anglade, BB = cross 
section of Véronique. 

cated in detail (Figs. 9 to 13), with many apophyses 
and embayments which play an important role with 
respect to skarn location (zones V and VI and Bois 
d'Anglade embayment; Fig. 14). In the mine tlie con- 
tact is generally very steep with a few apophyses well 
known by mining: apophysis A, known below the 
1475 level, is vertical, trends south, and broadens 
downward (Figs. 9 and 14); apophysis B, known be- 
tween the 1485 and 1520 levels, is subhorizontal and 
overlies the Veronique Skarns and orebodies (Fig. 14). 
Considered as a whole, below the 1485 level, the 
contact in the mine dips north, but this is largely the 
result of reverse faulting as discussed in the next sec- 
tion (Fig. 10). In tlie embayment structures, the shape 
of the contact between granodiorite and carbonates 
is in many places narrowly controlled by folds and 
was inherited from a previous stratigraphic contact 
since the intrusion mostly replaces silico-aluminous 
rocks of the Mont Rouch Formation. 

The shape of the northern contact is not so well 
known, but it is probably as complex as the southern 
one, with embayments, such as the Christine showing 
(see below). Drilling in the western area indicates that 

Many sills are known mostly east of the mine, in 
a iiarrow east-west-trending zone between tlie La 
Fourque stock and the Bassies massif (Figs. 1 and 2). 
The shape of the contact metamorphic zone (see be- 
low) is very elongated along the same east-west di- 
rection. These sills, described by Zandvliet (1960), 
have a thickness of 1 to 10 m and their length may 
reach a few hundred meters. They are folded (Fig..2) 
and are probably earlier than the La Fourque intru- 
sion. 

Minor dikes are known in the mine area and are 

- 

. 

L the contact plunges southward. 

probably more directly linked to the La Fourque in- 
trusion. 

Emplacement of the La Fourque stock clearly 
postdates the P2 folds. As pointed out above, the P3 
structures appear to partly control the location of the 
apophyses and even the location of the La Fourque 
stock. Since the granite is affected by all the known 
phases of brittle deformation, the emplacement of this 
stock may be syn- or late P3. 

Brittle deformation wi.thiii the deposit 
A series of nearly east-west fault planes has been 

identified in the mine (Soler, 1977; Kaelin, 1982; Le- 
couffe, 1987; Fonteilles et al., 1988), mainly aloilg 
tlie northern border of the main Pl X Pz anticline. 
The earliest ones among these structures play an im- 
portant role with respect to the distribution of Skarns 
and orebodies, whereas the latest cut and offset the 
orebodies. In detail, at least three families of such 
faults are known (Fo, FI, Fz) with slightly different 
orientations: 

1. Fo faults correspond to early mylonites trei!ding 
N 9Oo-12O0 E (Fig. 13). Kaelin (1982) describes P3- 
like folds affecting them. Those mylonites are sub- 
vertical and 3 to 5 m thick. They are only known in 
the Véronique orebodies. 

2. FI structures trend N 80"-90° E, dip 70°-80" 
N, and appear as faults only in the silicate rocks 
(granodiorite, Mont Rouch Formation). In the car- 
bonate rocks they give way to plastic flow and dis- 
harmonic folds. 

3. Fz are reverse faults trending N 80"-140° E 
(mean trend 120') and dipping 40"-80" N. They are 
filled with quartz, calcite, amphibole, and some 
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FIG. 1 O. Vertical north-south cross scc'tion of tlic Véronicluc 
orebodies (modified from L. Nailsot, Société hiiriièrc d'A~~gIatlc 
U I I ~ U ~ .  documents). 1 = Mont Rouch Formation, 2 = Barrhgiennes 
niid Black units, 3 = Salau Formation, 4 = intrusive rocks, 5 = ore. 
Location of Ille cross scctioia is BR in Figurc 9. 

scheelite in  large crystals without economic interest. 
They cut and offset the orebodies. The main Fz fault 
zone, called the Véronique fault, cuts the deposit 
(Figs. 9 to 12) and displaces the granite located to 
the north in the hanging wall above the main Pl X P2 
anticline located in the footwall. The carbonate em- 
bayments north of the main anticline and the asso- 
ciated mineralization are thus uplifted and thrust 
southward. This main F2 fault zone has a dip-slip that 
is at least hectometric. Another important Fz fault 
zone may be inferred from drillings ill tlie lower part 
of the V&oiiique deposit (Fig. 10). hiany other FS 

faults are kr; vn in many parts of the La Fourque 
stock and play a role in  the details of the shape of the 
intrusion and in the distribution of skariis and later 
hydrothermal mineralization. 

4. Some very late wrench faults trending N 30' E 
and N 160" E may offsct previous faults and ore- 
bodies. 

Types of ore and disti-ibutiott of orebodies 
The Salau deposit comprises two main parts: the 

outcropping Bois d'Anglade deposit to the east and 
the blind Véronique deposit to the west (Figs. 9 to 
13). The two parts of the deposit are separated by 
granodiorite apophysis A (Figs. 9 and 14). Each part 
of the deposit includes a series of orebodies showing 
various types of ore. Observed relations betweeii 
geûlûgic: settiiìg an:! ore minerz?rzgp z!!oyl three main 
types to be defiiied (Fonteilles et al., 1988): 

I .  Type 1 is the oldest ecoiiomic mineralizatioii 
kiiowm i n  the mine. It consists of quartz + scheelite 
(0.7-2.576 WOs. avg 1%) + arsenopyrite 4 pyrrhotite 
in Fo mylonites. This type of ore is only known in the 
Véronique Southeast orebody (Fig. 13), south of the 
Véronique fault, where it has been exploited between 
the 1,430 and 1,4S6 Icvels. 

2. Type 2 consists of massive pyrrhotite + quartz 
richly minrrnlizcd i n  scheclitc without any trace of 
crushing at sample scale, commonly containing cen- 
timetric to pluridecimetric lenses of contorted gra- 
phitic limestoiles and Skarns. This type of ore is lo- 
catctl in  the graphitic marbles at the intersection of 
an F1 fault with the intrusive contact. Part of the type 
2 ore is located inside tlie granodiorite along the FI 

f iul t .  Type 2 ore forms the Formation Sud orebody 
of the southern part of the Bois d'Anglade embayment 
and the Véronique Southeast orebody. These ore- 
bodies are offset a i i d  reworked by the F2 faults (Figs. 
10 and 12). III the part where they are crosscut by 
FS faults they are very irregular in  shape and have 
less econoniic interest. Prior to the Fz faulting, the 
Véronique Southeast orebody was a more than 300- 
in-high, very homogeneous column, dipping 70" W. 
Its lateral extelision is nearly 50 ni. Eastward. this 
structure closes down abruptly where the Fi fault en- 
ters apophysis A; westward, the orebody becomes 
discontiiiuous and the grade decreases progressively. 

3. Type 3 consists of pyrrhotite f scheelite f skarii 
residues mostly developed at the expense of Skarns 
along the flanks and the bottom of embayment struc- 
tures ancl occurs in a comblike structure normal to 
the intrusive contact. The Bois d'Anglade embayment 
is a synform of calc-silicate liornfels surrouiided by 
the granodiorite but open to the east (Figs. 11 arid 
12). Type 3 ore mostly developed along tlie northern 
contact (Formation Nord orebody) and to the west 
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FIG. 11. Map of the 1452 level of the Bois d’A1iglade deposit (modified from J. Faure, S.M.A. 
unpul. documents). 1 = intrusive rocks, 2 = marbles, 3 = calc-silicate horiifels, 4 = calc-silicate hornfels 
skariis, 5 = ore, 6 = Fz fault. AA = cross section of the Bois $Anglade deposit. 

and at depth (Golfe orebody). Farther south, the S.C. 
orebody occurs in a similar structure but is of lesser 
importance. In the western part of the mine, the Vé- 
ronique West upper orebody appears to be a structure 
similar and symmetrical to the Bois d’Ai&& em- 
bayment but smaller and opened to the west. The 
Véronique West lower orebody is the same orebody 
offset by the main Fz reverse fault (Fig. 14). Its west- 
ern and lowest extention is unknown. The deepest 
known drill hole intersection is at a 1.080-m elev a t’ 1011. 

With the possible exceptions of zones V and VI, 
which are minor orebodies located in the upper part 
of the deposit and of the Christine showing, all the 
known orebodies are located in an aureole around 
the parabolically shaped barren area formed by 
apophysis A (Fig. 14). This distribution may be in- 
terpreted as being linked to an FI fault intersecting 
the granodiorite apophysis A. This fault dies away 
within the limestones. Type 2 ore has thus only de- 
veloped in the immediate neighborhood of the points 
where this fault emerges from the granodiorite (i.e., 
in  an aureole around apophysis A) by the transfor- 
mation of Skarn at the contact between the granite 
aiid thc grapliitic limestone. According to Kaeliii 
(1982), fault FI was thus the channel through which 
the fluids responsible for the mineralization arrived. 

j 

I 

This is consistent with the richness of this mineral- 
ization and the almost complete transformation of 
Skarn into massive pyrrhotite and scheelite ore. The 
granodiorite immediately adjacent to the orebodies 
appc;ws to have played only a passive role :und re- 
mained mostly barren. The source region was lower 
along FI fault. 

Type 3 ore appears to be the result of an “oil-stain” 
extension of the mineralization where the fluid was 
able to reach and penetrate the calc-silicate hornfels, 
which are clearly favorable to circulation and trans- 
formation. This oil-stain development, by infiltration, 
is consistent with the ragged aureole formed by the 
type 3 orebodies around the most proximal and reg- 
ular type 2 orebodies. Zones V and VI could be slightly 
more remote extensions of tliese type 3 discontinuous 
mineralizations. 

Outside the mine itself, another structure similar 
to the FI fault is suspected on the northern side of 
the La Fourque stock. The two known groups of oc- 
currences to the northeast and the northwest on either 
side of the La Fourque stock and the Christine show- 
ing (Figs. 2 and 14) could correspond to the inter- 
section of this FI plane with the edges of the grano- 
diorite. The Christine sliowing is a bliiid embaymelit 
structure (intersected only by drilling) opening west- 
ward between 1,160- and 1,230-m elevations includ- 
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FIG. 12. Vertical north-south cross section of tlir Bois d'An- 
glade orebodies (modified from L. Nansot, Socikt6 hlinii.re d'An- 
glade unpub. documents). Syml)ols as in Figure I I .  Loc;itioii of 
the cross section is given i n  Figures Y atid 1 1 .  

ing some very rich (S% on O.G in) typc 2 orc. It could 
be a promising target. 

Pctrograph y and Gcochcm istiy 
of the Intrusivc Rocks 

Petrography 

The La Fourque granodiorite is a composite stock 
(Fonteilles and hfachairas, 1968; Soler, 1 g ï ï ;  Kaelin, 

1982; Rairnbault and Kaelin, 1987). The main part is 
a medium-grained (0.5-2 inin) granodiorite, generally 
equigranular Ilut locally porphyritic. The apical part 
shows a rather special texture characterized by idio- 
morphic plagioclase ant1 biotite surrounded by large 
xcnoniorphic and poikilitic quartz crystals. 

The mineralogy of tliose rocks includes quartz- 
locally with an idioiiiorphic tendency, idiomorphic 
plagioclase with overall normal zoning from Ans5 to 
Anzo with a few reversals, microcline, reddish-brown 
biotite, and accessory ilmenite, apatite, zircon, and 
allanite. Alinaildine garnet occurs i n  one granite va- 
riety (garnet-bearing granodiorite; analysis 348, Table 
2) and i n  very rare rocks which may be interpreted 
as biotite-garnet cumulates (analysis 351, Table 2). 
Hornblende has beeil found i n  a local very dark va- 
riety (analysis 2, Table e),  which niay be interpreted 
as a euinrilate of an earlier, less evolved stage. 

Some parts of tlie La Fourque stock are crowded 
with decimetric ova1 inclusions of niore or less fine- 
gruincd diorite ;ind granodiorite. Rare small angular 
i~iclusioiis of pelitic host rocks are known near the 
niargins of the stock. 

III the vicinity of skarns and orebodies aiid along 
fault plaiics the La Fourque stock has been modified 
by skarn-forniing and various hydrotlierinal processes, 
iiicluding greisenizatioii, albitization, and late-stage 
altcration. Thesc will Le discussed below together 
with the descriptioir of skarns and minernlization. 

Tlir sills and dikes have a mincdopy similar to 
that of tlie niain iiltrusion, usually with :I hier  grained 
texture; soine arc porphyritic (Znndvliet, 1960). III 
composition, the sills are niore mafic on average thaii 
tlie Ln Fourque stock and the dikes. They iiiclude 
amphibole-biotite quartz diorites, with plagioclase 
cores reuching Anho i n  sonie cases. 

G w c h ~  is! i-y 

The La Fourque stock includes various granitic rock 
types (Talde 2). They are rather mafic types (3% 

4 
+ + + +  I 

10 20m 

FZG. 13. Location of the type 1 ore (map of t h -  DV 1470 level, from Paelin, 1982). 1 = granodiorite. 
2 = albitized pranodioritc. 3 = silicified and mineralized mylonites (Fo aiid type 1 ore). 4 = marble, 5 
= cale silicate hornfels, (i = calc-silicate hornfels skarns, ï = niassive pyrrhotite (partly mineralized). 
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FIG. 14. Distribution of the orebodies around granodioritic apophysis A projected onto a vertical 
east-west plane (modified from L. Nansot, Société Miniére d’Anglade unpub. documents). 

> MgO > 0.50%) compared with other Pyrenean 
grani tes. 

Two trends have been identified by Soler (1977) 
and Kaelin (1982); within each trend the represen- 
tative points on the various diagrams are grouped in 
clusters which seem to represent distinct inagina 
batches. 

Trend I, developed in the outer parts of the stock 
in the vicinity of the mine, includes two main rock 

.. types: minor quartz diorites (sample 903) and granites 
(samples 348, 912, 914). It is characterized by high 
Fe203 and low K2O contents. 

Trend II, observed in the central part of the stock 
and as crosscutting dikelets through tlie outer part, 
iiicludes three rock types: minor diorites (sample 
gol),  mostly garnet-bearing granodiorites (sample 
938), and minor monzonitic granites (sample 937). 
The medium-grained porphyritic rocks belong to this 
family. Trend II is richer than trend I in K2O (Fig. 
15) and FezO: (Fig. 16) for a similar MgO content. 
Evolution ofTiO2 content also is different for tlie two 
trends (Fig. 17) and trend II appears slightly richer 
in Zr than trend I (Fig. 18). 

Trend I is ‘exceptional in the Pyrenees. Other Pyr- 
enean Hercynian granites (Fig. l ) ,  including, for ex- 
ample, the Querigut (Leterrier, 1972), Mont Louis, 
and Costabonne (Autran et al., 1970) massifs, show 
trends similar to the La Fourque trend II. Notwith- 
standing its iron-rich trend similar to the La Fourque 
trend I, the Batère massif (Autran et al., 1970) k a s  
rich in K2O as the normal Pyrenean granites. 

In  the Variscan belt of southern France, K20-poor 
granites similar to the La Fourque trend I are known 

. 

only in Corsica (Cocherie, 1985) where they are also 
associated with larger amounts of K20-nornial types. 
The association of Loth types (low K and normal K 
granites) is also common in the western coast of North 
and South America (Peninsular Range, Moore, 1959; 
Guichon in Canada and Santa Rosa ill southern Peru, 
Johan et al., 1980) and in the Jurassic Daebo series 
of South Korea (Iiyania and Fontcilles, 1981). 

Contact Metamorphism 
The first effect of contact metamorphism was the 

development of biotite in  rocks of favorable conipo- 
sitions at a distance on the map of at most 900 n i  from 
the contact of the La Fourque stock. A more intense 
contact effect results in  a systematic development of 
a calc-silicate assemblage at the expense of the Bar- 
régiennes, in  a narrow zone of SO m mean width (al- 
ways less than 100 m) near the contact. This calc- 
silicate assemblage consists of: in marbles-calcite, 
graphite, quartz, calcic plagioclase, amphibole, cli- 
nopyroxene, clinozoisite, and biotite; and in Barré- 
giennes-calcite, quartz, clinozoisite (pistacitezs-ss, 
with MnO content < 0.4%), salite (hedenber- 
gitezo-40, with johannsenite content < 3 mole %), calc- 
aluminous garnet (gro~sulars3.y~ andradite1 1-5 

almandine4.3.0.7 spessartite,l pyrite2.3 with fluorine 
content commonly reaching 0.2%), vesuvianite 
(commonly zoned with 2.4-5.7% Feo, 0.8-2.5% 
MgO, 0.15% MnO, and 0.6-3.6% Tioz), rare micro- 
cline, sphene (with 3% A1203), apatite, and graphite; 
wollastonite is rare. A11 these minerals occur in a va- 
riety of associations depending on the original com- 
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TABLE 2. Selected Whole-Rock Analyses of the La Fourque Stock and Associatcd Dikes 

Low K early suite Normal K suite Dikes 

Sample ilo. 903 348 912 914 2 351 90 1 938 937 923G 928A 

66.84 
16.65 
3.83 
0.08 
I .43 
3.80 
3.72 
1.65 
0.45 
0.17 
1.82 

71.38 
13.31 
2.13 
0.05 
0.55 
4.09 
4.01 
2.55 
0.31 
0.1 1 
0.52 

70.93 
15.33 
2.24 
0.03 
0.55 
1.63 
4.12 
3.27 
0.32 
0.09 
1.53 

71.19 
1.1 51) 
2.05 
0.02 
0.54 
1 . ï G  
3.62 
2.95 
0.35 
0.14 
1.28 

53.73 
18.22 
8.45 
0.15 
5.43 
7.66 
1.76 
1.76 
0.97 

2.45 

54.!J1 
17.07 
10.00 
0.22 
4.14 
2.66 
1.87 
2.18 
0.90 
0.2R 
3.77 

62.43 
16.05 
6.31) 
0.17 
2.63 
3.48 
3.40 
1.61 
0.70 
0.25 
2.10 

100.44 99.03 100.07 99.57 100.58 98.12 99.21 

176 1 9 G  270 130 507 278 
98 67 12G 131 I 2 4  7% 

159 132 138 145 29 1 186 

18.4 17.8 15.2 17.0 62.2 33.0 

63.Fj5 
17.12 
5.36 
0.06 
1.22 
3.91 
2.117 
3.01 
0.51 
0.15 
1 .o3 

98.98 

5 4 6  
218 
1215 
175 

2.0 
8.1) 

21.9 
0.3 

32.0 
56.0 

5.7 
1.5 
0.5 
1.3 

6!J.<J6 7 0 5 8  
15.311 15.61 
2.42 2.42 
0.02 0.01 
0.55 0.71 
2.35 1.66 
2.96 3.10 
3.74 4.05 
0.17 0.22 
0.08 0.0s 
0.82 1.50 

98.56 100.16 

499 
18(i 2h7 
14)) I 32  
118 102 

2.1 
12.7 
13.5 15.9 
0.3 

38.5 
72.0 
6.7 
1 .o 
0.33 
0.3 

76.64 
13.75 

0.42 
tr. 
0.14 
0.64 
3.10 
3.62 
0.05 
0.18 
1.73 

100.54 

2H 1 
ti 3 

123 
30  

2.3 
0.4 

13.3 
1.4 
1.2 
2.0 

0.2 
0.2 
0.4 

Maior elements (wt 7%) analyzed by XRF (Laboratoire de Géologie. Ecole des Mincs tlc Saint-Eticiinc, Fraircc; analysts J. J .  Grulrat 
. . I  

atid LI Raimbault) 
Trace elements (ppm) aiialyzed hy  XRF (LiL”YIoire de Ghlogie, Erolc dcs Miiirs dr S:tiirt-Etieiine, France; iuialysts J. J. GruKiit 

a i d  L. Raiml~ault). excent Ba, U. Th. W, airtl REE k ~ r  sanil~lcs 937 ;nid !J38 \ )y  INAA (Ldmratoirc- I’icwr Siir. Ceiitrc. tl’Etutlcs 
Nuclhaires de Saclay, Fraricr. analyst L. Rainil~ault) 

positioii of the bands (Fonteilles and hilachairas, 1968; 
Soler, IYïï), the effects of chemical diffusion between 
carbonate arid pelitic bands (Zahm, 1 gSïa, b), ancl 
tlie metamorphic grade. 

Geochemical data (Zahm, 198’ïa and b) show that 
this metamorphism has been nearly isochemical, ex- 
cept as usual for COz and HzO. However, some of 
the calc-silicate hornfels show a significant depletion 
i n  K 2 0  and Na20 (Fig. 1‘3) and practically all present 
a clear decrease in Rb (Fig. 20). 

Metasomatism 
At Salau, skarns are developed in marbles and calc- 

silicate hornfels (exoskarns) and in intrusive rocks 
(endoskarns). The exoskarns are restricted to an nl- 
most 30-m-thick zone of carbollate Iiost rocks at tlie 
contact with the granodiorite. The endoskarns are re- 
stricted to the rim of tlie granodiorite and to thin 
granodiorite dikelets that cut the carbonate host,rocks. 
Three stages may be distinguished during skarii for- 
mation: a first metasomatic stage with the develop- 
ment of the bulk of tlie exo- aiid endoskarns, a secoiid 

stage of partial hydration of primary skarii minerals, 
and a tliird stage characterized by tlie development 
of a late gariiet at the expense of tlic priiiiary skarns 
and the other silicate rocks. 

Primury skari is  

Exoskuriis: Primary sknrns developed 011 the mar- 
bles (lienceforth termed niarble skarns) represent 10 
percent or less of the exoskanis. hlost of tliem are 
veinlike skariis witli clcar crosscutting relatiptis with 
the banding of the graphitic marble. They are coin- 
monly thin (from less than 1 cm to 0.5 m), and where 
later deformati011 or hydrothermal alteration have not 
blurred the relations, coninlolily sliow very clear zo- 
nation with very sharp inetasomatic fronts. Three 
types of zonation liave beeil rccogiiized (see in Table 
3 tlie composition of the different zones). The coni- 
plete type A zonation is rare (Soler, 19ïï ) ;  type B i5 

uiicomn~oii, aiid the usual case is type C (Fonteilles 
and Machairas, 1968; Soler, 1 g ï ï ) .  The wollastonite 
external zone IIIA has been observed only i l l  a very 
few cases (Zahni. 19SYa, b), but a very tliiii extenid 
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FIG. 15. KIO vs. MgO diagram for sainples from the La Fourque intrusive stock and associated 
dikes. Syiiil)ols: opcn circles = quartz diorites t o  granites (trend I), black stars = diorites to monzonitic 
grailites (trend II), b l ~ c k  di;uiioiitls = culnulutes (trend II), black circlcs = dikes. 

zone of quartz + calcite (retromorpliosis of wollas- 
tonite) is present at various places. Types A, B, and 
C may be considered as a spatial succession along tlie 
trace of veins-type A near the source and type C 
downstream (Figs. 21 and 22). Tlie closing of the inner 
zones and ultimately of the outer hedenbergitic zone 
i n  the marble (Fig. 22) has been observed at many 
places. ReliFt hedenbergite crystals i n  some cases are 
observed enclosed in the garnet; they can be consid- 
ered as witnesses of the downstream advance of the 
fronts during the metasomatic process (Korzliinskii, 
1'369; Fonteilles, 1979). Zone I of type A skarn rep- 
resents an eiidoskarn developed on a granodioritic 
dikelet as discussed brlow. Wlicre the garnet (gros- 
sular-zone II) is present, the thickness ratio of garnet 
and pyroxene (hedenbergite-zone III) zones is I/ 
10 to 1/20. The bleached marble zone IV is narrow 
in most cases (<I cm) and its thickness is not related 
to that of the pyroxene zone. The plastic flow defor- 
mation and disharmonic folding of the marbles men- 
tioned above commonly are associated with boudin- 
age of the skarn veins (Fig. 23). 

The primary skarns developed on the calc-silicate 
hornfels (henceforth noted calc-silicate hornfels 
skarns) represent the bulk of the exoskarns. They are 
massive or veinlike, with very irregular shapes. Their 
contact with the calc-silicate Iiornfels shows generally 
crosscutting relations with the original bandíng, which 
is preserved inside the skarn as alternating bands of 
garnet and pyroxene. In the veinlike skarn, a zonation 

c 

- 

similar to tliat of type B skarn mentioned above can 
bc observed i n  some places (Zahm, 1987a). 

Tlie development of these skarns in many cases has 
becn controlled by the banding of the calc-silicate 
hornfels, as shown by the comblike structure of tlie 
contact at small scale (Fig. 24). The skarns which de- 
veloped at the contact with tlie granodiorite are 
thicker where tlie banding of the calc-silicate hornfels 
makes a large angle with the contact (Fig. 12). In this 
case the skarn thickness perpendicular to the contact 
may reach some 20 ni. The vein skarns and the skarns 
developed where the contact of the granodiorite is 
parallel to the banding of the calc-silicate hornfels are 
much thinner (1O-SO em). 

An intermediate zone of light-colored calc-silicate 
hornfels skarn, the thickness of which may reach sev- 
eral meters, generally separates this dark, mostly 
hedenbergitic, skarn from the calc-silicate hornfels. 
The limit between the dark calc-silicate hornfels skarn 
and the light-colored calc-silicate hornfels skarn is 
sharp; the contact between the latter and tlie calc- 
silicate hornfels is comparatively sharp, but when this 
contact is not directly observed, it may be difficult to 
distinguish the light-colored skarn from the calc-sil- 
icate hornfels without chemical information. 

At some places in the mine, one can observe the 
continuity between the dark calc-silicate hornfels 
skarns and the skarns developed in the adjacent mar- 
bles (Fig. 24), indicating that both these skarns de- 
veloped through the action of the same metasomatic 
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FIG. 16. Fe2O3 vs. hlgO diagram for samples frolli the La 
Fourque ititritsivc stock and associated dikes. Syml,ols as i n  Figure 
15. 

fluids. Morphological differeiices discusscd here, and 
mineralogical and petrographical differences dis- 
cussed below, must be related to the chemical contrast 
Iwtween the marbles and calc-silicate hornfels. 

The pyroxene of the niarble skarns is liedenbergite 
with O to 12 percent diopside and 2 to 10 percent 
johannsenite components (Fig. ZSC). A l 2 0 3 ,  TiOz, 
aiid NazO contents are negligible. In these skarns, the 
hedenbergite appears as millimetric to centimetric 
elongated crystals with an idiomorphic tendency, in  
a criss-cross texture preserving important intergran- 
ular spaces. Occasionally this pyroxene presents a 
comb texture with parallel or fan-shaped sheaves of 
pluriceiitimetric (up to 3 cm) elongated crystals. 
Scheelite is commonly associated with pyroxene; it 
appears as rounded crystals some 0.5 min or less in 
diameter. The contemporaneity of both minerals is 
suggested by intergrowth textures between scheelite 
and pyroxene. In the zoned marble skarns (types A 
or B), primary scheelite appears only in tlie outer half 
of the hedenbergitic zone III (Soler, 1977). This is 
an additional argument in favor of primary scheelite 
being contemporaneous with Skarn formation. WO3 
content in  the Skarn is in  the range 0.1 to 0.4 percent. 
Where the Skarn has not been transformed by late 
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FIG. I ï .  hlgO vs. Tiop diagram for samples from the La 
Fourque intrusive stock and associated dikes. Symbols as i n  Figure 
15. 

hydrothermal processes, the intergranular spaces are 
filled with quartz, calcite, and/or pyrrhotite and 
scheclite. The pyroxene from tlie cale-silicate hornfels 
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Flc. 19. &O and Na20 vs. A1203 diagram for Barrégiemes (stippled field), calc-silicate hornfels 
, (black circles), and light-colored cdc-silicate hornfels skarns (open diamonds). Data from Zahm (1987a). 

Skarns shows the complete range of composition link- 
ing the fields of the calc-silicate hornfels pyroxene 
(see above) to that of the pyroxene from the marble 
Skarns (Fig. 25B). The pyroxene composition outside 
the field of the calc-silicate hornfels is characterized 
by a distinctly higher johannsenite component (2- 
10%) similar to that of the pyroxene from the marble 
Skarns. In the calc-silicate hornfels Skarns, the pyrox- 
ene appears as millimetric, equidimensional crystals, 
coarser grained than the pyroxene from the calc-sil- 
icate hornfels. 

The garnet from zone II of the marble Skarns is 
macroscopically pale red and commonly anisotropic 

25 

20 

15 

10 

5 

in thin sections. Anisotropy is variable and may occur 
in crystallographic zones or in  more or less regular 
sectors. The garnet is grossularitic with 72 to 82 per- 
cent grossular, l l to 15 percent andradite, and 6 to 
19 percent almandine + spessartite components (Figs. 
26C and 27). Its fluorine content commonly is 0.6 
percent or more (up to 1.20%). The MgO content is 
characteristically lower than 0.03 percent. This gar- 
net, in  millimetric to centimetric crystals, shows some 
idiomorphic tendency with a polygonal texture pre- 
serving very few intergranular spaces. The garnet 
composition is the same in marble Skarns of types A 
and B. Primary scheelite has never been observed in 

50 ló0 150 2óo 

Flc. 20. Rb vs. Ale03 diagram for the Barrégiemes, the calc-silicate hornfels, and the light-colored 
calc-silicate hornfels skams. Data from Zahm (1987a). Symbols as in Figure 19. 
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TABLE 3 .  Zoning of Skarns Developed in thc hfarbles 

Type A (rare) 

Epidote, amphibole, Grossular garnet Hedenbergite (Wollastonite) Bleaclled marble Graphitic nlitrble 
I II III IIlA IV 

sphene-apatite, 
allanite 

Endoskiun + Exoskarti * 
Type B (uncommon) 

Grossular garnet Hedenbergite (Wollastonite) Blcachcd mnrhlr Graphitic iiiarbkL 

Type C (very common) 
Hcdetlbergitc (Wollwtonik) 13lr:iclretl tnarblr Grapltitic nlar1)lr 

association with this garnet. C;ilc-silicate hornfels 
Skarn garnet shows a tendency to higher grossular 
and andradite and iower ainiaiidiiie coiltents t!mi 
garnet from tlie marble skarns (Fig. 2GB  inc cl C). 
However, compositional fields of primary giirnc’ts 
from the two skarns overlap widely. 

In all the exoskarns, a large addition of silica, iron, 
and nraiiganese lias taken place. This is obvious for 
the marble skarns and very clear i n  the case of the 
calc-silicate hornfels skariis from tlre inincrals or 
whole-rock chemical analyses. The light-colored calc- 
silicate hornfels skarns sliow addition of these ele- 
ments in  smaller amounts and appear to have an in- 
termediate compositioli between calc-silicate Irorii fels 
and dark skarns. In the marble Skarns, a large additioii 
of aluminum occurs in  the innermost garnet zone. In 
tlie pyroxene zone of tlie marble skarns no aluminum 
was introduced. In the calc-silicatc liornfds skarns 110 

addition of aluminum lias been ol)served, except ill 

relation to the development of garnet veins. The hlgO 
contents of the marble skarns arc i n  every case very 
low (<2%). In tlie dark skarns MgO contents are in  
the range of 1.5 to 3 percent, which is tlie same a s  
the range of MgO conteiits of the calc-silicate honife~s 

FIG. 21. An example of zones of marble skarns (from Soler, 
1977). 1 = internal endoskant zone, 2 = garriet, 3 = hedenlwgite 
(+ scheelite), 4 = bleached marble, 5 = graphitic marble. 

and tlic Barr&giennes. Howcver, enrichmtnt i i i  hlgO 
(up to 8%) is the most distinctive characteristic of the 
!Ight-colorcd skarns (Fig. 28). Tlie PnOs contents i n  
mnrblc skarns and tlark skarns arc low (O.0S-O. i 5%) 
and arc si ni il:^. to thc P205 contents of thc Bnn-6- 
gieniies and tlie calc-silicate lioriifels. O n l ~ .  in tlre 
light-colored skarns, is sonie POOS enrichment (up to 

E I i d o s k a  1-1 1.5 ; En d o s  k ;ir11 s are n I ucl I 1 ess devel op e cl 
tlian exosliarlis. They are discontinuous and oljserved 
only at u few places at the contact L)rtween the grano- 
diorite ancl tlie carbonate host rock; tlie thin gruno- 
diorite clikelets that cut this host rock are generally 
tr~unsfornrcd into endosk:\rn aiicl  constitutc thc cei~tral 
(I) zone of tlie A typc of ni~~rb lc .  sl\arns. Thc tliickncss 
of tlie cndosknri~, perpenclicular to thc coiltact, docs 
not exceed a fcw clecimcters. 

Thc cliarxlr%ristic asscml)lagc of tlicsc c ~ n d o s k a r ~ i ~  
is epiclotr + arnpliibolc i- sphciie. Allanite commonly 
constitutes tlie core of the epidote crystals and apatite 
is a coninion, in  sonie cast’s a l i  al)unda~~t, accessory 
niinerul. Quartz and calcite may bc associated with 
tlie amphibole. Hypidiomorphic epidote (pista- 
citec,o.70 clinozoisite~o.30) is by far t l i c  nrost abundant 
mineral. The fibrous amphibole is a ferroactillolite 
with Miio contents near 1 .O percent. On tlie basis of 
textural observations, i t  lins beeil suggested (Soler, 
19’77) that bot11 epidote and ampliibolr are seconclary 
minerals developed at the expense of a primary as- 
semblage of calcic plagioclase i- pyroxei!e wliicli 
forincd b y  reaction with the cnrbonate host rock, pos- 
sibly at tlie niagmatic stage. This hypothesis is in  
agreement with observations at contacts between 
granitoicls and carLonate rocks i n  many other skarns 
(e.g., Fonteilles, 1962); however, 110 actual preserved 
plagioclase + pyroxene association Iras ever been 01,- 
served i n  tlic Salau miiic. 

Chemical data 011 whole rocks ancl minerals show 
that encloskarir~ are not only very rich in calcium but 
also in iron and ~iiiinganc~~e compared with acljacent 
untraiisforrned gra~~odiorite, Tliis constitutes evidence 
of chemical inputs which cannot l e  the result of as- 

0.5%) obscrvcd. 

* 



SAMU SCHEELITE DEPOSIT, FRENCH PYRENEES 

A 

FIG. 22. The zonation of the marble Skarns (see Table 3). Symbols as in Figure 21. Discussion in 
text. 

similation of carbonates or diffusion from the carbon- 
ated host rock which has low Fe and Mn contents. 
These inputs (Fe, Mn, Ca?) are probably related to 
the stage of infiltration metasomatism responsible for 
the formation of the exoskarns. 

Early hydration of skarn minerals 

At many places in the mine, the primary assem- 
blages discussed above were transformed into hydrous 
cale-silicate assemblages prior to the development of 
the late-stage garnet Skarns (see below and Fig. 29) 
and later hydrothermal processes. The early garnet 
is replaced by an epidote 4- calcite + quartz assem- 
blage. This transformation is very irregular. It gen- 
erally occurs in  veinlets but may be locally massive. 
It is possible that at least part of the observed trans- 
formation of the hedenbergitic pyroxene into a fer- 
riferous amphibole of the actinolite-tremolite series 
has occurred at this stage. 

The compositions of the primary garnet and the 
associated epidote suggest that this stage of transfor- 
mation of primary Skarn assemblages does not require 
any chemical input except for water and carbon di- 
oxide. 

Late-stage garnet skatris 
This stage is mainly represented by a macroscop- 

ically red garnet, distinctly colored and isotropic in 
thin sections. This garnet is commonly accompanied 

AG. 23. Boudinage of the marble Skarns. 1 = garnet, 2 
= hedenbergite, 3 = bleached marble, 4 = graphitic marble. 

1191 

by masses of black quartz, As associated minerals, 
blue-green hornblende is not rare and scapolite 
(meioníte) has been observed in one place. 

Late garnet Skarns are more abundant i n  the Vero- 
nique orebodies than in the Bois &Anglade. They de- 
veloped in silicate rocks: either in granodiorite, en- 
doskarns, or marble and calc-silicate hornfels Skarns 
of the early stage. In thin sections, late garnet clearly 
postdates hydrous calc-silicate-beariilg assemblages 
developed in the early Skarns. Whatever the type of 
involved silicate rock, the late garnet develops pref- 
erentially in silicate rock at the contact with the car- 
bonate host rock (Fig. 29). It appears as veins, vugs, 
or masses. The thickness of the veins is centimetric 
or less and the dark quartz is commonly observed 
along the borders of the veins. Where the veins enter 
the marble host rock, they grade into indistinct re- 
crystalization veins (Fig. 29). In the calc-silicate 
hornfels Skarns, the late-stage garnet develops mostly 
as irregular decinietric masses guided by the banding. 

When compared with the garnet from the marble 
and calc-silicate hornfels skarns, the late-stage garnet 
has a broad range of compositions, lower grossular 
(45-70%) and andradite (3-10%) contents, and 
higher almandine (10-24%, exceptionally between 
30 and 40%) and spessartite (8-24%, exceptionally 
as low as 3%) contents (Figs. 26D and 27). Its fluorine 
content (O-0.4%) is characteristically lower than that 

FIG. 24. ,Relations between marble skarns and calc-silicate 
hornfels Skarns (from Soler, 1977). 1 = graphitic marble, 2 
= calc-silicate hornfels, 3 = cale-silicate hornfels Skarn, 4 = hed- 
enbergitic marble skarn, 5 = primary Skarn garnet. 
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FIG. 25. Composition of pyroxenes (in mole 5%). A. In calc- 
silicate hornfels. B. In calc-silicate hornfels Skarns. C .  In marble 
skarns. Di = diopside. Hd = hedenbergite. JI1 = johannsenitr. 
Electron microprobe data from Soler (1977) and Zahm (1987a). 

of the primary marble or calc-silicate hornfels skarn 
garnet. In a few cases, late-stage garnet shows a con- 
tinuous range of compositions from that of a priinary 
garnet to a typical high almandine + spessartite type 
(Zahm, 1987a, b). In most cases, however, no inter- 
mediate composition is found aiid when Iate-stage 
garnet veins cut a primary mar1)lc or calc-silicate 
hornfels skarn garnet zone (more or less epidotized), 
one finds in some cases zoned crystals with a relict 

primary garnet core and late garnet rims ,~~ ielin, 
1979). Such garnet has been described in numerous 
tungsten-bearing skarn deposits (e.g., Shimazaki, 
1977; Einaudi et al., 1981; Newberry, 1983; Fon- 
teilles and Garcia, 1985). 

Late Hydrothermal Processes and hlineralization 

Most ofthe inetasomatic rocks described in the last 
section and part of the granodiorite underwent intense 
late hydrothermal alteration. Geologic distribution in 
the mine supplemented by microscopic observations 
permits the distinguishing of various stages and es- 
tablishes their relative chronology. 

Greisen and arsenopyrite stage 
Greisen development is scarce and restricted to 

small veins in the granodiorite. The assemblage is 
quartz + muscovite 2 tourmaline. Arsenopyrite oc- 
curs i n  soine of these veins with rare wolframite and 
in altered (silicified) granodiorite (Fonteilles and Ma- 
chairas, 1968; Soler, 1977). A local development of 
arsenopyrite in  centinietric to decimetric clusters also 
is observed in the hedenbergite Skarn. 

Partial albitization of the feldspars has been noted 
at various places in the stock. Biotite remairis stable 
at this stage. Exceptionally, this traiisformation may 
produce true albitites with the disappearance of 
quartz. Detailed study of this phenomenon is not 
available and its relative chronology i5 not clearly es- 
tablished. 

Pyrrliotitc atid sclieelite stage 
This second stage correspoiids to thc massive tlc- 

velopment of pyrrhotite aiid scheelite at the expense 
of the skilrlis and in soine cases of the graiiodiorite. 

FeOtMnO 

20 ./ 
I / 

FIG. 26. Composition of garnets (in mole %). A. In calc-silicate hornfels. B and C .  Primary skarn 
garnet (B, in calc-silicate hornfels Skarns; C, in marble Skarns). D. Late skarn garnet. Electron microprobe 
data from Soler (1977), Kaelin (1979). and Zahm (1987a). 
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FIG. 27. Composition of garnets (in mole 76). Symbols: black 
circles = garnet from primary riiarblc iirid calc-silicatr Iioriifels 
skartis, open squares = late garnct, stipplcd area = field of COIII- 

position of garnet from calc-silicate Iiorrìfels. Electron microprobe 
data from Soler (1977), Knelin (1959). and Zaliin (1987a). 

Mineral assemblages of this stage depend oli the na- 
ture of the original rock. 

In Skarns, the typical assemblage is pyrrhotite + scheelite 1 amphibole (with relict hedenbergite) + epidote (with relict garnet) + quartz + calcite. 
Other silicates such as stilpnomelane, microcline, aiid 
a pale yellow biotite are locally observed, and a pale 
yellow tourmaline is found in some veinlets. Graphite 
is coiilinon (Lecouffe, 1987). Metallic associations in- 
clude ubiquitous (commonly abundant) chalcopyrite 
and some sphalerite (locally with iiiclusions of stan- 
nite; Lecouffe, 1987) and arsenopyrite generally to- 
ward the marble. pyrrhotite inay contain inclusions 
of galelia (in some cases rich in selenium and with 
inclusions of bismuth selenides; Lecoulfe, 1987) aiid 
native bismuth, in some cases associated with bis- 
muthinite, hessite, tetradymite, stannite, mackina- 
wite, and native gold. Magnetite is rare aiid the rel- 
ative chronology of its development is not known. 
Pyrite has been observed at a few places and generally 
appears to postdate pyrrhotite. 

Amphibole compositions range from a ferroactin- 
olite to a ferrous hornblende (Fig. 30). The ferrqus 
hornblende is subordinate and appears only in direct 
contact with aluminous minerals (Fonteilles and Ma- 
chairas, 1968). These amphiboles are sometimes C1 

. 

rich (up to 0.24%) and their MnO content is in the 
range of 0.7 to 1.4 percent; epidote is in the range 
clinozoisite50.60-pistaci teso.4o. 

In the granodiorite, tlie assemblage is pyrrhotite + scheelite + quartz + calcite + chlorite + albite 
+- inuscovite k biotite rt pale yellow tourmaline 
k apatite -f sphene. Tourmaline and apatite may be 
abundant in some veinlets, The metallic association 
is the same as in the hydrothermal rocks developed 
in the skarns. 

In the Skarns, scheelite of this stage is everywhere 
associated with pyrrhotite. The WO3 content of the 
ore is highly variable from O to 40 percent. The av- 
erage ore grade has been 1.4 percent in the Bois 
d'Anglade deposit and 1.9 percent in the Véronique 
deposit. The transition from barren to scheelite-bear- 
ing pyrrhotite may be either progressive or abrupt. 
The highest grade parts are in many cases in direct 
coiltact with the marble ("marble line"). Remnants 
of uiitraiisformed Skarns, usually decimetric or less, 
commonly are observed within tlie pyrrhotite- 
scheelite ore. 

In the granodiorite, sclieelite occurs locally in small 
amounts (but locally with high grade) in altered areas, 
with or without pyrrhotite, but most of the scheelite 
found in tlie intrusive rocks occurs in silicified FO my- 
lonites with quartz and some chlorite, usually without 
sulfides. 

The average content of gold of ten samples of type 
2 ore has been found to be 10 g/metric ton in the 
lower part of the Véronique Southeast orebody (elev 
11 10-1 165 in). Previous assays on type 3 ore have 
given far lower grades of about 0.2 g/metric ton. 

25 
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FIG. 28. MgO vs. Alzo3 for dark-colored calc-silicate hornfels 
Skarns (black diamonds) and light-colored calc-silicate hornfels 
sknrns (open diamonds). Stippled ilrea is the envelope of com- 
positions of the Barrdgiennrs plus calc-silicate hornfels. XIIF 
analyses from Zahn (198ïa). 
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FIG. 29. A. An example of the distrilmtion of late giriirt in ii zoiied marble skarn. B. Relationship 
brtween early gariiet and pyroxcwi., epirlotr (carly hytlrous cale-silicatc), ;itid latc gari ir l  i i i  a ralc- 
silicate hornfels skarii. 1 = marble. 2 = hetleiil)cqite, 3 = primary R;irnet (itgilt dotsj aiid eariy epidoiv 
(heavy dots), 4 = Inte garnet, 5 = black quartz (modified from Fonteilles et al.. 1988). 

Pyrrhotite compositions have been determined b y  
X-ray diffraction following the inethocl of Toulmin and 
Barton (1964) and Arnold (1966) and by microprobe. 
Microprobe analysis by Soler (l%ï) (1 1 deterinina- 
tions) and Der& et al. (1984) (10 determinations) give 
values between 47.0 and 48.5 at. percent Fe. X-ray 
data (Soler, 1977; Krier-Schellen, 1988) show that 
pyrrhotite is the hexagonal polyntorph. Twenty-onc 
determinations 011 unmineralized and sclieelite-l)ear- 
ing samples collected throughout the Bois d'Anglade 
deposit (Soler, 1 9 ï ï )  and 11 from the Véronique de- 
posit (Krier-Schellen, 1988) were performed (Fig. 
31). Low-temperature superstructures have been ob- 
served in only four samples. The other samples give 
dioz 1)etween 2 . O G ï O  aiid 2.072'; A, which corre- 

spoiids to 47.4 to 45.0 at. percent Fe in accordance, 
with the equations of Toulmin and Barton (1964) or 
Yund and Hall (1969). No difference in composition 
appeilrs between unmineralized and mineralized 
pyrrhotite. The pyrrhotite from the Véronique de- 
posit, which Leloiigs mainly to type 2 ore, appears to 
be slightly less Fe rich than tlic pyrrhotites from the 
Bois d'Anglack deposit which are mainly from type 
3 ore. 

The Fe content of sphalerite (microprobe deter- 
ntination, Derr6 et al., 1984) varies lietween ï . G  and 
8.8 at. percent. 

The As content of arsenopyrite (microprobe de- 
termination, Lecouffe, 1987; Fig. 32) varies from 35.7 
t o  33.3 at. perccnt. Thc fact tliat arsenopyrite from 

si " 

FIG. 30. Compositions of amphiboles ( in calculated atom/unit 
formula; rlcctron microprobe analyses from Zahm, 1987a). Sym- 
I)ols: o p c ~ i  triaiiglcs = from the e~itloskariis, I)lacl, diuinoticls 
= formed i l l  the marble and cale-silicate hornfels skarns during 
late hydrothermal processes, I)lack circles = formed on cale-silicate 
hornfels during t h e  latr hytlrotliermal processes. 

2f06 207 2:08 

d,02 &I 

FIG. 31. tl,,, spacing ( i l l  Á) for pyrrliotites determined by X- 
ray dilfractioii. Doltctl Ixiltcrii = &itai frolli So1c.r (1977) for pyr- 
rliotites from the Bois d'Anglatlc deposit (inainly type 3 ore), black 
= data from Krier-Schellen (1988) for pyrrhotites from the Vir- 
onique deposit (mainly type 2 ore). 
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FIG. 32. As vs. S (at. %) for the arsenopyrite (electron micro- 
probe analyses from Lecouffe, 1987). Black squares = in faults 
inside the granodiorite, open squares = in  the orebodies outside 
the granodiorite. 

the type 3 ore is richer in As may indicate the exis- 
tence of gradients Of f sZ  during ore deposition, as dis- 
cussed below. 

Andradite occurrence 
Andraditc has bcen found oiicc i n  association with 

hcdenbergite + pyrrhotite + pyrite + quartz + calcite 
in the Quer de l’Aigle showing (Zahm, 1987a). No 
petrographic or geologic evidence is availa1)le to as- 
certain the relations of this unique occurrence with 
the above stages. This rare association is restricted to 
vugs and/or blind veinlets, and as emphasized below, 
could be the result of a local evolution i n  a closed 
system. 

Late veins 
A series of mostly unmineralized late veins cut the 

orebodies and tlie adjacent terranes. Three types 
of veins may Le distinguished: veins with quartz + coarse-grained pyrrhotite; geodic veins with sphal- 

. erite-chlorite-calcite and apophyllite, exceptioiially 
mineralized in gold; arid veins with prehnite and lau- 
montite. Some of these veins contain well-crystallized 
isolated scheelite crystals. No alteration of host rocks 
is evident on the margins of those veins. 

, 

Estimation of I?-T-X Conditions during Contact 
Metamorphism, Skarn Formation, 

and Late Alteration 
The estimation of P-T-X conditions during the dif- 

ferent stages of the evolution of the Salau deposit is 
based on the integration of the compositions of.the 
silicate and sulfide minerals and experimental data, 
and/or thermodynamic calculations (Soler, 1977; 
Zahm, 1987a). 

Contact nictamorphism 

Mineral assemblages in the inner metamorphic 
zone can be used to determine the P-T-X conditions 
during contact metamorphism. Both temperature and 
solid pressure may be regarded as constant within the 
inner zone, but gradients of fluid pressure and of fu- 
gacities (feo,, &o, and foz) may be expected since 
dehydration, decarbonation, and bleaching of car- 
bonaceous mat ter are generally observed. 

Regional geologic considerations lead to an esti- 
mation of the solid pressure at the top of tlie “gran- 
itoides en massifs .supérieurs” in the Pyrenees of 2 
kbars (Autran et al., 1970; Van Marcke de Lummen, 
1983), and this is the value used in the calculations 
and with reference to the experimental data. It is 
probable that in  this situation the fluid pressure (Pf) 
was lower than the solid pressure (PJ during contact 
metamorphism (Autrui et al., 1970). In some cases, 
the fluid pressure can be determined from the para- 
geneses, since i t  is the only parameter to be consid- 
ered in most hydrothermal experiments. Thermody- 
namic calculations permit the determination directly 
offcos but not XCO,, for which an estimation of Pr is 
needed. A further complication is due to the nonideal 
character of the H20-C02 mixtures (Ryzhenko and 
Malinin, 1971; Helgeson et al., 1978; Walther and 
I-Iclgcson, 1980). In view of  tllose tlikxiltics, i t  is 
more reasonable to discuss tlie obscrved assenillages 
in a T-fcoz diagram rather than i n  a T-Xco, diagram. 

In the zone of contact nietamorphism where the 
skarns developed at a later stage, the main constraints 
on T-fCOz conditions are the presence of calcic alu- 
minous garnet (grossulars3-:,4), epidote (pista- 
citezs-ss), and calcic plagioclase and the rarity of wol- 
lastonite. Previous estimations (Soler, 1977) based on 
the experiments by Newton (19GG), Gordon and 
Greenwood (1971), Holdaway (1972), Liou (1973), 
and Kerrick et al. (1973) and thermodynamic data 
(Robie and Waldbaum, 1968) have been updated us- 
ing new experimental results (Kerrick, 1977; Taylor 
and Liou, 1978; Perchuk and Arenovich, 1979) and 
revised thermodynamic values (Robie et al., 1978; 
Robinson et al., 1983). Garnet solid solution has been 
considered as ideal, following Holdaway (1‘372) and 
Perchuk and Arenovich (1979); the model of solid 
solution proposed by Perchuk and Arenovich (1979) 
has been used for epidote. 

The results are given in Figures 33 and 34. Con- 
sidering P, = Pf = 2 klars, the estimated conditions 
of contact metamorphism in the innermost zone are 
472°C < T < 556°C aiid 300 bars <fcoz < 620 bars 
(0.05 <Xco, < 0.20). 

Graphite buffers of logfo, between -25.3 (for T 
= 472°C and &oz = 300 bars) and -22.2 (for T 
= 556°C andf& = 620 bars) are present. 

If we take into account that the fluid pressure is 

c 
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FIG. 33. fcol vs. T ( O C )  for the ilssctnblagrs ofthe calc-silicate honifcls at I'$ = Pc = 2 kbars (refc.rences 
in text). ~as l ie t l  lines lal)elrtl 83 and 25 are the rqiii1iI)ria :uiorthitc + wolliistonite 
= grossirlar + qiiartz aiid grossular = ciilcitr + anorthite i- q i i w t ~  ror il gariirt witli 83 niole prrcciit 
grossularite, and calcitr + anorthite = zoisite for an epidote witli 25 perccnt pistascitc, rcspectivrlp. 
A, B, and C = iiivariarit points. 111 this rrprrscntalion. wlicii coiisideriiig I', = 2 k l i w  imd PI = 1 h h r ,  
point A is unclinngetl (A' = A), w h i l e  B c h g e s  to U'. 

lower than the solid pressure, for example, for a choice 
of Pf = 1 kbar or P, = 2 kbars, tlie P-fco, estimated 
conclitions are riot much clifFerent, hut the calculated 
&op range is quite different (0.1.5 < &o, < 0.40; 
Fig. 34). 

Experimental data arid therinodytiaiiiic calculations 
show that the presence of sphene (Hunt aiitl Kerrick. 
1977), salitic clinopproxene (Slaughter et al.. 197S), 
and vesuvianite (It0 and Arem, 1970; Hochella et al., 
1982) does not produce any additional constraints. 
The a1,scnce of prehnite is coiisistcwt witli thr csti- 
mated conditions (Liou, IC37 1 ; Liori et al., 1983). 

hic~fuso,,iafi.si,i 

Pi-iiiicir-!/ S ~ N I - ~ Z S :  Ir1 tlie case of Salau, estimation of 
the P-T-); coliditions of formation of the primary 
skarns relies m c z i i i l ~ ~  on the existing data for thc sta- 
bility ficlcl of Iiedciibergite in the system Ca-Fe-Si- 
C-O. A detailed qualitative approach to this system 
has been givcli b y  Burt (1 972; Fig. 35) .  On the h s i s  
of cxpcr-iriieiital clnta (Gustafson, 1974; Liou, 1 974) 
aiid thermodynamic values (Robie and Wald1)auin. 
1 Y M ) ,  Solcr ( I  Cj77) calculated tlir stability field of 
thc associatioil (piirc.) 1ictlciil)crgitc + calcite + cpartz 
in the systeiii Ca-Fe-Si-C-O. N e w  experimental data 
(Gaml)lc, 1982; Burton ct al., 1952) and reconsidered 
thcriiiotlyualiiic va1uc.s (Robic et al., 197s; Robinson 
et al., 1983) permit improvement of the previous es- 
tiniates. 

The development of a system of open veins at this 
stage of granite evolution in many granite apices 
shows that fluid pressure was in most cases, higher 
than the lowest strain component. In such casc, and 
for the present paper, the approxiniation Pf = P, may 
be reasonably retained. As a mattcr of fact, qwrtz 
and calcite ilre not primary minerals in the skariis. 
The conditions defined below are valid for a slightly 
later stage when quartz, calcite, and some pyrrhotite 
crystallize in the intergranular spaces, without aiiy 
dcsta1)ilization of hedenbergite. The estimation of the 
conditions of formation of hedenhergite alone must 
rely 011 ali estimation of the chemical potential of iron, 
silica, and liine i n  the metasomatic fluids. Such a dis- 
cussion has been undertaketi by Soler (1 97'i), who 
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FIG. 34. Stability field of the msemblage grossolsir + Calcite 
+ quartz in the Go* vs. T (OC) diagram (modifiecl from Soler. 
1 Y ï ï ) .  I = P, = P, = 2 kbars, II = Pr = 1 kbar, P. = 2 kbars; A, B, 
C. A', and B' ils in Figure 33. 
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RG. 35. Qualitative T-fo, and p o p - 2 p ~ o ~  diagrams illustrating the stability fields of minerals in the 
system Ca-Fe-Si-C-O (modified from Burt, 1972). The stippled area corresponds to the stability of the 
association hedenbergite + calcite + quartz. Reactions as follows: 1 ,  magnetite + Oz = hematite; 2, 
hedenbergite +O2 = andradite + magnetite +quartz; 3, hedenbergite +wollastonite + Oz = andradite + quartz; 4, magnetite + quartz = fayalite + Oz; 5, C t 0% = COz; F, quartz + calcite = wollastonite 
+ Oz; 7, hedenbergite + COz + Oz = magnetite + calcite + quartz; 8, hedenbergite + magnetite 
+ calcite + Oz = andradite + COz; 9, hedenbergite + calcite + 0 2  = andradite + wollastonite + COZ; 
10, hedenbergite + calcite + Oz = andradite + quartz + COZ; 1 1 ,  andradite + COI = magnetite + calcite + quartz + OZ; 12, andradite + COz = hematite + calcite + quartz. Dots with roman numerals 
characterize the invariant points. 

showed that the stability of hedenbergite implies that 
the fluid was nearly saturated with respect to mag- 
netite and quartz during primary skarn formation (sce 
also Brown et al., 1985). 

Results concerning the stability of the association 
hedenbergite + calcite + quartz are synthesized in 
Figures 36 and 37. A detailed discussion of this dia- 
gram is given by Soler (1977) and Fonteilles et al. 
(1980). Assuming that the highest possible temper- 
ature obtained for the contact metamorphism in the 
innermost zone (556"C, Fig. 33) is also the highest 
possible temperature at the metasomatic stage, qnd 
assuming that Pf = P, = 2 kbars, the following 
conditions have been estimated (Fig. 36): 340°C 
< T < 556°C -31.4 < log foz < -19.9, and fCoz 
> 70 bars. 

the fluids at this stage were CO2 poor. At a given 
fcoz, conditions are much more restricted as empha- 
sized in Figure 37. 

Moreover, when considering the presence of water, 
the stability field of hedenbergite is limited at low 
temperatures by the reaction hedenbergite + CO2 + Oz = Fe actinolite + calcite + quartz (equilibrium 
13). On the basis of the experimental results of Erlist 
(1966) on the equilibrium Fe actinolite = hedenber- 
gite + fayalite + quartz + HzO, thermodynamic values 
for ferroactinolite and the conditions of equilibrium 

I As shown by fluid inclusion studies (see below), 

I 

(1 3) have been calculated. For P, = Pf = 2 kbars, the 
reaction occurs at 440°C (fcoz = 1,000 bars), 407°C 
(Jco, = 500 bars), or 350°C (Jcoz = 100 bars; Figs. 
36 and 37). 

The presence of pyrrhotite in association with 
hedenbergite, calcite, and quartz at this stage brings 
additional constraints on the possible P-T-X conditions 
(Fig. 38). The composition of pyrrhotite at this stage 
is nearly constant at and defines a T-log fs, 
relation (e.g., Barton and Skinner, 1979). On the basis 
of the thermodynamic values for pyrrhotite 
(see Soler, 1977, for calculations), P-T-X conditions 
for equilibrium (14), hedenbergite + Sz = pyrrhotite + calcite + quartz + 0 2 ,  may be calculated. For 
feo, in the range 500 to 1,000 bars, conditions for 
equilibrium (14) are almost the same as for the C 
+ 0 2  = CO2 bulfer (equilibrium 5). 

When entering the calcic rocks, the metasomatic 
fluid was nearly saturated with respect to quartz and 
transported iron, manganese, and aluminum. No ev- 
idence of magnesium addition is available. 

In the marble Skarns, hedenbergite has a very low 
Mg content and virtually no acmite component in solid 
solution and magnetite is characteristically absent. 
Therefore Mg/Mg + Fe in the fluid was much lower 
than Mg/Mg + Fe in the hedenbergite in view of the 
exchange isotherms experimentally determined by 
Uchida and Iiyama (1980) and Iiyama (1984). Then 

b 
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FIG. 36. Logjb,-T (CO) diagram illustrating the stability field 
of minerals in  the system Ca-Fe-Si-C-O with P = 2 kbars (modified 
from Soler, 1977). Reaction numbcrs as in Figure 35. Reaction 
(4) has been omitted for clarity. Reaction (13) is hedcnbergite + COz + HnO = ferro-actinolite + calcite i- quartz (discussion i n  
text) .  a = fco, intlepentlent curves, b = fcol dependent curvcs, 
drawn forfco, = 1,000 bars, c = lower limit of the stability field 
of hedenbergite + calcite + quartz (see Soler, 1977, for adetailed 
discussion). Point A corresponds to the invariant assemblage quartz + calcite + hedenbergite + andradite + graphite + magnetite. 
Point B corresponds to the invariant assemblage quartz + calcite + hedenbergite + andradite + graphite t wollastonite. The stip- 
pled area is the stability field of hedenbergite + calcite + quartz. 
The dotted area is the stability field of hedenbergite + calcite + quartz with feo, = 1,000 bars. ZZ is the upper temperature 
limit indicated by the study of contact metamorphism. Dots with 
roman numerals characterize the invariant points. 

the enrichment in MgO in the light-colored calc-sil- 
icate hornfels Skarns corresponds to a downstream 
displacement of MgO from the dark-colored Skarns 
according to a model by Guy (1958). 

Early hydratioti of skarti minerals atid latc-stage 
garnet: The reactions corresponding to the formation 
of epidote at the expense of the primary garnet and 
of amphibole (ferro-actinolite) at the expense of the 
hedenbergitic pyroxene have been discussed i n  the 
previous sections. As no drastic release of the solid 
pressure nor drastic increase of the fluid pressure may 
be supposed at this stage, factors favoring both re- 
actions would be a decrease of temperature and/or 
an increase of the fugacity of carbon dioxide. Mai -  
mum temperature, corresponding to the reaction 
garnet33 + fluid = epidote33 + calcite + quartz, is 
slightly lower than 500°C. Assuming a continuous 
decrease of the temperature of the fluids, the mini- 

mum temperature defined for the later hydrothermal 
stage (=400°C, see below) would be valid for the 
present stage. Then late hydration of priinary skarn 
minerals would have occurred between 400" and 
500°C. This interval is almost the same as the interval 
proposed for the formation of the primary skarn. Thus, 
the hydration of primary skarn minerals would mainly 
be the result of an increase ilif& i n  the late stage of 
skarn formation. Epidotization of garnet is very com- 
mon and amphibolitization of pyroxene is limited at 
this stage, which implies a limited increase offCo,. 
This limited increase and the following decrease 
which leads to the formation of late-stage garnet 
would correspond to fluctuations in time and perhaps 
in space of the compositions of the fluids. Since iso- 
topic data (see below) suggest that early-stage COZ 
carbon is of magmatic origin, such fluctuations might 
correspond to an irregular degree of mixing with a 
fluid originating in the country rock. 

Latc hydt-othcrinal processcs 
Characterization of the P-T-); conditions for the 

late hydrothermal processes is based 01: the assem- 
blages of sulfide and silicate minerals. 

Reliable estimation of the P-T-fs2 conditions may 
lie deduced from the compositions of pyrrhotite (e.g., 
Barton and Skinner, 1979) and arsenopyrite (e.g., 
Kretschmar and Scott, 19'76; Sliarp et al., 1985) and 
the systematic presence of native bismuth and in some 
cases bismuthinite. The T-log fs, diagram of Figure 
3'3 illustratcs the rather large domain where pyrrho- 
tite and arsenopyrite of the observed compositions 
and bismuth are stable. The lowest possible tem- 
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FIG. 37. Log fon-T diagram illustrating the stability field of 
the assemblage hedenbergite + calcite + quartz at P = 2 kbars, 
withfco, = 1,000. 500, aiid 100 bars, respectively. 
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FIG. 38. Logfo, - log&, (or TOC) diagram illustrating the relative position of the stability field of 
the assemblage Iiedenl)ergite + calcite + quartz aiid of the equilibriuln (14) hedeiibergite + COZ + Sz 
= pyrrhotite + calcite + quartz 4- Oz. forfco, = 1,000 arid 500 bars, respectively. Calculations have 
been macle usiiig the niean composition Feo,B14S for pyrrhotite. 

perature for this assemblage is nearly 400°C with 
log&, -10. Assuming a continuous decrease i n  the 
temperature of the fluids, the maximum temperature 
deterininecl for the previous stage (hydration of the 
primary Skarn minerals) would also be valid for the 
hydrothermal stage; then T s 500°C aiid log& 5 -G 
at this stage. The spectrum of composition of the ar- 
senopyrite and the pyrrhotite suggests & gradients 
during this stage. In  particular, pyrrhotite is more Fe 
rich and arsenopyrite more As rich in type 3 ore thaii 
in type 2 ore. As type 3 ore appears to be a distal 
extension of type 2 mineralization, this evolution of 
the compositions of pyrrhotite and arsenopyrite at the 
mine scale would be linked with decreasing fs, 
(mainly) and teinperature downstream. 

At a later stage, arsenopyrite is not present and lhe 
asseinblage is pyrrhotite -I- bismuth + bismuthinite; 
at this stage the pyrrhotite has the same range of 
composition (47.4-48.0% Fe), which implies a con- 
tinuity in thefoz-& buffering process of the fluid in 
the source region but  which does not place additional 
constraints on the temperature of ore formation at 
this stage. Fluid inclusion studies (see below) suggest 
a minimum temperature of -350°C. The absence of 
magnetite yields an upper limit for foz at each tem- 
perature, tlirough the equilibrium pyrrhotite + 0 2  
= magnetite + Ss (Fig. 38), and the presence of 
graphite in the ore gives a minimum for fcop for a 
given temperature. A mean estimate at this stage 

1 

would be T = 425"C, -9 < logfs, < -7.5, log foz 
< -27.0, andfco, < 1,000 bars (where graphite is 
present). 

I I I 

FIG. 39. fsp vs. T (OC) diagram for the hydrothermal sulfide 
asseinblage pyrrhotite + arsenopyrite. Stippled patterii shows 
limits of :~sseiril~lage. Fe content of pyrrhotite (followiiig Barton 
and Skinner, 1979) shown by dashed lines. As content of arse- 
nopyrite (followiiig Kretschmar and Scott, 1976) shown by dotted 
lines. 
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The rare hedenbergite + pyrite + pyrrhotite + quartz + calcite sf: andradite assemblage observed 
by Zahm (1987a) in the Quer de l’Aigle showing al- 
lows an independent estimation of T,&, , andfo,. The 
pyroxene from the assemblage with andradite is 
hedenbergite93.g4 diopsidel.3 johannsenite4-6, 
whereas in the assemblage without andradite, the 
pyroxene is hedonbergitells diopside10 johannsenite5. 
Both are at equilibrium with pyrite and pyrrhotite, 
according to Zahm (1987a). Assuming a pressure of 
2 kbars and combining the experimental results of 
Burton et al. (1982) and Gamble (1982) dealing with 
the influence of the johannsenite and diopside content 
of hedenbergite, respectively, on the equilibrium 
hedenbergite + Sz = andradite + pyrite -t quartz and 
experimental data on the equilibrium pyrite-pyrrho- 
tite (Toulmin and Barton, 19G.1; Barton and Skinner, 
1979; Fig. 40) the following conditions are estimated: 

may be determined on the basis of the experimental 
data by Gustafson (1974), Burton et al. (1982), and 
Gamble (1982). At T = 35O”C, Zahm (1987a) ob- 
tained -33.1 < log fo, < -29.6. Both experimental 
data on the reaction andradite + COr = quartz + cal- 
cite + Feo, (Taylor and Liou, 1978) and our previous 
calculations dealing with the association hedenbergite 
+ calcite + quartz imply a very low feo, (’i0 bars 
<fcop < 100 bars - Xco2 < O.OS) at this stage. 

With respect to T-fs, conditions, the results are in  
apparent contradiction with those deduced from the 
main silicate-sulfide assemblage (Fig. 40). The 
uniqueness of this association, namely, the elevated 
number of minerals, suggests that it clid not crystallize 
in an open system, where the activities and chemical 
potentials are partly imposed by the fluid and the 
number ofphases is lowered (e.g., Korzhinskii, 1 %<J; 
Fonteilles, 1979). This association appears to be the 
end product of a local evolutioii in  a closed system 
(i.e., in a blind veinlet or vug) and the estimatecl con- 
ditions have only a local meaning. The same expla- 
nation would be valid for the sporadic presence of 
pyrite. 

Note that the conditions dccluced for this particular 
association are consistent with the Hollaiid (1965)’s 
isochemical evolution (“main line”), whereas the 
general evolution at Salau corresponds to a clearly 
lowerh2 which appears to be buffered by some me- 
dium external to the deposit itself. 

Fluid Inclusion Studies 
Two hundred samples were selected for micro- 

thermometric analysis and 1 1 for Raman spectrometry 
(Krier-Schellen, 1988). The host minerals of fluid in- 
clusions in the skarns are grossularite, hedenbergite. 
scheelite, and quartz. No fluid inclusions were studied 
in  the late garnet. Early hydrothermal minerals con- 
taining analyzed fluid inclusions are quartz and 

330°C c T < 370”C, -9.7 < Iogfs, c -8. Logfo, 

Te 300 400 500 60( 
I I I l l 

1 Hd 
2 Hd95 Joh5 
3 Hd85 Oll0  JohC 
4 Hd85 Johl5 

1 a I l I I I I  I 

1.8 1.6 1.4 1.2 

103/~., 
FIG. 40. Equilibrium hedenbergite = andradite + pyrrhotite 

(or pyrite) + quartz in ai& vs. T (OC) diagram considering various 
composition ofthe pyroxene (1 to 4), following Burton et al. (1982) 
and Gamble (1982). P = equilibrium pyrite = pyrrhotite (Barton 
and Skinner, 1979). The observed assemblages aiidrndite + hed- 
elibergite + pyrite + pyrrhotite aiid liedetibergite + pyrite 
+ pyrrhotite (from Zahni, I%ïa,  comments in text) are stable 
along P betwseen A atid B. Thc stippled area correspoiids to the 
conditions drfined in Figure 39. Di = diopside’. Htl = hedeiiber- 
gitc, Joh = johaniiscnite. 

scheelite. Finally, fluid inclusions ill calcite from the 
late veins were investigated. Some measurements 
were also performed on quartz grains in the grano- 
diorite. Measurements were performed on 10- to 20- 
pni inclusions. 

Trylies offruid iiicliaiotis 

Three types of fluid inclusions have been identified: 
type I: high-salinity aqueous inclusions, containing 
about 5 vol percent vapor and in some cases halite 
crystals; type II: carbonic aqueous inclusions, with 
variable degrees of filling; and type III: hybrid inclu- 
sioiis presenting features of both former types of in- 
clusions. 
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FIG. 41. Homogenizatiotl temperatures of fluid inclusions 

(from Krier-Schellen, 1988). Open bars = primary inclusions, 
black bars = secondary inclusions, A = granodiorite, B = primary 
Skarns, C = pyrrhotite + scl~eelite + quartz ore, D = late hydro- 
thermal veins. 

Type I fluid iiiclusions are found in all the miiierals 
listed above. Types II and III are only found in quartz 
and scheelite associated with pyrrhotite in the hy- 
drothermal stage. The three types of fluid inclusions 
may occur in the same host mineral. 

There is a definite distribution of the various types 
of fluid inclusions. Type I inclusions are found in all 
parts of the deposit. Type II occur only in the lowest 

visible part of the deposit, especially at the 123Qlevel 
of Véronique (Fig. 14). Type III have only been found 
at intermediate levels, between about 1320 and 1446. 

Microtlzetmonzetric residts 

Type I: Filial melting temperatures and lialite dis- 
solution temperatures of type I fluid inclusions give 
salinities in the range of 23 to 30 equiv wt percent 
NaCl. This salinity bracket is remarkably constant 
throughout the deposit as well as during all the nieta- 
somatic and hydrothermal stages. As noted previously 
forfS2, the salinity at the source of the fluid must then 
have been buffered b y  some medium external to the 
deposit itself, and may be indicative of the source 
region. The distribution of homogenization temper- 
atures shows a series of peaks (Fig. 41) indicating sev- 
eral influxes of the same fluid with decreasing tem- 
perature. These influxes probably were controlled by 
successive opening of faults. 

Several isochores have been determined following 
data in Potter and Brown (1977) (Fig. 42). Brackets 
of trapping temperatures may then be estimated for 
the successive batches of type I fluid, using as a min- 
imum pressure the geologic estimate (2 kbars), and 
as a maximum pressure, the upper pressure estimated 
b>ifs, - T geothermobarometry (see below). Several 
temperature intervals representing the main batches 
were chosen (Table 4). Temperatures of trapping for 
the primary fluid inclusions of the initial skarn stage 
are bracketed between 455" and 570"C, in  very good 
agreement with the thermodynamic estimatiorl pre- 
sented in the previous scctioii. The olhcr intervals 
show the successive hydrothermal stages and also ap- 
pear to be in accordance with the temperatures es- 
timated previously. 

Type II: The final melting temperature of ;1 solid 
phase in  type II fluid inclusions lies between -80" 
and -57°C. Final melting of clathrate lies between 
7" and 20°C, indicating variable amounts of COZ and 

I I 1 

P kb 
I 

4 

FIG. 42. Isochores for the H20-NaCl type I fluid inclusions. Isochores are labeled by their homog- 
enization temperature (data from Krier-Schellen, 1988). 
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TABLE 4. Temperatures ( O C )  of Trapping of Type I 
(saline hydrous) Fluid Inclusio~is 

Primary Pyrrhotite Hytlrotliermal 
Granodiorite Skarns ore veins 

455-540 
397-485 397-485 382-470 390-198 
343-425 3 6 O - 4 5 5 343-425 367-150 
320-400 320-400 327-4 10 

Data from Krier-Schellen (1 988) 

CH4. Partial homogenization occurs in the liquid 
phase, indicating high-density inclusions. Total Iio- 
mogenization occurs between 280" and 360°C. 

Type III: Some of the carbonic inclusions contain 
aiso a haiite crystal and sonir of ihe high-suliiiity in- 
clusions exhibit a final melting temperature corre- 
sponding to the clathrate melting.' 

Ru inun i n  icro probs resti lis 

Nine type II fluid inclusions were analyzed by Ra- 
man spectronietry (CFEGU, Nancy, Fraiice) in  quartz 
samples of the type 2 ore from the F1 fault i n  tlie 
1230 level of the Véronique deposit: samples 20/2,  
25/3,  25/5,  and 25/27 were collected at the borders 
of the orebody, whereas saniples %l/Ï, 24/10, 2411 O ,  
24/24, and 28/4 were collected in the center of the 
orebody. 

The results are given i n  Table 5. H 2 0  values wcrr 
obtained by visual estimation of the volume ratio of 
the aqueous phase. Densities were o1)tainecl by coni- 
bining Raman data with microthermometry data, fol- 
lowiiig Swanenberg (1 (379) ai id  Hcrskowitz and Kisch 
(1984) algorithms. Samples %/i', 24/19, aiid 25/7 
could not be correctly interpreted. For the sis re- 
maining inclusions, a modified Redlicli-Kwong equa- 
tion of state (Jacobs and Kerrick, 1981; Kerrick ;iiitl 

Jacobs, 1981) lias beeil used to calculate isochores ir1 
the P-T plane (Fig. 43). For each inclusion two iso- 
chores have been plotted taking into account the un- 
certainty on the visual estimation of tlie aqueous fill- 

ing. Ignoring fluid inclusion 25 /3 ,  which probably 
riri(1c~rwcnt natural dccrepitation, two groups of fluid 
inclusions may bc tlistiiiguislied: a high-pressure one 
represented by samples 20/2 aiid 2S/S and a niod- 
erate-pressure one represented by samples 24/1 O, 2-1,' 
24, and 28/4. The latter group, which better fits geo- 
logic observatioiis, is retained as representing the 
main fluid pressure. The formcr niay be interpreted 
as local or ratlier early fluid overpressi~rc preserved 
near or at the border of tlie skarn lenses. 

T-fs, gcofhcr~iioburoinetl-!! 
A new geotlrerinobaroiiieter based oli the associ- 

ation of pyrrhotite and a11 H2S-bearing fluid lias bcen 
proposed by Krier-Schellen (1 988). The intersection 
of tlie pyrrhotite solid solutio11 isopleths and the type 
II fluid isopleths, based 011 tlie Raman microprobe 
data, provides an estimate of the temperature, 
wliereas the pressure is linked witli tlie temperature 
by the isochores of the fluid. The results are varied, 
depending upoii the refcrred pyrrhotite solid solution 
isoplctlis (Fig. 44). Usiiig tlie h u ' s  (1 976) data, tlic 
followiiig conditions were obtained by Krier-Schellen 
(1988): 335°C < T < 363OC, -9.51 
< -8.45, 2.1 (50 < P ( h r s )  < 2..580, aiid the reaction 
CH4 f 2 0 2  = 2Hz0 i- COz in the fluid provides also 
an estimation for fo, ( -32.8 < log fo, < -30.2). 
Krier-Schellen enipliasizetl that these results are coii- 
sistcnt witli those deteriniiied by Zahn (198ïa, see 
above) for tlir asseinblage witli andradite. Howcver, 
i t  seems better to use the pyrrhotite solid solution 
isopleths from Barton and Skinner (1 979) (Fig. 44) 
1,ecausc ( I )  they are ;it present the standard referelicc 
data, (2)  using Rau's data for tlie S a h  pyrrhotite lcads 
to the conclusion that pyrite should occur massively 
i n  tlie ore at equilibrium with pyrrhotite. which is 
definitely not the case, and (3) they provide estilnates 
which arc in agreement witli tlie iiornial open-system 
conditions for pyrrhotite deposition: 405OC < T 
< 43(i"C, -8.6 < log&* < -7.5, 2.500 < P(bars) 
< 3,000. The Froese aiid Cuiller ( 1  976) datn 011 pyr- 
rhotite isopletlis provide estimates which are midway 
between the t\vo former estiniates. 

< log 

TABLE 5. Raman Spectrometry Data for Selected Type II (HpO, CO.. CHI) Fluid Inclusiolis 

Sample and 
sample no. Hp0 coz CH, Nz HzS Density 

1. 24/24 67.09 f 4.36 5.80 e 0.47 25.74 t- 3.69 1.23 e 0.18 0.158 e 0.028 0.60 2 0.03  

3. 2513 16.1 i: 16.1 64.3 e 12.2 9.90 e 1.97 9 . ï 2  e 1.93 0.0000 
4. 24/10 56.22 C 5.58 29.1 f 3.53 11.38 f 1.59 3.23 2 0.45 0.079 2 0.011 0.72 4 0.02 
5. 2515 52.55 4 s.ï5 39.7; f 4.76 . 4 . 3 9 4 0 . 5 7  3 .3  f 0.42 0.0000 0.67 2 0 . 0 1  
6.  2814 55.27 -e 5.68 39.7 e 5.0  2.8; 4 0.39 2.1 e 0.20 O.Ow4 -4 0.013 0.82  2 0.0 I 

0.81 f 0.02 
O . 6 G  2 0.02 

2. 2012 80.88 f 2.63 6.39 e 0.64 10.25 f 1.91 0.42 f 0.08 0.063 t- 0.013 

Data, in mole percent, from Krier-Schellen (1988): i i i  Figure 43. inclusions are referred to as 1 to  6 only 
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FIG. 43. Isocliores in the P-T plarie for six HnO-COp-CI14 (type 
II) iticlusiotis (iiuinbers 1 to 6 refer to t l i r  slutlicd inclusions of 
Table 5). V I I , ~  is the volutnc ralio occupied by I-IpO. To lake into 
account the utlcerhinty upori the visual rstiriiotioii of VrrZo. for 
racli inclusion isochores have been drawn for two values of 

(from Krier-Schellen, 1988). 

lntcrprctation 
The first recorded fluid in the La Fourque graiio- 

diorite and surrounding rocks appears to be ail HzO- 
NaCl type I fluid at a temperature of about 500°C. 
This fluid was responsible for the forination of the 
primary skariis. It had a relatively high salinity (about 
25 wt %) and a relatively low oxygen fugzucity 
(log&, about -23). The saliirity \vils bulfcwcl by i l I l  

external medium, possibly in equilibrium with mag- 
matic rocks at depth. The channelways of these fluids 
were mainly coiltrolled by FI faults. Small amounts 
of scheelite and pyrrhotite were deposited at that 
time. 

The fluids evolved thereafter continuously wit11 
decreasing temperature aildfo,, with the salinity re- 
maining constant. Hydration or dissolution of the early 
silicates and iiiassive precipitation of pyrrhotite and 
sclieelite formed the economic ore in several steps. 

An HzO-CO2-CH4 type II fluid then invaded sonie 
parts of the deposit. This fluid is characterized by a 
highly variable composition, il lowfo, (between QFM 
aiid graphite buffers), a relatively low fs, (under tlie 
pyrite-pyrrhotite equilibrium) and a temperature 
which may be 350” to 450°C depending on the ex- 
perimeiital data used. The ratlier natural ideu that  
massive precipitation of scheelite has occurred par- 
ticularly as a result of mixing between both types of 
fluids is not supported by the fact that the ore is as 
rich aiid of the same type in the upper part of the 
mine (where i10 type II fluid has been found) as i n  
tlie lower part. 

Stablc Isotope Study 
Stable isotope studies were undertaken by Guy 

(1979,1980) andToulhoat (19S2). Detailed analytical 
procedures aiid results are given in their publications. 
These data have beeil recently synthesized and dis- 
cussed by Guy et al. (19S8). 

C cint1 O isotopc coiiipsiiiorls vf carlionutes 
The 18C/12C and 180/1’0 ratios of carbonates from 

the Salau deposit are plotted in Figure 45 (data froin 
Guy, 1979, l980), with reference to the limestone 
box (“LMS” represents the isotopic compositioii of 
most diagenetically ‘altered limestones; e.g., Keith and 
Weber, 1964) and the primary magmatic carbon box 
(“PMC” includes the isotopic compositions of most 
primary magmatic carbonates; e.g., Taylor et al., 
1967; Sheppnrd and Dawson, 1975; Deines, 19SO). 

Carbonates from tlie country rock ( S a h  Forma- 
tion) have C isotope compositions indistinguishable 
from the limestoile values but show O isotope com- 
positions which may be similar to these values or de- 
pleted in “O. The most ”O-depleted samples coine 
from tlie contact zone with skariis. 

Carbonates corresponding to the metasomatic and 
hydrothermal stages are indistinguishable one from 
the other. Both are strongly depleted in 13C relative 
to tlie limestone values and show O isotope values 

FIG. 44. Logfs, - I,OOO/T (OK) diagram for the fluid ildusion 
1 of Figure 43 with VHzO = 35 pcrcet1t:The intersection of the 
isopleth of iiiclusiou 24/24 ( 1  in Fig. 43) and thp fSiT relation 
corresponding to the coexisting pyrrliotite (Fea.&) (liries labeled 
I and 2) defines tliefs,-T conditions of deposition. Two possible 
&-T rclntions llave been considered for the pyrrhotite: 1 = fol- 
lowing Rau (1‘376). 2 = following Barton and Skinner (1979). 
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FIG 45. CIROshto~ vs. 6”Cp~fi diagram for calcite (data from 
Guy, 1979 and Guy et al., 1988). Black squares = calcite from 
country rock, bliick circles = cnlcite of mctasoniatic or late hy- 
tlrothrriiiul stages, PMC = priinary magtnatic ciirboii box. LhlS 
= diagrnriically aiiercd linicstows bul. 

similar to the more depleted samples of tlie country 
rock or even slightly more depleted. 

These results are very similar with those obtained 
by most workers in tlie field of skarn-type cleposits 
(e.g., Taylor and O’Neill, 1977). As discussed i n  some 
detail by Guy et al. (19SS), two fundamentally dif- 
fereiit interpretations are possible for the hyperbolic 
shaped field of Figure 45. 

A magii~uf ~ r - ~ ¿ ~ ~ ~ ~ - r ~ ~ / ~ ~ i ~ 7 1 ¿ ( ~ ~  111odd would liave t 1 IC> 

compositions of the carlionates represeiitetl 11y various 
mixt ures bet ween the in¡ t ia1 li niest ones values and 
magiriatic carbon and oxygen. COZ carbonate, C iso- 
topc fractionation factors are cssentially independent 
of temperature for T > 300”C, so that the large range 
in 613C values reflects simply the large range of mag- 
matic C to limestone C ratios. Since the C/O atomic 
ratios of the two poles are unlikely to bc tlie same, 
such a mixing model will not, i n  general, generate 
calcites whose isotopic compositions plot on a straight 
line between the primary magmatic carlionates and 
tlie altered limestones. This model has been advocated 
by most workers in the field of skariis (e.g., Taylor 
and O’Neil, 19 ï ï ;  Guy, 1979, 1980; Bowman et al., 
1985a and b; Brown et al., 1985; Valley, 19%). 

An alternative hydrothermal-decarboiiation model 
is proposed by Guy et al. (1 988). Tlie 613C values of 
calcites of tlie metasomatic and hydrothermal stages 
are interpreted in terms of a Rayleigh distillation or 
continuous CO2 fluid removal process from limestone 
carbonates; the 6 ’ 8 0  values are viewed as the result 
of a hydrothermal exchange process with an externally 
derived fluid. Carbon and oxygen would not therefore 
be coupled because the mass of O in the CO2 is rel- 
atively minor compared with the quantity of HZO ox- 
ygen as shown by the relatively low Xco2 in  the fluids. 
Tlie strict limitation of 613C at -10 per mil compared 
with other (unmineralized) sLarns i n  the Pyrenees for 

which 613C may be as low as - l G  per mil is unex- 
plained in this second model. 

O and H isotope conipositioiis of silicates 
A few D/I-I and lßO/’FO measurements have been 

performed by Toulhoat (1 982) on OH-bearing sili- 
cates from the la Fourque granodiorite (biotite, chlo- 
rite, muscovite of the greisen stage) and from syn- 
and postmineralization hydrothermal veins (biotite, 
chlorite, amphibole). The data are synthetized in Fig- 
ure 46. 

The H and O isotope compositions of water in 
equilibrium with.these minerals have been calculated 
for T = 300°C using the fractionation factors given 
by Taylor (1 971), Susuoki and Epstein (197G), Fried- 
man and O’Neil (1977), aiid Graham et al. (1984, 
1987). Tlie calculated isotopic composition of water 
\vil1 not cliange significantly if the assumed temper- 
ature is varied from 250” to 400°C. 

Two groups of D/H values have been determined 
for the fluid. 

A first group has 6D x -50 per mil. The corre- 
sponding fluid could be of magmatic or metamorphic 
origin. It is ofsome interest to note that the analyzed 
amphibole (Fig. 4G), although late with respect to the 
main hydrothermal stage, was i n  equilibrium with 
suc11 a fluid. 

A second group lias 6D x -10 per mil. This fluid 
coriitl be of inctcoric, sca. formation, or metamorpliic 
origin (e.g., Slicppartl, 1 YS6). Toullioat (1 982) and 
Guy et al. (1 988) favor a meteoric origin for this fluid. 
The ¿ilho values are consistent with this interpretation 
but imply that the 6”O of the fluid was p r t l y  con- 
trolled by the host rock (i.e., the water/rock ratio was 
low to moderate). 

These results are i n  good agreement with petro- 
logical and fluid iiiclusion studies. Thc second 
“lieavy” fluid would correspond to the H20-CO~-CI& 

-20 

- 4 O c  
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P O  
FIG. 46. 6D vs. Q”O diagram for silicates from the Salau deposit 

(data from Toulhoat, 1982, and Guy et al., 1988). Opeii circle 
= ainphilolr, open triangles = biotite, black triangle = chlorite, 
open squares = muscovite, blach circles = calculated water, MWL 
= meteoric water line, PMU’ = primar): magmatic water (from 
Cuy et al., 1988). At the right are sliown the 6D for some silicatcs 
for w-hicli 6’”O has not been determined. 
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fluid, which appears to have been at or near equilib- 
rium with the carbonate host rock and mainly avail- 
able in the system during the main hydrothermal stage 
and ore deposition, whereas the first one would cor- 
respond to the saline aqueous fluid, which appears to 
have been at or near equilibrium with the intrusive 
rocks and was available in the system during all the 
stages of formation of the Salau deposit. 

S isotope compositions of sirlfides 
The 634S values for pyrrhotite, chalcopyrite, and 

sphalerite from the Salau deposit are given in Figure 
47 (Guy, 1979, 1980). The ranges of 634S values are 
low for each mineral: 0.4 to 1.9 per mil for the pyr- 
rhotite, 0.7 to 1.4 per mil for the chalcopyrite (one 
value at 2.4%). Pyrrhotite and chalcopyrite appear 
to be isotopically at desequilibrium and the difference 
in S isotope compositions between both minerals can- 
not be used as a geothermometer (e.g. Ohmoto and 
Rye, 1979). 

The 634S value of the total sulfur in solution can be 
estimated from the mineral analysis and knowledge 
of temperature, pH,fo,, and composition of the fluid 
(e.g., Ohmoto, 1986). For the early hydrothernial 
stage (formation of the pyrrhotite-scheelite-quartz 
k chalcopyrite assemblage), the temperature and the 
fugacities of O2 and S2 have been estimated above. 
The pH was either neutral or slightly basic in  the car- 
bonate host rocks because of the stability of pyrrhotite 
and calcite. In such conditions H2S is the almost ex- 
clusive S species in the fluid and the P 4 S  value of 
sulfur in solution may be estimated at 2 f 1 per mil 
for T = 350" to 400°C. Such a 634S value of the fluid 

. 
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Ac. 47. i3"cm of sulfides from the Salau deposit (data from 
Guy, 1979, 1980). 

is generally interpreted to be of magmatic or deep- 
seated origin (Taylor and O'Neil, 1977; Ohmoto and 
Rye, 1979; Guy, 1979, 1980; Ohmoto, 1986). 

A single value is available for the 634S of the sedi- 
mentary host rock (pyritic shales of the Mont Rouch 
Series; Guy, 1979,1980). The obtained value (-11%) 
seems not to be consistent with a local sedimentary 
origin for sulfur. However, the existence of two con- 
temporaneous fluids suggests that the calculated P 4 S  
value of the fluid may represent the result of a mixture 
between sulfur derived from a magmatic or deep- 
seated region and sulfur of sedimentary origin. As 
suggested by Guy (1979,1980), the fact that the 634S 
values obtained in Salau are lower than those obtained 
for the Costabonne and Lacourt Skarn-type scheelite 
deposits would be consistent with this hypothesis. 

Summary: The Evolution of the Ore 
The skarns and ores at Salau were formed in two 

stages. 
The first one corresponds to the development of 

hedenbergite skarns in pure, graphite-bearing lime- 
stone. Similar skariis formed on calc-silicate hornfels, 
but in this case, a magnesium-rich zone appeared be- 
tween the hedenbergite zone and the unmetamor- 
pliosed hornfels. The garnet of this early skarn stage 
is nearly pure grossular. In the intergranular spaces, 
and i n  equilibrium with the hedenbergite, a quartz- 
calcite-pyrrhotite-scheelite paragenesis precipitated 
at a somewhat later substage. The WO3 content was 
at most 0.4 percent, The temperatures of this first 
stage were in the range 540" to 450°C. The fluids 
were of very high salinity and may be of magmatic 
origin. 

The second stage corresponds to alteration of the 
early-stage skarns and of the granite. No new devel- 
opment of skarns in limestones is observed at this 
stage. It may be divided in three substages: (1) epi- 
dotization of grossularite garnet and feldspars of en- 
doskarns, (2) development of a red garnet of mixed 
grossularite-almandilie-spessartite composition, in 
veins and along the margin of the first-stage skarns, 
where it was in contact with limestone, and (3) a main 
stage of development of scheelite, sulfides (mostly 
pyrrhotite and arsenopyrite), hydrous silicates (epi- 
dote, amphibole, chlorite), quartz, aid calcite: The 
WO3 content of the ore is commonly higher than 1 
percent. The gold content may reach locally 10 g/ 
metric ton. 

The fluids respoiisible of this second stage appear 
to have been i n  equilibriurn with the carbonate host 
rocks and in desequilibrium with the silicate rocks. 
The range of temperatures found for this second stage 
varies from 450" to 350°C. The increase in scheelite 
content at the contact with the limestone (marble line) 
is thought to be due to the mixing of the two previous 
types of fluids as suggested by the existence of type 
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III fluid inclusions. Local evolution in closed systems 
at a later stage is responsible for the development of 
pyrite, and locally, andradite. 
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