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Abstract--A mineralogical investigation of the highly kaolinized Chanon granite and albite-muscovite 
granite of the Montebras cupola, Creuse, France, indicates that the magmatic stage was followed by two 
hydrothermal events related to successive cooling stages and by late weathering. The hydrothermal 
alteration was accompanied first by greisen formation and then a broad kaolinization process, which 
pervasively affected the granitic bodies. In the Chanon granite, the greisens are characterized by a trili- 
thionite-lepidolite-quartz-tourmaline assemblage and are surrounded by concentric alteration zones. From 
the greisen to the fresh granite three zones were distinguished: (1) a zone characterized by secondary 
brown biotite (<400~ (2) a zone characterized by secondary green biotite and phengite (300-350~ 
and (3) a zone characterized by the presence of corrensite (180"-200~ located around greisen veinlets. 
In the albite-muscovite granite the greisen is composed of lepidolite and quartz. This mineral assemblage 
was followed locally by Li-tosudite crystallization. During the second hydrothermal event (< 100~ an 
assemblage of kaolinite, mixed-layer illite/smectite (I/S), and illite formed pervasively and in crack fillings; 
the smectite layers of the US are potassic. Weathering produced Fe oxide and kaolinite. This kind of 
alteration developed mainly in the overlying Chanon granite. Here, Ca-Mg-montmorillonite formed in 
subvertical cracks, which transect the two granitic bodies, and hydrothermal I/S was obliterated by Ca- 
Mg-montmorillonite. 

The hydrothermal parageneses were apparently controlled by magmatic albitization and the bulk chem- 
istry of the two granitic bodies. The albitization, the formation of large micaceous greisens, and the 
successive recrystallizations of biotite (which was the most susceptible phase to alteration) provide in- 
formation on the temperature range and chemical mobility during successive cooling stages. Si and Mg 
activities increased as the temperature of alteration decreased, and secondary Mg-biotite and Mg-phengite 
crystallized as long as the K activity was sufficient. The crystallizations of secondary biotite and phengite 
were followed by the crystallization of I/S during stages of low K activity. Secondary hydrothermal phases 
in the Chanon granite contain substantial Fe and Mg. Secondary hydrothermal phases in the albite- 
muscovite granite contain only small amounts of Fe and Mg, suggesting a lack of chemical exchange 
between the enclosing Chanon granite and the albite-muscovite granite, which is depleted in Fe-Mg-rich 
primary phases, such as biotite. 
Key Words--Biotite, Chlorite, Corrensite, Granite, Greisen, Hydrothermal, Kaolin, Petrography, Weath- 
ering. 

INTRODUCTION 

The general mechanisms of alteration of highly ka- 
olinized granites have been extensively described (Nic- 
olas and Rosen, 1966; Charoy, 1975; Exley, 1976; 
Konta, 1969). Both hydrothermal and supergene pro- 
cesses have been invoked to explain the formation of 
the kaolinite, but no conclusive evidence that allows a 
choice to be made between these two possible origins 
has arisen, despite the great temperature difference be- 
tween greisen formation and near-surface conditions. 
The chief problem, of course, is to ascertain what hap- 
pened during the cooling of a granite from the high- 
temperature hydrothermal event until  the supergene 
alteration event. Occurrences of superimposed hydro- 
thermal and supergene alterations were recently re- 
corded for granites (Meunier and Velde, 1982; Du- 
doignon, 1983; Cathelineau, 1982); these authors 
concluded that clay minerals produced by hydrother- 
mal or supergene alterations could be distinguished by 
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the nature of their interlayer cations, i.e., potassic for 
the hydrothermal clay minerals and calcic for the su- 
pergene clay minerals. 

The granitic cupola of Montebras, Creuse, France, 
is highly kaolinized, but shows several types of altered 
rock in which different secondary mineral assemblage 
can be identified. Three alteration episodes may be 
plausibly invoked for the alteration of the granitic bod- 
ies, i.e., high-temperature hydrothermal alteration re- 
lated to greisen formation, late-stage hydrothermal al- 
teration, and present-day weathering. Each alteration 
episode was accompanied by specific alteration con- 
ditions during the cooling of the granite and produced 
different clay minerals from the parent rocks (Meunier, 
1982; Beaufort and Meunier, 1983a, 1983b; Beaufort, 
1984). The present investigation was designed to iden- 
tify and characterize the different parageneses so that 
their specific origins in the chronology of the different 
hydrothermal episodes could be identified and their 
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Figure 1. (a) Location map and east-west schematic cross section of  Montebras cupola (Aubert, 1969). (b) Schematic 
representation of  the northwest comer of  the "quarry of  rocks" showing sample locations. 

https://doi.org/10.1346/CCMN.1988.0360604 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1988.0360604


Vol. 36, No. 6, 1988 Hydrothermal and supergene alteration of granitic cupola 507 

Table 1. Macroscopic characteristics of samples studied from Montebras Chanon granite and albite-muscovite granite. 

Samples Description Plagioclase K-feldspar Biotite Veins and veinlets 

3.7, 3.8, 4.8 

3.6, 4.7 

3.5, 4.6 

3.4' 

4.5 

3.4, 4.4 

4.3 

Chanon granite 
grey, weakly kaolinized, weakly ka- unaltered unaltered 

porphyritic two-mica olinized 
granite 

red, kaolinized, friable red, kaolin- unaltered red, kaolin- 
granite ized ized 

grey, light-colored quartz- obliterated obliterated obliterated 
mica-tourmaline greisen 

greisenized, weakly kaolin- obliterated obliterated replaced by 
ized, two-mica granite white mi- 

cas 
red, kaolin- 

ized 
red, kaolinized, friable red, kaolin- unaltered 

granite ized 

grey, weakly kaolinzed, weakly ka- unaltered 
porphyritic two-mica olinized 
granite 

dark-green, micaceous, obliterated obliterated 
monomineralic greisen 

Albite-muscovite granite 
5, 6, 7, 8, 9 weakly kaolinized, albite- unaltered or 

muscovite granite weakly 
kaolinized 

10, 11, 12 white, kaolinized, friable kaolinized 
granite, locally red-col- 
ored by iron oxides 

2, 3, 4, 05, 3 light-green, greisenized, obliterated 
mica-rich granite 

1 light-grey, quartzitic rock obliterated 

unaltered 

replaced by 
white mi- 
cas 

unaltered unaltered 

unaltered or unaltered 
weakly 
kaolinized 

unaltered or obliterated 
weakly 
kaolinized 

obliterated unaltered 

subvertical veins filled with 
white clay minerals or  
pale-green clay minerals 

greisen vein surrounded by 
greisenized granite and 
successive alteration zones 

greisen vein surrounded by 
greisenized granite and 
successive alteration zones 

greisen vein surrounded by 
greisenized granite and 
successive alteration zones 

large veins filled with light- 
green micaceous material 

light-green, micaceous veins 
containing fluorapatite 

veins filled with white clay 
minerals 

relat ionship to the the rmal  his tory o f  the granite cupola  
de termined.  

G E O L O G I C A L  S E T T I N G  

The granitic cupola of  Montebras was described by Aubert 
(1969). It is located in the northern part of a complex granitic 
body, which is elongated in an east-west direction and which 

is intruded between the metamorphic formations of  Aigu- 
rande in the north and of Lepaud in the south. The cupola is 
composed of four distinct units observable in two quarries 
("quarries of porphyries" and "quarry of rocks"; Figure la): 
(1) a central cupola of microgranite; (2) a capping albite-mus- 
covite granite surrounding the microgranite; (3) an enclosing 
two-mica granite, called "Chanon granite", which is cut by 

Figure 2. Sketch of light-green, micaceous greisen in albite- 
muscovite granite, m = large flakes of muscovite and lepid- 
olite; mi = microcrystalline micaceous matrix; q = quartz. 

Figure 3. Sketch showing invasion or replacement of  pri- 
mary muscovite (m) and albite by large quartz crystals (q). 
Shapes of dissolved albite (a) are outlined by numerous aligned 
vesicles. 
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Figure 4. Sketch showing light-grey, quartz-micaceous grei- 
sen in the Chanon granite. Primary muscovite (m) is recrys- 
tallized into flakes of lithian micas (mi). Biotite is replaced 
by protolithionites, which occlude needles of rutile. Quartz 
crystals are invaded by a microcrystalline lepidolitic matrix. 
t = acicular tourmaline. 

quartz veins and aplitic dikes emerging from the cupola; and 
(4) greisen, typical pegmatitic, feldspathic, and quartzitic 
("stockscheider" and "quartzglocke") bodies, which replace 
the Chanon granite along its contact with the albite-muscovite 
body. 

These units are highly altered in the "quarry of rocks" from 
which kaolin is mined. Contacts between the albite-muscovite 
granite and the enclosing Chanon granite are outlined by a 
pegmatite body. The fresh albite-muscovite granite is a light 
grey, sugary to granular rock. Its average grain size is i ram; 
its modal analysis is: quartz 20-30%, K-feldspar 15-30%, 
albite 30-50%, muscovite 5-10%, and apatite, topaz, cassiter- 
ite, and niobo-tantalite ((Fe, Mn)(Nb,Ta)206) < 1% (Aubert, 
1969). Three different types of  alteration products have been 
observed: (1) a light-green micaceous, monomineralic type of 
greisen, (2) light-grey quartzitic assemblage, which is locally 
red, and (3) a white kaolinized granite. The Chanon granite 
is a porphyritic two-mica granite characterized by K-feldspar 
phenocrysts about 4 cm in size and by centimeter-size primary 
cordierite grains, which have been entirely replaced by biotite. 
Its modal composition is: quartz 28.6%, K-feldspar 21.30%, 
plagioclase 28.20%, muscovite 4.20%, and biotite 13.50%. 

Figure 5. Sketch showing small phengite (ph) grains crys- 
tallized in veinlets and at contact in biotite (bi) in intergranular 
joints. Brown biotite (bv) shows peripheral green biotite (gb) 
recrystallizations. 

Four different types of alteration products have been noted 
for the Chanon granite: (1) a dark-green, micaceous, mono- 
mineralic greisen at the contact with the underlying albite- 
muscovite granite; (2) a light-grey greisen rich in quartz, mica, 
and tourmaline; (3) a red, kaolinized, friable granite enclosing 
the greisens; and (4) a grey, weakly kaolinized granite, which 
replaces the fresh rock on the major part of the working face 
(Figure Ib). 

M E T H O D  O F  I N V E S T I G A T I O N  

Twelve samples were collected along two vertical profiles 
in the Chanon granite plus twelve samples of the different 
alteration products in the albite-muscovite granite. Veins and 
veinlets in the two granites were also sampled (Table 1, Figure 
lb). 

Secondary minerals were located in thin sections using a 
transmitted light microscope and then analyzed in situ with 
a Cameca MS 46 electron microprobe equipped with an EDS 
Si-Li detector (ORTEC). A very low energy electron beam 
was needed to avoid the destruction of these phases during 
counting (Velde, 1984). Analytical conditions were as follows: 
15 kV, 0.001 ~A, 120-s counting time, 3-~m spot size. After 
microprobe analyses, secondary minerals were extracted from 

Table 2. Bulk-rock chemical analysis of the Chanon granite and albite-muscovite granite. 

Albil~-muscovite granite 

Greisenized granite Quartzified granite Kaolinized granite 

Sample 1 2 3 4 05-3 5 6 7 8 9 10 11 12 

SiO2 82.50 47.12 43.14 52.53 46.19 52.51 70.12 87.61 92.69 93.11 84.82 89.98 86.96 
A1203 10.61 35.55 39.25 32.66 38.42 32.07 19.37 7.98 4.86 3.27 10.96 6.28 8.53 
MnO 0.03 0.08 0.07 0.10 0.08 0.06 0.05 0.11 0.02 0.02 0.03 0.02 0.02 
MgO 0.04 0.26 0.23 0.28 0.18 0.16 0.16 0.09 0.07 0.04 0.04 0.05 0.07 
CaO 0.14 0.19 0.11 0.11 0.16 0.09 0.16 0.12 0.10 0.08 0.08 0.12 0.19 
Na20 2.11 0.13 0.17 0.16 0.36 0.97 0.08 0.07 0.07 0.08 0.13 0.16 0.27 
K20 3.48 8.26 9.94 8.37 7.23 8.46 3.77 1.58 1.01 0.91 1.34 0.93 0.94 
TiO2 0 0.02 0 0 0 0 0 0 0 0 0 0 0 
Li20 0 0.50 0.31 0.56 0.32 0.06 0.08 0.08 0 0 0 0.33 0.09 
H20 1.02 6.62 5.33 5.23 6.80 4.43 4.38 1.65 1.04 0.53 3.12 1.79 2.61 
Fe203 0.09 0.33 0.31 0.36 0.26 0.27 0.21 0.18 0.12 0.11 0.11 0.12 0.13 
Total 100.02 99.06 98.76 100.36 100.0 99.01 98.38 99.47 99.98 98.15 100.63 99.78 99.81 

Fe as Fe203. 
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Figure 6. Sketch showing colorless cryptocrystalline matrix 
(K) invading the K-feldspar (or) and primary muscovite (m) 
in the white, kaolinized, albite-muscovite granite, a = albite. 
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Figure 7. Sketch showing greisen in the albite-muscovite 
granite. Microcrystalline micaceous matrix is largely replaced 
by the colorless cryptocrystalline matrix (K). Large white mica 
flakes (m) are altered on their rims. q = quartz. 

the thin sections using a rnicrodrill (Beaufort et al., 1983). 
X-ray powder diffraction patterns were obtained with a step- 
scan X-ray diffractometer (Philips PW 1730, 40 kV, 40 mA, 
CoKa radiations, steps of 0.1~ count rate of 400 s/step) 
interconnected with an Apple II microcomputer for data stor- 
age. The percentage of smectite layers in mixed-layer clay 
minerals was determined by the Reynolds' method (1980). 
Bulk-rock chemical analyses obtained with an atomic ab- 
sorption spectrophotometer (Perkin-Elmer 107) are listed in 
Table 2. Infrared spectra were recorded using KBr disks (0.5 
mg of specimen in 300 mg of KBr) on a Beckmann IR 4240 
spectrophotometer in the 4000-300-cm -r frequency region. 

P E T R O G R A P H Y  O F  A L T E R E D  R O C K S  

Greisen in the albite-muscovite granite 

T h e  micaceous  greisen in the a lb i te -muscovi te  gran- 
ite is a l ight-green rock composed  of  large flakes o f  
muscov i t e  and lepidol i te  (100-400 #m in size), ran- 
d o m l y  dispersed in a fine-grained micaceous  mat r ix  
(20-50 #m in size) (Figure 2). Locally, muscovite, le- 
pidoli te,  K-feldspar,  and albite are invaded  by large 
quar tz  crystals, which may  comple te ly  engulf  t h e m  

(quartzit ic facies). N u m e r o u s  al igned vesicles preserve  
the a r rangement  and shape o f  original  feldspar crystals 
after rep lacement  (Figure 3). Some  mi l l imeter -s ize  
veinlets  are present  at the contact  be tween the quartz-  
itic facies and the micaceous  facies; the veinlets  are 
filled with  black manganese  oxides and some  gorceix- 
ite. 

Greisen in the Chanon granite 

A dark-green greisen occurs in the Chanon  granite 
along its contact  wi th  the a lb i te -muscovi te  granite. It  
obli terates the init ial  micros t ruc ture  o f  the two-mica  
granite, preserving only the shapes o f  the al tered cor- 
dieri te phenocrysts .  Microscopical ly ,  the rock is s imi lar  
to the l ight-green greisen in the a lb i te -muscovi te  gran- 
ite, but  the large grains o f  t r i l i thionites show a weak, 
yellow-brown pleochroism and inner  microrecrysta l -  
lizations. 

In the upper  quartz-  and tourmal ine- r i ch  greisen pri- 

Table 2. Continued. 

Chanon granite 

Section 1 Section 2 

03.8 03.7 03.6 03.5 03.4' 03.4 04.8 04.7 04.6 04.5 04.4 04.3 

75.71 71.82 74.31 76.80 73.03 74.03 62.28 66.29 84.41 66.11 63.61 46.48 
12.43 15.11 15.21 11.85 13.50 13.62 21.06 19.33 8.08 17.99 19.76 28.41 
0.03 0.04 0.02 0.05 0.10 0.03 0.08 0.03 0.08 0.04 0.03 0.18 
0.78 1.04 0.63 0.66 1.11 0.43 1.75 0.85 0.50 1.02 0.79 1.33 
0.68 0.51 0.27 0.17 0.11 0.21 0.24 0.15 0.18 0.15 0.11 0.18 
2.31 2.12 0.22 0.18 0.18 0.22 0.26 0.14 0.09 0.59 0.23 0.19 
3.01 4.71 2.95 4.05 4.58 1.90 4.61 3.90 3.24 5.93 6.08 10.41 
0.10 0.10 0.26 0.10 0.18 0.25 0.63 0.52 0.19 0.44 0.39 0.02 
0 0 0 1.09 2.28 0 0.02 0 0.91 0 0 3.38 
1.72 1.83 4.57 2.03 2.70 4.72 5.55 5.96 1.47 4.31 4.82 3.94 
2.07 2.52 2.16 1.48 2.76 2.23 3.73 2.73 1.13 2.68 2.24 3.38 

98.94 99.80 98.50 98.46 100.53 97.64 100.21 99.26 100.28 99.26 98.06 98.18 
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Table 3. Atomic ratio of dark-green, micaceous, monomin- 
eralic greisen (Chanon granite/albite muscovite granite con- 
tac0. 

A B 

Si 3.27 3.14 
A1 Iv 0.73 0.86 
Aft [ 1.63 1.40 
Mg 0.14 0.13 
Fe 2+ 0.18 0.17 
Ti 0.00 0.00 
Mn 0.01 0.01 
Li n.d. 0.92 

oct 1.96 2.63 
Ca 0.01 0.01 
Na 0.03 0.02 
K 0.94 0.90 

A = structural formula calculated on the basis of  11 oxygens 
(Li not included). 

B = structural formula calculated on the basis of 11 oxygens 
(including Li). 

. : .  

Figure 8. Sketch showing inner part of plagioclases (p) re- 
crystallized into colorless phyllosilicates and cryptocrystalline 
matrix (K). Phengites (ph) located around biotites (bi) are 
altered. 

mary  muscov i t e  and feldspar have  been replaced by 
thin  flakes o f  l i thian muscovi te .  P r imary  biot i te  is re- 
crystal l ized to colorless or  weakly pleochroic  tr i l i thio-  
nite, which occludes numerous  sageni te- twinned ruti le  
crystals. This  recrystal l ized biot i te  is locally surround-  
ed by whi te  secondary mica.  The  large quar tz  crystals 
have  been replaced by a microcrysta l l ine  lepidol i t ic  
mat r ix  along their  contact  wi th  muscov i t e  or b io t i te  
grains (Figure 4). T w o  types o f  tourmal ine  are present: 
(1) green acicular crystals occluded in quar tz  pheno~ 
crysts and (2) globular  crystals, in the micaceous  ma-  
trix. The  al tered tourmal ine  is zoned,  b rown in the 
core, and blue in the r im; mos t  are i nvaded  by micro-  
crystall ine mica.  

Alteration zones surrounding the 
quartz-tourmaline greisen 

This  upper  quar tz - tourmal ine  greisen is a mass ive  
body sur rounded by two different a l terat ion zones. In  
the nearer  zone (0 .5-1 .0-m thick), p r imary  biot i te  has 

partly or  entirely recrystal l ized to secondary b rown  
bioti te,  < 5 0  #m in size. Secondary  biot i te  invades  
neighboring minera ls  along rnicrocracks and intergran- 
ular joints .  The  farther zone  (1 .0-2 .0-m thick) is char-  
acterized by small  phengite  flakes in veinlets  and in- 
tergranular jo ints  and by green bioti te replacing pr imary  
and secondary b rown  biot i te  (Figure 5). 

Illite-kaolinite and illite/smectite (I/S) 
mixed-layer alteration products 

Altered  rocks are friable and white.  In  the albite-  
muscovi te  granite, muscov i t e  and K-feldspar  are in-  
vaded  or  entirely replaced by a colorless clay mat r ix  
of  i l l i te-kaol ini te- i l l i te /smect i te  (I/S) (Figure 6). In  the 
greisen in the a lb i te -muscovi te  granite the microcrys-  
tall ine mica  is largely al tered to a clay matr ix,  whereas  
large flakes o f  mica  have  recrystal l ized only on their  
r ims; the bright polar iza t ion  colors o f  the micaceous  
phases are gradually replaced by the grey polar iza t ion  
colors o f  kaol ini te  (Figure 7). In the Chanon  granite 
this type o f  a l terat ion has fo rmed  chiefly in the far ther  

Table 4. Microprobe analyses of muscovite and lepidolite from albite-muscovite granite. 

Muscovites Lepidolites 

Si 3.10 3.03 3.14 3.06 3.08 3.12 3.61 3.64 3.58 3.67 3.76 3.68 
AI TM 0.90 0.97 0.86 3.94 0.92 0.88 0.39 0.36 0.42 0.33 0.24 0.32 
A1 w 1.96 1.96 1.95 1.95 2.01 1.97 1.59 1.58 1.75 1.63 1.55 1.58 
Mg . . . . . . . . . . . .  
Fe 0.05 0.04 0.04 0.04 0.02 0.03 0.23 0.19 0.11 0.21 0.27 0.28 
Ti -- -- 0.01 . . . . . . . . .  
Mn -- 0.01 0.02 -- -- -- 0.13 0.11 0.05 0.04 0.03 -- 
Ca -- -- -- 0.01 0.00 0.03 . . . . .  0.01 
Na 0.05 0.09 0.09 0.02 0.04 0.03 0.07 0.13 0.04 0.09 0.07 0.07 
K 0.85 0.90 0.76 0.96 0.81 0.86 0.85 0.87 0.80 0.85 0.92 0.93 

oct 2.01 2.01 2.02 1.99 2.03 2.01 1.95 1.88 1.91 1.88 1.85 1.86 

Calculated on the basis of 11 oxygens. Lithium is not counted in these analyses, and Li-rich micas are identified by their 
high Si atom contents and their octahedral occupancies of <2. Fe = Fe 2§ 
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Figure 9. Chimiographic representation of  analyzed micaceous phases in the MR3-2R3-3R2 coordinates of  (A) muscovites 
(mu) and lepidolites (le) in the albite-muscovite granite (Table 4), (B) lithian micas in the dark-green greisen in the Chanon 
granite (Table 6), (C) lithian micas in the light-grey greisen in the Chanon granite (Table 5): le = microcrystalline lepidolite, 
m = large lepidolite (circles) and protolithionite (triangles), mu = muscovite, (D) phengite (ph), primary biotite (bb 1), secondary 
brown biotite (bb2), secondary green biotite (gb) and corrensite (co), (lower diagram) representation of  biotite in Mg/(Mg + 
Fe) vs. Ti coordinates. 

greisen, but it has also been superimposed on the green 
biotite-phengite alteration products. The interiors of  
plagioclase grains are partly replaced (Figure 8) and 
recrystallized to a white, cryptocrystalline matrix. Pri- 
mary and secondary micaceous phases show recrys- 
tallized outer rims; their cleavages are sinuous, and 
grey polarization colors replace bright primary colors. 
The inner parts of  cordierite grains have been recrys- 
tallized to kaolinite, which includes some relict grains 
of  secondary green biotite and phengite. 

Tosudite alteration type 

The fresh albite-muscovite granite sampled on the 
wall rock in the western part of  the quarry is perva- 
sively altered. All primary minerals have been invaded 
and partly replaced by colorless, clay-size flakes of  to- 
sudite (about 20 #m in size), which display grey po- 
larization colors. Muscovite appears to be the least 
altered primary mineral. 

Kaolinite-iron oxide alteration products 

Most of  the Chanon granite, except the greisen, is 
extensively kaolinized. The quartzitic facies of  the al- 

bite-muscovite granite has also been kaolinized. In the 
red, kaolinized Chanon granite biotite has been pseu- 
domorphically replaced by kaolinite. This replacement 
appears to have started along intergranular joints, 
whereas some relict biotite recrystallized to a biotite/ 
vermiculite mixed-layer mineral. Iron oxides are pres- 
ent along intergranular joints and inside porous grains 
of  kaolinized plagioclase. 

Veins and veinlets 

Two types of  veins and veinlets were observed: (1) 
1-5-era-wide veins ofgreisen emerging from the upper 
greisen in the Chanon granite, and (2) 1-mm-wide to 
I-era-wide clayey veins in both the Chanon and the 
albite-muscovite granites. The first type of  vein is sur- 
rounded by a 2-cm-wide alteration zone similar to those 
observed around the upper greisen; the green biotite, 
however, is replaced by corrensite. The second type of  
vein, as found in the Chanon granite, contains the fol- 
lowing mineral assemblages: (1) green veins: kaolinite, 
illite, pure smectite; (2) white veins: illite, random I/S 
(45% smectite layers); (3) white veins: kaolinite, ran- 
dom I/S (50% smectite layers). 
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In the albite-muscovite granite the veins are filled 
with the following mineral assemblages: (1) green veins: 
illite, random I/S (40% smectite layers); (2) green veins: 
illite, kaolinite, random I/S (45% smectite layers); (3) 
red veins: illite, random I/S (57% smectite layers). As- 
semblages of  green illite and I/S were also noted. Flu- 
orapatite also occurs with the clay minerals in some 
assemblages. 

COMPOSITIONS OF THE 
SECONDARY PHASES 

Lithian micas 

Li-rich phases are present in the micaceous greisen 
in the albite-muscovite granite (samples 2, 3, 4, 05-3, 
and 11) and in the two greisens in the Chanon granite 
(samples 03-5, 03-4, 04-6, and 04-3) (Table 1). Li-rich 
phyllosilicates were identified in thin sections by mi-  
croprobe analyses despite the fact that Li was not mea- 
sured. I f  analyses of  Li-rich mica are calculated on a 
O~0(OH)2 basis omitt ing Li, the Si content is overes- 
t imated and the octahedral occupancy is underesti- 
mated (Table 3). These properties were used to distin- 
guish Li-rich phases from normal  muscovites and 
biotites. On plotting their composit ions on a MR3-2R 3- 
3R 2 diagram (Velde, 1977, 1984, 1985), the MR 3 com- 
ponent was overestimated; hence, these minerals are 
clearly discriminated from muscovite-phengite or bio- 
tite solid solutions (Figure 9). In the greisen in the 
albite-muscovite granite, the mixture of  2341 musco- 
vite and lepidolite was evidenced both by X R D  and 
microprobe analyses. The X R D  patterns showed two 
060 reflections at 1.495 ~ (muscovite) and 1.525 ik 
(lepidolite) (Brindley and Brown, 1980; Monier, 1985). 
Microprobe analyses calculated on the basis of  Olo(OH)2 
were distr ibuted into two groups, true muscovites hav- 
ing octahedral occupancies ranging from 1.99 to 2.01 
and low phengitic substitutions and Li-phases having 
lower octahedral occupancies and Si contents >3.00 
(3.58-3.76). The low interlayer charges were probably 
due to admixture with small amounts  o f  kaolinite (Ta- 
ble 4). 

The tril i thionites analyzed in the two greisens in the 
Chanon granite were identified by a 1.519-,~ (060) XRD 
reflection instead of  a 1.54-~ (060) reflection charac- 
teristic o f  biotite and by 002 and 020 reflection inten- 
sities that were intermediate between those of  mus- 
covite and biotite. Microprobe analyses showed Si 
contents of  >3.37 and octahedral occupancies near 
2.00 on an O,0(OH)2 basis (Table 5). Lepidolite mica 
in the altered Chanon granite was characterized by a 
Si content of  3.20 to 3.70 (Tables 5 and 6) and a 1.525-~ 
(060) X R D  reflection. 

These micaceous phases are clearly distinct from 
muscovites or biotites on a MR3-2R 3-3R 2 composi t ion 
diagram; their  Li -, A1 octahedral substitutions suggest 
a shift of  their composi t ion field towards the illite- 
phengite domain  (Figure 9c). 
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albi te-muscovite  
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2R3 2 2R 3 

Chanon granite 

Figure 10. (a) Representation of the illite-kaolinite-illite/smectite (US) assemblages in the MR3-2R3-3R: coordinates. Squares = 
pervasive alteration (Tables 11 and 12); 4, 5, and 6 = vein fillings (albite-muscovite granite); 1, 2, and 3 = vein fillings 
(Chanon granite) (Table 13). (b) X-ray powder diffraction pattern of illite-kaolinite-random I/S assemblage pervasively 
crystallized during late hydrothermal event. 

Phengites 

Compositions of  the phengitic micas in the weakly 
kaolinized Chanon granite, calculated on the basis o f  
O~0(OH)2, differ from those of  muscovite by their A1 -~ 
(Fe,Mg) octahedral substitutions, which range from 0.14 
to 0.20. The phengites are magnesium-rich; the Mg/ 
(Fe + Mg) atomic ratio ranges from 0.61 to 0.71. The 
smallest interlayer charges were probably due to some 
kaolinite admixture (Table 7, Figure 9d). 

Biotites 

The chemical compositions of  the brown primary 
biotite, brown secondary biotite, and green biotite show 
several differences, especially in their Mg, Fe, and Ti 
contents. Atomic Mg/(Fe + Mg) ratios vs. Ti show a 
linear relation, with the lower Ti and higher Mg con- 
tents corresponding to secondary biotite. The average 

Mg/(Mg + Fe) atomic ratios vary from 0.42 for brown 
primary biotite to 0.49 for secondary biotite to 0.67 
for green biotite, whereas the average Ti content  de- 
creases from 0.14 for the brown primary biotite to 
0.085 for the brown secondary biotite and 0.02 for the 
green biotite (Table 8, Figure 9, lower). 

Corrensite 

Corrensite was identified on the basis of  14.65- and 
29.28-]k X R D  reflections on natural, oriented samples 
and 15.31- and 31.06-~ reflections after ethylene glycol 
treatment. The compositions listed in Table 9 appear 
to be the result of  a mixture of  residual biotite and 
ordered chlorite/smectite; the potassic interlayer charge 
ranges from 0.51 to 0.37, and the Mg/(Mg + Fe) atomic 
ratio ranges from 0.41 to 0.47. MR3-2R3-3R2 plots o f  

Table 6. Microprobe analyses of lithian micas from dark-green greisen replacing Chanon granite at contact with albite- 
muscovite granite. 

Si 3.38 3.47 3.54 3.46 3.56 3 . 5 1  3 . 5 5  3.12 3.49 3.57 3.49 3.38 3.20 3.59 3.64 
A1 w 0.62 0.53 0.46 0.54 0.44 0.49 0.45 0.88 0 . 5 1  0.43 0 . 5 1  0.62 0.80 0 . 4 1  0.36 
AI w 1.70 1 . 5 5  1 . 5 6  1 . 5 6  1 . 5 5  1 . 5 5  1 . 4 6  1 . 8 8  1 . 5 4  1 . 4 7  1 . 5 6  1 . 7 2  1 . 8 5  1 . 5 2  1.53 
Mg 0.13 0.15 0.16 0.19 0.17 0.22 0.17 0.08 0.16 0.19 0.16 0.13 0.12 0.18 0.17 
Fe 0.13 0.23 0.25 0.28 0.24 0.24 0.30 0.05 0.30 0.34 0.27 0.17 0.06 0.28 0.25 
Ti 0.01 0.01 0 0 0 0 0.02 0 0 0 0 0 0 0 0 
Mn 0 0.02 0.02 0 . 0 1  0 . 0 1  0 . 0 1  0.02 0 0.02 0 . 0 1  0.02 0 0 0.01 0.01 
Ca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Na 0.01 0.02 0.02 0 . 0 1  0 . 0 1  0 . 0 1  0 . 0 1  0.02 0 0.01 0 . 0 1  0 . 0 1  0.04 0 . 0 1  0.01 
K 0.96 0.97 0.89 0.90 0.90 0.91 1.01 0.95 0 . 9 1  0.90 0.90 0.84 0.86 0.90 0.69 
2; oct 1.97 1 . 9 6  1 . 9 9  2.04 1 . 9 7  2.02 1 . 9 7  2 . 0 1  2.02 2 . 0 1  2 . 0 1  2.02 2 . 0 1  1 . 9 9  1.96 

Calculated on the basis of 11 oxygens. Fe as Fe 2§ 
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these chemical composi t ions are shifted from the bio- 
tite field towards the 2R3-3R 2 line (Table 9, Figure 9d). 

Tosudite 

Tosudite gave the characteristic X R D  reflections o f  
a regular mixed-layer dioctahedral  chlorite/smectite: 
30.15, 14.77, 9.08, 7.45, and 4.95 /~ for natural, ori- 
ented samples and 30.87, 15.26, 7.76, and 5.15/k for 
samples after ethylene glycol t reatment and a 060 re- 
flection at 1.490 ~ .  The structure collapsed to 12.18 

on heating to 400~ and only a weak 9.94-/~ re- 
flection persisted to 500~ Tosudite was always mixed 
with a small amount  of  illite and kaolinite. IR spectra 
gave results similar to those obtained on Japanese to- 
sudite samples analyzed by Ichikawa and Shimoda 
(1976), Sudo and Shimoda (1978), and Shimoda (1975). 
The 3630- and 3540-cm -1 absorpt ion bands were as- 
signed to OH valence vibrat ions in silicate and hy- 
droxide layers; the 708-cm-1 band reflects the Mg-A1- 
OH grouping vibrations in hydroxide layer. Tosudite 
microprobe analyses are listed in Table 10; the follow- 
ing average structural formula was calculated on the 
basis of  50 oxygens and 1.60% Li20, as found by a tom- 
ic absorption (Table 10, Creach et aL, 1986): 

(Si14n 3A12.47)IV(Alx l.o8Fe2 + o.o9Mgo.osMno.07Tio.o2Lil.os )vI 
(Cao.ogKo 79Nao. 18)O4o(OH)20 

Illite-kaolinite-random I/S assemblage 

Illite, kaolinite, and random I/S are int imately mixed 
in the zones o f  pervasive alteration in the albite-mus- 
covite granite, its greisen bodies, and in the Chanon 
granite. XRD patterns of  natural, oriented samples show 
a 7.18-A (001) kaolinite reflection, a 10.06-]k (001) 
mica reflection, and a 14.05-/~ (001) reflection, which 
shifts to 17.09/~ after ethylene glycol treatment.  This 
last peak can be attr ibuted to a random I/S having 40% 
smectite layers (Figure 10b; Velde, 1985; Reynolds and 
Hower, 1970). Microprobe analyses show that the in- 
terlayer is mainly potassic and that the Si content < 3.40. 
Al-for-Si substitutions suggest beidellite (Tables 11 and 
12). Plotting these data on a MR3-2R3-3R 2 diagram 
yields composi t ional  points  in the same area, spread 
along the MR3-2R 3 line from the illite to the kaolinite 
pole (Figure 10a). 

The same mixture (illite-kaolinite-I/S) fills the veins 
and veinlets which cut the two granite bodies. The 
proport ion of  smectite layers in the I/S ranges from 
40% to 90%. In the Chanon granite the smectite in- 
terlayer sites are calci-potassic; the Ca content ranges 
from 0.08 to 0.14, and the K content ranges from 0.08 
to 0.29 (Table 13). The exchangeable ions o f  the more 
expandable mixed-layer clay are: 45.45 Ca 2+, 19.92 
Mg 2+, 1.38 Na +, and 1.41 K + meq/100 g vs. a cation- 
exchange capacity o f  85 _+ 8 meq/100 g. All these 
analyses show A1/Fe octahedral substitutions and, i f  
plotted in MR~-2R3-3R 2 coordinates, these Fe-rich 
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Table 8. Microprobe analyses of primary and secondary biotites from weakly kaolinized Chanon granite. 

515 

Primary biotites Secondary brown b io t i~s  Secondary green biotites 

1 2 3 4 1 2 3 4 5 6 7 8 9 10 11 

Si 2.77 2.75 2.79 2.74 2.78 2.88 2.75 2.89 2.76 2.72 2.71 2.69 2.70 2.71 2.64 
A1 ~v 1.23 1.25 1.21 1.26 1.22 1.12 1.25 1.11 1.24 1.28 1.29 1.31 1.30 1.29 1.36 
A1 v~ 0.51 0.52 0.52 0.54 0.47 0.50 0.51 0.37 0.61 0.64 0.59 0.57 0.56 0.57 0.60 
Mg 0.92 0.85 0.91 1.10 1.07 1.02 1.01 1.17 1.24 1.24 1.29 1.31 1.34 1.22 1.27 
Fe 2+ 1.18 1.19 1.16 1.10 1.17 1.07 1.20 1.13 1.00 0.97 0.94 1.02 0.97 1.03 1.00 
Ti 0.14 0.15 0.14 0.07 0.09 0.10 0.08 0.09 0.01 0.01 0.01 0.01 0 0.02 0.01 
Mn 0.03 0.03 0.03 0.02 0.03 0.04 0.02 0.03 0.02 0 0 0 0.02 0.02 0 
Ca 0 0 0 0 0 0.01 0.01 0 0.01 0 0.01 0 0 0 0 
Na 0.02 0.03 0.02 0.01 0.01 0 0.01 0.02 0.01 0.03 0.14 0 0.03 0.01 0.10 
K 0.90 0.89 0.86 0.89 0.91 0.91 0.92 0.94 0.83 0.84 0.82 0.86 0.88 0.92 0.84 
Z oct 2.78 2.74 2.76 2.83 2.83 2.73 2.82 2.79 2.88 2.86 2.83 2.91 2.89 2.86 2.88 

Calculated on the basis of 11 oxygens. Fe = Fe 2+. 

chemica l  compos i t ions  are shifted towards  the i l l i te/  
mon tmor i l l on i t e  or  mon tmor i l l on i t e  area (Table 13, 
Figure 10a; Veld, 1977, 1984, 1985). 

In  summary ,  the chemica l  compos i t ion  o f  the I /S 
appears  to have  been inf luenced by the bulk rock chem-  
istry. I f  i t  fo rmed  during the pervas ive  al terat ion,  i t  
contains  only a small  a m o u n t  o fphengi t i c  subst i tut ions 
(Mg + Fe -< 0.07 per  ha l f  uni t  cell) and has main ly  
potassic inter layer  charges in the a lb i te -muscovi te  
granite. In  the Chanon  granite the phengi t ic  substi tu- 
t ions are greater (0.03 -< Mg + Fe --_ 0.22), and the 
inter layer  charges give greater  Ca/(Ca + K) ratios. I f  
it fo rmed  in veins,  it shows s imilar  differences in 
(Fe,Mg)-phengit ic  substi tutions;  i t  shows less phengit ic  
subst i tut ion in the a lb i t e -muscovi te  granite and more  
in the Chanon  granite,  but  the inter layer  charges give 
more  homogeneous  and larger Ca/ (Ca + K) ratios. 

Biotite~vermiculite clay mineral 

The  b io t i t e /ve rmicu l i t e  f rom the red, kaol in ized 
Chanon  granite y ie lded a 10 .90-~  X R D  reflect ion after 
the sample  had been heated  to 500~ Microprobe  anal- 
yses cor responded  to a mix ture  o f  kaol ini te  and the 
mixed- layer  mater ia l  (Table 14). The  i ron oxides were 
o f  the goethite type. N o  smect i te  was identif ied in the 
kaol ini t ic  and illitic mat r ix  that  replaced the plagio- 
clase. 

Table 9. Microprobe analyses ofcorrensite replacing biotites 
from weakly kaolinized Chanon granite. 

Si 3.85 3.91 3.86 3.80 3.58 3.86 3.64 3.92 
A1 w 0.15 0.09 0.14 0.20 0.42 0.14 0.36 0.08 
A1 w 2.31 2.41 2.43 2.24 1.97 2.23 1.91 2.49 
Mg 1.10 0.87 0.94 1.11 0.93 1.11 0.86 0.82 
Fe 1.24 1.03 1.13 1.37 1.29 1.37 1.15 1.18 
Ti 0.02 0.12 0.03 0.01 0.41 0.01 0.52 0.04 
Mn 0.02 0.02 0.01 0.01 0.02 0.01 0.01 -- 
Ca 0.01 0.01 0.02 0.01 -- 0.01 0.01 -- 
Na 0.02 0.08 0.02 0.07 0.02 -- -- 0.01 
K 0.37 0.41 0.51 0.38 0.37 0.43 0.51 0.45 

Calculated on the basis of 14 oxygens. Fe = Fe 2§ 

D I S C U S S I O N  

The  petrographic  observa t ions  suggest that  the dif- 
ferent secondary parageneses were first related in t ime  
to the fo rmat ion  o f  the greisen bodies,  because o f  their  
broadly  zoned  patterns,  and then to a mass ive  hydro-  
the rmal  alteration,  which affected the granit ic  bodies.  
The  chronological  relat ions among  the secondary min-  
erals in veins  and in pervas ive ly  al tered zones o f  the 
Chanon  and the a lb i te -muscovi te  granites are sum- 
mar ized  in Table  15. 

Hydrothermal alteration related to greisen formation 

The  hydro the rmal  al terat ion in the a lb i te -muscovi te  
granite is relat ively s imple  and corresponds typically 
to the greisen mineral  assemblage of lepidol i te  + quartz. 
The  hydro the rmal  al terat ion is more  complex  in the 
Chanon  granite and is dis t r ibuted zonally a round  the 
greisen itself. This  greisen is composed  chiefly o f  tour-  
mal ine;  tr i l i thionite,  which replaces p r imary  bioti te;  
and lepidolite,  which  invades  muscovi te ,  feldspar, and 
quartz.  

Crystal lographic propert ies  and chemical  compos i -  
t ions o f  Li-r ich micas  have  been de te rmined  on bo th  
natural  and synthetic minera ls  (Rober t  and Volfinger, 
1979; Munoz ,  1968, 1971; Foster ,  1960; Rieder ,  1971; 
Monier ,  1985). Li-r ich micas  can be considered to be 
a solid solut ion be tween no rma l  non-Li -bear ing  di- 
octahedral  or  t r ioctahedral  micas  and Li-r ich micas  

Table 10. Microprobe analyses from fresh albite-muscovite 
granite. 

SiO2 45.48 43.45 45.92 40.55 45.99 
A1203 36.41 39.13 37.63 32.43 34.62 
Fe203 0.32 0.37 0.52 0.47 0.10 
MnO 0.07 -- -- 0.17 1.17 
MgO -- 0.08 0.26 0.25 0.27 
TiO2 -- 0.03 0.31 -- -- 
CaO 0.02 0.21 0.38 0.38 0.37 
K20 1.35 1.07 2.49 2.23 2.55 
Na20 0.13 0.24 0.29 0.30 0.50 
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Table 11. Microprobe analyses of illite-kaolinite-illite/smectite assemblage crystallizing in the albite-muscovite granite and 
its greisen facies. 

Albite-rnuscovite granite Greisen 

Si 3.00 3.00 3.08 3.10 3.01 3.09 3.18 3.20 3.13 3.21 3.21 3.25 3.20 
AI w 1.00 1.00 0.92 0.90 0.99 0.91 0.82 0.80 0.87 0.79 0.79 0.75 0.80 
AI vl 2.15 2.11 2.02 2.01 2.13 1.99 1.95 1.99 2.06 2.06 2.07 2.13 2.12 
Mg 0.02 0.01 0.06 -- 0.03 . . . . . . . .  
Fe -- 0.02 0.01 0.00 0.01 0.02 -- 0.01 0.01 0.02 0.03 0.01 0.02 
Ti -- 0.01 -- -- 0.01 0.01 . . . . . . .  
Mn -- -- 0.01 -- -- 0.01 -- -- 0.01 0.01 0.01 -- 0.01 
Ca -- -- 0.02 -- 0.02 . . . . . .  0.01 -- 
Na 0.05 0.04 0.08 0.01 0.04 0.05 0.05 0.01 0.06 -- 0.06 0.02 0.03 
K 0.43 0.51 0.55 0.81 0.41 0.81 0.82 0.76 0.62 0.56 0.43 0.29 0.33 
�9 oct 2.17 2.15 2.10 2.01 2.18 2.03 1.95 2.00 2.08 2.09 2.11 2.14 2.15 

Calculated on the basis of 11 oxygens. Fe = Fe z+. 

(e.g., po ly l i th ion i te ,  t r i l i th ioni te ,  taeniol i te) .  L i - r i ch  
micas  crystal l ize in  bod ie s  s imi la r  to  greisens  a t  t e m -  
pe ra tu res  > 4 0 0 ~  (KiJkne et aL, 1972; R i e d e r  et aL, 
1970; Charoy ,  1979). T h e  X R D  pa t t e rn s  o f  the  t r i l i th-  
ion i tes  ana lyzed  f r o m  the  M o n t e b r a s  cupo la  i nd i ca t e  
t h a t  th i s  l i t h i an  phase  a p p r o x i m a t e s  a ph logop i t e  35%- 
t r i l i t h ion i t e  65% sol id  so lu t ion  ( R o b e r t  a n d  Volf inger ,  
1979; Mon ie r ,  1985). 

In  the  n e a r e r  a l t e r a t ion  zone  s u r r o u n d i n g  the  gre isen  
i t se l f  a n d  the  greisen ve ins ,  p r i m a r y  b io t i t e  has  a p p a r -  
en t ly  recrys ta l l ized to s econda ry  b r o w n  bio t i te ,  w h i c h  
is r i che r  in  M g  a n d  dep le ted  in  Ti. These  r eac t ions  are 
s imi la r  to  those  s u r m i s e d  for  the  po tass ic  a l t e r a t ion  
zones  in  p o r p h y r y  c o p p e r  e n v i r o n m e n t s  a n d  ind ica t e  
a h igh - t empera tu re  h y d r o t h e r m a l  process  (400~176 
(Jacobs  a n d  Parry,  1976, 1979; Nie lsen ,  1968; Beane,  
1974; Fourn ie r ,  1967). 

T h e  fa r the r  a l t e ra t ion  zone  s u r r o u n d i n g  the  greisen 
is cha rac t e r i zed  by  coexis t ing  pheng i t e -g reen  biot i te .  
T h e  whi t e  m i c a  has  a low in te r l ayer  charge  (0 .68-0 .96) ,  
a n d  the  b io t i t e  has  a c o m p o s i t i o n  t h a t  ranges  t ow ar ds  
Al -phlogopi te ,  S imi la r  chemica l  shif ts  in  p o r p h y r y  
c o p p e r  e n v i r o n m e n t s  h a v e  b e e n  a t t r i b u t e d  to a t e m -  
pe ra tu re  decrease  ( Jacobs  a n d  Parry ,  1979; Beaufor t ,  
1984). T h e  c rys ta l l i za t ion  t e m p e r a t u r e  o f  the  pheng i te -  

A l -ph logop i t e  a s semblage  was e s t i m a t e d  by  these  au-  
t ho r s  to  be  at  least  300~ in  such  e n v i r o n m e n t s  a n d  
> 3 5 0 ~  in  ac t ive  g e o t h e r m a l  fields; a cor rens i t e -ch lo-  
r i t e -o r thoc lase  a s semblage  has  b e e n  r epo r t ed  to f o r m  
be tween  300 ~ a n d  220~ (MacDowel l  a n d  Elders, 1980). 
A r o u n d  the  greisen ve ins  cor rens i t e  crys ta l l ized in  the  
fa r ther  a l te ra t ion  zone.  Accord ing  to Velde  (1977, 1984, 
1985), the  t h e r m a l  s tab i l i ty  o f  cor rens i t e  ranges  f r o m  
1800--200 ~ to 280~ 

T o s u d i t e  a n d  kao l in i t e  coexis t  in  the  f resh a lb i te-  
m u s c o v i t e  grani te .  T h e  tosud i t e  is a n  i n t e r m e d i a t e  al- 
t e r a t i on  phase ,  f o rming  af ter  the  micaceous  phases  a n d  
before  the  I /S  ( M a t s u d a  a n d  H e n m i ,  1973). It  p r o b a b l y  
crysta l l ized f rom a c i rcula t ing  h y d r o t h e r m a l  so lu t ion  
c o n t a i n i n g  h igh  A1 a n d  low Li  c o n t e n t s  a n d  o f  p H  4 -  
6 ( M a k s i m o v i 6  a n d  Br indley,  1980; N i s h i y a m a  et aL, 
1975). In  the  M o n t e b r a s  cupola ,  t o sud i t e  a p p a r e n t l y  
crys ta l l ized at  lower  t e m p e r a t u r e  t h a n  any  o t h e r  Li- 
r i ch  phase.  

Late hydrothermal event 

R a n d o m  US coexis ts  w i th  i l l i te a n d / o r  kao l in i t e  in  
the  pe rvas ive  a l t e ra t ion  zone  o f  the  a l b i t e - m u s c o v i t e  
grani te  a n d  in  ve in  fillings in  b o t h  g ran i te  bodies .  In  
the  pe rvas ive  a l t e ra t ion  zone,  th i s  a s semblage  replaces  

Table 12. Microprobe analyses of illite-kaolinite-illite/smectite assemblage pseudomorphosing after primary minerals in 
Chanon granite. 

Si 3.27 3.21 3.14 3.24 3.19 3.15 3.31 3.40 3.30 3.26 
A1 w 0.73 0.79 0.86 0.76 0.81 0.85 0.69 0.60 0.70 0.74 
AI vt 1.84 1.91 2.00 1.90 2.09 2.12 2.14 2.08 2.14 2.04 
Mg 0.04 0.03 0.05 0.12 0.07 0.03 -- -- -- 0.01 
Fe 0.07 0.08 0.05 0.10 0.04 0.07 0.04 0.07 0.03 0.18 
Ti 0.03 0.02 . . . . . . .  0.01 
M n  . . . . .  0.01 - -  - -  0 . 0 1  - -  

C a  -- -- -- 0.01 0.01 0.01 0.02 0.02 0.03 0.03 
Na 0.14 . . . .  0.01 -- 0.04 -- 0.03 
K 0.86 0.76 0.69 0.69 0.44 0.25 0.14 0.15 0.11 0.08 

oct 1.98 2.04 2.10 2.12 2.20 2.23 2.18 2.15 2.18 2.24 

Calculated on the basis of 11 oxygens. Fe = ee  2+. 
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Table 13. Average microprobe analyses of  six veinlet fillings 
cutting previously altered Chanon granite (1, 2, 3) and albite- 
muscovite granite (4, 5, 6). 

1 2 3 4 5 6 

Si 3.79 3.39 3.50 3.38 3.37 3.13 
AP v 0.21 0.61 0.50 0.62 0.63 0.87 
AI w 1.60 1.89 1.68 1.82 1.77 1.62 
Mg 0.12 0.06 0.18 0.02 0.06 0.07 
Fe 0.41 0.26 0.23 0.12 0.11 0.15 
Ti 0 . 0 2  0.01 -- 0.03 0.03 0.22 
Mn . . . . . .  
Ca 0.14 0.08 0.14 0.08 0.15 0.26 
Na -- -- 0.08 -- 0.07 -- 
K 0.04 0.08 0.29 0.48 0.51 0.19 
~; oct 2.01 2.16 2.09 2.04 1.96 2.06 

1 = pure smectite; 2-6 = illite/smectite (40-50% smectite 
layers)-illite-kaolinite assemblages. Calculated on the basis of 
11 oxygens. Fe = Fe 2+. 

p r imary  micas  and feldspars in the fresh a lb i te -mus-  
covi te  granite and micaceous  phases in the greisen. The  
I /S contains  40% smect i te  layers and has potassic in-  
terlayer cat ions and very  l imi ted  A l / F e - M g  octahedral  
substi tutions.  In the two granites, the I /S filling the late 
veinlets  contains  40 to 100% smect i te  layers. The  
smect i te  layers conta in  Mg and Ca as inter layer  cat ions 
and have  extens ive  A1/Fe-Mg octahedral  substi tut ions.  

The  r a n d o m  nature  o f  the I /S impl ies  t empera tu re  
condi t ions  o f  < 100~ (Velde, 1977, 1984, 1985; Eberl  
and Hower ,  1977). S imi lar  low- tempera tu re  hydro-  
thermal  assemblages have  been descr ibed in granite 
and syenite a l terat ion zones (Meunier  and Velde,  1982; 
Meunier ,  1982; Beaufort  and Meunier ,  1983a, 1983b). 

Weathering 

In the red, kaolinized,  friable Chanon  granite,  b iot i te  
has broken down  into vermicul i te -kaol in i te  assem- 
blages and i ron oxides. In the a lb i te -muscovi te  granite,  
in the absence o f  a p r imary  Fe -Mg phase,  such as bio-  
tite, the detri tal  kaol in i te- i ron oxide  deposi ts  observed  
appear  to have  been  der ived  f rom the overlying,  weath-  
ered Chanon  granite. 

In granitic rocks, m o r e  than 75% o f  the inter layer  
sites o f h y d r o t h e r m a l  smect i tes  are filled wi th  K (Cath- 
elineau, 1982), whereas  smect i tes  in weather ing zones 
conta in  Mg and Ca as inter layer  cat ions (Meunier ,  
198(3). The  kaol in i te -vermicul i te  and iron oxide  assem- 
blage is characterist ic o f  weather ing in a t empera te  cli- 
mate  (Meunier ,  1980). Noncrys ta l l ine  i ron oxides  or  
goethi te  were no t  no ted  in earl ier  hyd ro the rma l  alter- 
a t ion zones. On  the o ther  hand,  the potassic smect i tes  
or  potassic I /S were not  no ted  in weather ing zones  in 
which vein-fi l l ing I /S conta ins  Ca and  Mg as inter layer  
cat ions and in which  the pure  smect i te  has a Ca-Mg-  
mon tmor i l l on i t e  compos i t ion .  The  potassic smect i tes  
seem to have  been obl i tera ted by weathering.  

S U M M A R Y  A N D  C O N C L U S I O N  

The  chemical  evo lu t ion  o f  circulat ing hydro the rma l  
solutions can be inferred f rom the nature  o f  the alter- 
at ion parageneses found in the two granite bodies  (Fig- 
ures 1 l a  and 1 l b  and  Table  15). 

Magmatic stage 

The  first a l terat ion even t  was magmat i c  albi t izat ion;  
both  the a lb i te -muscovi te  granite  and  the Chanon  
granite were apparent ly  affected by high tempera ture  
and K-Li -F- r ich  fluids (Charoy, 1979). The  high f luid/  
rock ratio induced the obl i tera t ion o f  all p r imary  min -  
erals. The  K, Li, F, and O H -  f rom the hydro the rma l  
solut ion were apparent ly  incorpora ted  in the l i thian 
micas  that  characterize the fo rmat ion  o f  the greisen. 
In the Chanon  granite,  p r imary  biot i te  was replaced 
by t r i l i thioni te  and lepidoli te,  giving rise to an increase 
in the concent ra t ion  o f  Mg in the solution.  Dur ing  the 
late cooling stages, a decrease o f  the t empera tu re  and 
the f luid/rock rat io induced  a progressive r emova l  o f  
Mg f rom solution,  and  secondary,  b rown biot i te  crys- 
tallized. The  b rown biot i te  was fol lowed by green bio-  
ti te and phengite as long as the K act ivi ty  r ema ined  
sufficiently high. In  the farther a l terat ion zone,  which  
surrounds the greisen veinlets,  the  occurrence o f  cot-  

Table 14. Microprobe analyses of cryptocrystalline kaolinite-goethite deposits in voids of quartzitic facies within albite- 
muscovite granite and of kaolinized biotite in red, kaolinized facies of  Chanon granite. 

Cryptocristalline deposit in albite-muscovite granite Kaolinized biotites from Chanon granite 

Si 3.59 3.36 3.33 3.29 3.62 3.26 2.87 3.04 3.12 2.98 2.99 3.12 3.19 3.10 
AP v 0.49 0.64 0.67 0.71 0.38 0.74 1.13 0.96 0.88 1.02 1.01 0.88 0.81 0.90 
A1 v~ 1.77 1.84 1.89 1.85 1.80 2.21 0.71 1.28 2.04 1.44 1.86 2.04 2.21 2.20 
Mg 0.01 0.02 0.01 0.04 0.04 -- 1.10 0.62 0.06 0.41 0.25 0.10 0.02 0.06 
Fe 0.35 0.32 0.26 0.30 0.13 0.01 0.93 0.50 0.06 0.58 0.29 0.20 0.53 0.13 
Ti 0.04 0.04 0.03 0.04 -- -- 0.05 0.03 0.01 0.07 0.02 -- -- -- 
Mn -- -- -- 0.01 0.03 -- 0.02 0.02 0.01 . . . . .  
Ca 0.04 0.04 0.03 0.03 0.02 -- 0.01 0.01 -- 0.02 0.01 0.08 -- 0.01 
Na 0.01 0.01 0.03 0.06 0.05 0.04 0.01 0.01 0.02 . . . . .  
K 0.22 0.22 0.24 0.20 0.51 0.33 0.70 0.39 0.44 0.40 0.24 0.10 0.03 0.02 
~oc t  2.14 2.22 2.19 2.24 2.00 2.22 2.81 2.45 2.18 2.50 2.42 2.34 2.76 2.39 

Calculated on the basis of 11 oxygens. Fe = Fe 2+. 
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Table 15. Alteration facies and associated alteration parageneses observed in albite muscovite-granite and Chanon granite. 

P e t r o g r a p h i c  fac ies  P e r v a s i v e  a l t e r a t ion  Ve ins  A l t e r a t i o n  e p i s o d e s  

Albite-muscovite granite 
Greisen 1 lepidolite-quartz 

first hydrothermal 
Weakly kaolinized albite- episode 

muscovite-granite 
Chloritic alteration 3 tosudite-kaolinite 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Argillic alteration 4 illite-kaolinite-I/S iUite-kaolinite-I/S late hydrothermal 
episode 

kaolinite + Fe oxides 

Chanon granite 
Greisen facies 1 lepidolite, trilithionite, lepidolite, trilithionite, 

quartz, tourmaline quartz, tourmaline 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Nearer surrounding zone 2 secondary brown biotites secondary brown biotites 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Farther surrounding zone 3 green biotites, phengites 4 corrensite, phengite 

weathering 

first hydrothermal 
episode 

White weakly kaolinized granite kaolinite, illite kaolinite, illite, I/S late hydrothermal 
episode 

Red kaolinized granite kaolinite, goethite, biotite/ kaolinite, illite, Ca-Mg- weathering 
vermiculite smectite 

' Boldface numbers refer to alteration episodes sketched in Figures 1 la and I lb. 

rensite characterizes a late cooling stage, accompanied 
by a decrease in the activities of K and Mg. Here, the 
Si activity increased sufficiently to allow the crystalli- 
zation of smectitic layers in I/S. In a similar range of 
temperature and in the absence of Fe-Mg-rich phases 
in the albite-muscovite granite, a decrease of the K 
activity and an increase of the Si activity allowed Li- 
bearing tosudite to crystallize in this aluminous me- 
dium. The tosudite trapped the Li in its chloritic layers 
(cookeite type). 

The second hydrothermal event affected the granite 
bodies at lower temperature. The alteration assemblage 
is illite + I/S + kaolinite. K and Mg, released from 
recrystallized biotite and muscovite, were trapped in 
the potassic interlayers and in the A1 ~ Mg octahedral 
substitutions of illites and I/S, respectively. With a 
decrease of temperature and fluid-rock interaction, the 
K activity decreased, whereas the Si activity in solution 
increased. Newly formed clay minerals are character- 
ized by low K and high Si contents; the mineral as- 
semblage is closed to the kaolinite pole in the MR 3- 
2R3-3R 2 diagram. In the albite-muscovite granite the 

secondary phases were depleted in Fe and Mg because 
of the lack of primary Fe, Mg-rich minerals, demon- 
strating the lack of chemical exchange between the two 
granitic bodies during the hydrothermal events. 

Weathering 

Weathering pervasively altered the Cbanon granite, 
which overlies the albite-muscovite granite. I n  the 
Chanon granite, primary biotite, secondary biotite, and 
plagioclase were altered to kaolinite. As a result; weath- 
ering solutions were enriched in Fe, Mg, and Ca. The 
albite-muscovite granite is mainly characterized by the 
lack of phases susceptible to weathering; only local 
detrital deposits (kaolinite and Fe oxides) inherited 
from the weathered Chanon granite are present in voids. 
Fe-, Mg-, and Ca-rich solutions appear to have per- 
colated through the two granitic bodies in subvertical 
cracks and crystallized Ca-Mg-montmorillonite, which 
obliterated the hydrothermal potassic smectites. 
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