Clays and Clay Minerals, Vol. 36, No. 6, 505-520, 1988.

HYDROTHERMAL AND SUPERGENE ALTERATIONS IN THE
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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°C), (2) a zone characterized by secondary green biotite and phengite (300-350°C),
and (3) a zone characterized by the presence of corrensite (180°-200°C) 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°C) an
assemblage of kaolinite, mixed-layer illite/smectite (I/S), and illite formed pervasively and in crack fillings;
the smectite layers of the I/S 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 nature of their interlayer cations, i.e., potassic for

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 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
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representation of the northwest corner 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
Chanon granite
3.7,3.8,4.8  grey, weakly kaolinized, weakly ka- unaltered unaltered subvertical veins filled with
porphyritic two-mica olinized white clay minerals or
granite pale-green clay minerals
3.6,4.7 red, kaolinized, friable red, kaolin- unaltered red, kaolin- greisen vein surrounded by
granite ized ized greisenized granite and
successive alteration zones
3.5,4.6 grey, light-colored quartz- obliterated obliterated obliterated
mica-tourmaline greisen
3.4 greisenized, weakly kaolin-  obliterated obliterated replaced by
ized, two-mica granite white mi-
cas
4.5 red, kaolinized, friable red, kaolin- unaltered red, kaolin- greisen vein surrounded by
granite ized ized greisenized granite and
successive alteration zones
34,44 grey, weakly kaolinzed, weakly ka- unaltered unaltered greisen vein surrounded by
porphyritic two-mica olinized greisenized granite and
granite successive alteration zones
4.3 dark-green, micaceous, obliterated obliterated replaced by
monomineralic greisen white mi-
cas
Albite-muscovite granite
56,7,8,9 weakly kaolinized, albite- unaltered or  unaltered unaltered large veins filled with light-
muscovite granite weakly green micaceous material
kaolinized
10, 11, 12 white, kaolinized, friable kaolinized unaltered or  unaltered light-green, micaceous veins
granite, locally red-col- weakly containing fluorapatite
ored by iron oxides kaolinized
2,3,4,05,3 light-green, greisenized, obliterated unaltered or  obliterated veins filled with white clay
mica-rich granite weakly minerals
kaolinized
1 light-grey, quartzitic rock obliterated obliterated unaltered

relationship to the thermal history of the granite cupola
determined.

GEOLOGICAL SETTING

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

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.
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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 1a):
(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 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 1 mm;
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),0,;) <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 1b).

METHOD OF INVESTIGATION

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
1b).

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-um spot size. After
microprobe analyses, secondary minerals were extracted from

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

Albite-muscovite granite

Greisenized granite

Quartzified granite Kaolinized granite

Sample 1 2 3 4 05-3 s 6 7 8 9 10 11 12
Si0, 82.50 47.12 43.14 5253 46.19 5251 70.12 87.61 92.69 93.11 84.82 89.98 86.96
Al O, 10.61 35.55 39.25 32.66 3842 3207 1937 798 4.86 3.27 10.96 6.28  8.53
MnO 0.03 0.08 0.07 0.10 0.08 0.06 005 0.11 0.02 0.02 0.03 002 0.02
MgO 004 026 0.23 0.28 0.18 0.16 0.16 0.09 0.07 0.04 0.04 005 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
Na,O 2.11 0.13  0.17 0.16 036 097 008 0.07 0.07 0.08 0.13 0.16 0.27
K,O 348 826 9.94 8.37 7.23  8.46 3.77 1.58 1.01 091 1.34 093 094
TiO, 0 002 O 0 0 0 0 0 0 0 0 0 0
Li,O 0 0.50 0.31 0.56 0.32 0.06 008 0.08 0 0 0 0.33  0.09
H,O .02  6.62 533 5.23 680 443 4.38 1.65 1.04 0.53 3.12 .79  2.61
Fe,0, 009 033 031 0.36 026 0.27 021 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

Z Fe as Fe,0;.
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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.

the thin sections using a microdrill (Beaufort ef 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°26, 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~! frequency region.

PETROGRAPHY OF ALTERED ROCKS
Greisen in the albite-muscovite granite

The micaceous greisen in the albite-muscovite gran-
ite is a light-green rock composed of large flakes of
muscovite and lepidolite (100-400 um in size), ran-
domly dispersed in a fine-grained micaceous matrix
(20-50 um in size) (Figure 2). Locally, muscovite, le-
pidolite, K-feldspar, and albite are invaded by large
quartz crystals, which may completely engulf them

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.

(quartzitic facies). Numerous aligned vesicles preserve
the arrangement and shape of original feldspar crystals
after replacement (Figure 3). Some millimeter-size
veinlets are present at the contact between 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 with the albite-muscovite granite. It
obliterates the initial microstructure of the two-mica
granite, preserving only the shapes of the altered cor-
dierite phenocrysts. Microscopically, the rock is similar
to the light-green greisen in the albite-muscovite gran-
ite, but the large grains of trilithionites show a weak,
yellow-brown pleochroism and inner microrecrystal-
lizations.

In the upper quartz- and tourmaline-rich 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-
tact).

A B
Si 3.27 3.14
Al 0.73 0.86
AV 1.63 1.40
Mg 0.14 0.13
Fe2+ 0.18 0.17
Ti 0.00 0.00
Mn 0.01 0.01
Li n.d. 0.92
Z 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).

mary muscovite and feldspar have been replaced by
thin flakes of lithian muscovite. Primary biotite is re-
crystallized to colorless or weakly pleochroic trilithio-
nite, which occludes numerous sagenite~-twinned rutile
crystals. This recrystallized biotite is locally surround-
ed by white secondary mica. The large quartz crystals
have been replaced by a microcrystalline lepidolitic
matrix along their contact with muscovite or biotite
grains (Figure 4). Two types of tourmaline are present:
(1) green acicular crystals occluded in quartz pheno-
crysts and (2) globular crystals, in the micaceous ma-
trix. The altered tourmaline is zoned, brown in the
core, and blue in the rim; most are invaded by micro-
crystalline mica.

Alteration zones surrounding the
quartz-tourmaline greisen

This upper quartz-tourmaline greisen is a massive
body surrounded by two different alteration zones. In
the nearer zone (0.5-1.0-m thick), primary biotite has

Dudoignon, Beaufort, and Meunier
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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.

partly or entirely recrystallized to secondary brown
biotite, <50 um in size. Secondary biotite invades
neighboring minerals along microcracks 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 joints and by green biotite replacing primary
and secondary brown biotite (Figure 5).

Illite-kaolinite and illite/smectite (1/S)
mixed-layer alteration products

Altered rocks are friable and white. In the albite-
muscovite granite, muscovite and K-feldspar are in-
vaded or entirely replaced by a colorless clay matrix
of illite-kaolinite-illite/smectite (I/S) (Figure 6). In the
greisen in the albite-muscovite granite the microcrys-
talline mica is largely altered to a clay matrix, whereas
large flakes of mica have recrystallized only on their
rims; the bright polarization colors of the micaceous
phases are gradually replaced by the grey polarization
colors of kaolinite (Figure 7). In the Chanon granite
this type of alteration has formed chiefly in the farther

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
A1V 0.90 0.97 0.86 3.94 0.92 0.88 0.39 0.36 0.42 0.33 0.24 0.32
AV 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
2 oct 2.01 2.01 2.02 1.99 2.03 2.01 1.95 1.88 191 1.88 1.85 1.86

Calculated on the basis of 11 oxygens. Lithium is not counted in these analysés, and Li-rich micas are identified by their

high Si atom contents and their octahedral occupancies of <2.
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Figure 9. Chimiographic representation of analyzed micaceous phases in the MR3-2R3-3R? 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 (bb1), 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 um 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-

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

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-cm-wide veins of greisen emerging from the upper
greisen in the Chanon granite, and (2) 1-mm-wide to
1-cm-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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Table 5. Microprobe analyses of micaceous phases from light-grey, quartz-mica greisenized Chanon granite.

17

16

15

14

13

12

10

341 3.43 3.47 3.48 3.45 3.50 3.61 3.59
0.59 0.57 0.53 0.52 0.55 0.50 0.39 0.41
1.54 1.55 1.63 1.50 1.62 1.60 1.49 1.55
0.17 0.19 0.17 0.20 0.12 0.12 0.16 0.19
0.22 0.22 0.17 0.25 0.26 0.24 0.30 0.18
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large flakes of protolithionite and recrystallized biotites;

; 7-8 = small-size micaceous flakes on quartz; 9~15

1 = recrystallized muscovite; 2-6 = small-size micaceous flakes:
16-17 = small-size micaceous flakes on protolithionites.

Calculated on the basis of 11 oxygens. Fe = Fe?*.
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In the albite-muscovite granite the veins are filled
with the following mineral assemblages: (1) green veins:
illite, random 1/S (40% smectite layers); (2) green veins:
illite, kaolinite, random I/S (45% smectite layers); (3)
red veins: illite, random 1/S (57% smectite layers). As-
semblages of green illite and 1I/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. If analyses of Li-rich mica are calculated on a
0,,(OH), basis omitting Li, the Si content is overes-
timated 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 compositions on a MR3-2R3-
3R2diagram (Velde, 1977, 1984, 1985), the MR? 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 2A/, musco-
vite and lepidolite was evidenced both by XRD and
microprobe analyses. The XRD patterns showed two
060 reflections at 1.495 A (muscovite) and 1.525 A
(lepidolite) (Brindley and Brown, 1980; Monier, 1985).
Microprobe analyses calculated on the basis of O,,(OH),
were distributed 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 of kaolinite (Ta-
ble 4).

The trilithionites analyzed in the two greisens in the
Chanon granite were identified by a 1.519-A (060) XRD
reflection instead of a 1.54-A (060) reflection charac-
teristic of 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,,(OH), basis (Table 5). Lepidolite mica
in the altered Chanon granite was characterized by a
Si content of 3.20t0 3.70 (Tables 5 and 6) and a 1.525-A
(060) XRD reflection.

These micaceous phases are clearly distinct from
muscovites or biotites on a MR3-2R3-3R2 composition
diagram; their Li — Al octahedral substitutions suggest
a shift of their composition field towards the illite-
phengite domain (Figure 9c).
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Figure 10. (a) Representation of the illite-kaolinite-illite/smectite (I/S) assemblages in the MR3-2R3.3R2 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 of
0,,(OH),, differ from those of muscovite by their Al —
(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
0.08S 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-A XRD reflections on natural, oriented samples
and 15.31-and 31.06-A 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 t0 0.37, and the Mg/(Mg + Fe) atomic
ratio ranges from 0.41 to 0.47. MR3-2R3-3R? plots of

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

muscovite granite.

Si 3.38 347 354 346 356 351 3.55
ALY 062 053 046 0.54 044 049 045
AlVt 1.70 1.55 1.56 1.56 1.55 1.55 146
Mg 0.13 0.15 0.16 0.19 0.17 022 0.17
Fe 0.13 0.23 025 028 024 024 030
Ti 0.01 0.01 0 0 0 0 0.02
Mn 0 0.02 0.02 0.01 0.01 0.01 0.02
Ca 0 0 0 0 0 0 0

Na 001 0.02 0.02 001 001 0.01 0.01
K 0.96 097 089 090 090 091 1.01
Zoct 197 196 199 204 197 202 1.97

3.12 349 357 349 338 320 359 3.64
088 0.51 043 051 062 080 041 036
1.88 154 147 156 172 185 152 1.53
008 0.16 0.19 0.16 0.13 0.12 0.18 0.17
0.05 030 034 027 0.17 006 0.28 0.25
0 0 0 0 0 0 0 0

0 002 001 002 O 0 6.01 o0.01
0 0 0 0 0 0 0 0

002 0 0.01 001 0.01 0.04 0.01 0.01
095 091 09 090 0.84 086 0.90 0.69
201 202 201 201 202 201 199 196

Calculated on the basis of 11 oxygens. Fe as Fe?+.
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Table 7. Microprobe analyses of muscovites and phengites from weakly kaolinized Chanon granite.
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Calculated on the basis of 11 oxygens. Fe as Fe?*.

Clays and Clay Minerals

these chemical compositions are shifted from the bio-
tite field towards the 2R3-3R2 line (Table 9, Figure 9d).

Tosudite

Tosudite gave the characteristic XRD reflections of
a regular mixed-layer dioctahedral chlorite/smectite:
30.15, 14.77, 9.08, 7.45, and 4.95 A for natural, ori-
ented samples and 30.87, 15.26, 7.76, and 5.15 A for
samples after ethylene glycol treatment and a 060 re-
flection at 1.490 A. The structure collapsed to 12.18
A on heating to 400°C, and only a weak 9.94-A re-
flection persisted to 500°C. 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~' absorption bands were as-
signed to OH valence vibrations in silicate and hy-
droxide layers; the 708-cm~! band reflects the Mg-Al-
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% Li,0O, as found by atom-
ic absorption (Table 10, Creach ez al., 1986):

(Siyq13AL V(AL 1.08F €27 0.09MBo 0sMNg 07 Tig 021 05)Y"
(Cag.09Ko.7sNag 13)040(OH)0

Illite-kaolinite-random 1/S assemblage

Ilite, kaolinite, and random I/S are intimately mixed
in the zones of 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-A (001)
mica reflection, and a 14.05-A (001) reflection, which
shifts to 17.09 A after ethylene glycol treatment. This
last peak can be attributed 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? diagram
yields compositional points in the same area, spread
along the MR3-2R3 line from the illite to the kaolinite
pole (Figure 10a).

The same mixture (illite-kaolinite-1/S) fills the veins
and veinlets which cut the two granite bodies. The
proportion 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 of the more
expandable mixed-layer clay are: 45.45 Ca**, 19.92
Mg2+, 1.38 Na+, and 1.41 K+ meq/100 g vs. a cation-
exchange capacity of 85 = 8 meq/100 g. All these
analyses show Al/Fe octahedral substitutions and, if
plotted in MR3-2R3-3R? coordinates, these Fe-rich
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Table 8. Microprobe analyses of primary and secondary biotites from weakly kaolinized Chanon granite.

Primary biotites

Secondary brown biotites

Secondary green biotites

1 2 3 4 1 2 3 4 5 6 7 8 9 10 11
Si 277 275 279 274 278 2.88 275 2.89 276 272 271 269 270 271 264
Al 1.23  1.25 121 1.26 .22 112 1.25 1.11 124 128 129 131 130 129 1.36
Al 051 0.52 0.52 0.54 047 0.50 0.51 0.37 0.61 064 0.59 057 0.56 0.57 0.60
Mg 092 0.85 091 1.10 1.07 1.02 1.01 1.17 1.24 124 129 131 134 122 127
Fe?*+ 1.18 1.19 1.16 1.10 .17 1.07 120 1.13 1.00 097 094 102 097 1.03 1.00
Ti 0.14 0.15 0.14 0.07 0.09 0.10 0.08 0.09 001 001 0.01 001 O 0.02 .0.01
Mn 0.03 0.03 003 0.02 0.03 0.04 0.02 0.03 002 O 0 0 002 002 0
Ca 0 0 0 0 0 0.01 001 O 001 O 0.01 O 0 0 0
Na 0.02 0.03 0.02 o0.01 001 0O 001 002 001 003 014 O 0.03 0.01 o0.10
K 090 0.89 0.86 0.89 091 091 092 0.94 0.83 0.84 082 086 0.88 092 0.84
2 oct 2778 2.74 276 2383 2.83 273 282 279 288 286 283 291 289 286 2.88
Calculated on the basis of 11 oxygens. Fe = Fe?*.
chemical compositions are shifted towards the illite/ DISCUSSION

montmorillonite or montmorilionite area (Table 13,
Figure 10a; Veld, 1977, 1984, 1985).

In summary, the chemical composition of the I/S
appears to have been influenced by the bulk rock chem-
istry. If it formed during the pervasive alteration, it
contains only a small amount of phengitic substitutions
(Mg + Fe = 0.07 per half unit cell) and has mainly
potassic interlayer charges in the albite-muscovite
granite. In the Chanon granite the phengitic substitu-
tions are greater (0.03 < Mg + Fe < 0.22), and the
interlayer charges give greater Ca/(Ca + K) ratios. If
it formed in veins, it shows similar differences in
(Fe,Mg)-phengitic substitutions; it shows less phengitic
substitution in the albite-muscovite granite and more
in the Chanon granite, but the interlayer charges give
more homogeneous and larger Ca/(Ca + K) ratios.

Biotite/vermiculite clay mineral

The biotite/vermiculite from the red, kaolinized
Chanon granite yielded a 10.90-A XRD reflection after
the sample had been heated to 500°C. Microprobe anal-
yses corresponded to a mixture of kaolinite and the
mixed-layer material (Table 14). The iron oxides were
of the goethite type. No smectite was identified in the
kaolinitic and illitic matrix that replaced the plagio-
clase.

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

Si 3.85 391 386 3.80 3.58 3.86 3.64 3.92
Al 0.15 0.09 0.14 020 042 0.14 0.36 0.08
AVt 231 241 243 224 197 223 191 249
Mg 1.10 0.87 094 1.11 093 1.11 086 0.82
Fe 1.24 1.03 1.13 137 1.29 137 1.15 1.18
Ti 0.02 0.12 0.03 0.01 041 0.01 0.52 0.04
Mn 0.02 002 0.01 001 0.02 001 001 —

Ca 0.01 0.01 002 001 - 0.01 001 —

Na 0.062 0.08 0.02 0.07 002 — - 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?*.
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The petrographic observations suggest that the dif-
ferent secondary parageneses were first related in time
to the formation of the greisen bodies, because of their
broadly zoned patterns, and then to a massive hydro-
thermal alteration, which affected the granitic bodies.
The chronological relations among the secondary min-
erals in veins and in pervasively altered zones of the
Chanon and the albite-muscovite granites are sum-
marized in Table 15.

Hydrothermal alteration related to greisen formation

The hydrothermal alteration in the albite-muscovite
granite is relatively simple and corresponds typically
to the greisen mineral assemblage of lepidolite + quartz.
The hydrothermal alteration is more complex in the
Chanon granite and is distributed zonally around the
greisen itself. This greisen is composed chiefly of tour-
maline; trilithionite, which replaces primary biotite;
and lepidolite, which invades muscovite, feldspar, and
quartz.

Crystallographic properties and chemical composi-
tions of Li-rich micas have been determined on both
natural and synthetic minerals (Robert and Volfinger,
1979; Munoz, 1968, 1971; Foster, 1960; Rieder, 1971;
Monier, 1985). Li-rich micas can be considered to be
a solid solution between normal non-Li-bearing di-
octahedral or trioctahedral micas and Li-rich micas

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

SiO, 45.48 43.45 45.92 40.55 45.99
AlL,O, 36.41 39.13 37.63 32.43 34.62
Fe,0; 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
TiO, - 0.03 0.31 - -

CaO 0.02 0.21 0.38 0.38 0.37
KO 1.35 1.07 2.49 2.23 2.55
Na,O 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-muscovite granite

Greisen

Si 300 3.00 3.08 310 301 3.09
Al 1.00 100 092 09 099 091
AV 215 211 202 201 213 199
Mg 0.02 0.01 0.06 - 0.03 -

Fe - 002 001 000 0.01 002
Ti - 0.01 — - 0.01 0.01
Mn - - 0.01 — - 0.01
Ca - - 0.02 - 0.02 —

Na 0.05 004 0.08 001 004 005
K 043 05t 055 081 041 0381
Zoct 217 215 210 201 218 2.03

318 320 313 321 321 325 3.20
082 080 087 0.79 0.79 0.75 0.80
1.95 1.99 206 206 207 213 212
- 001 0.01 002 0.03 001 0.02
- - 0.01 0.01 001 — 0.01
- - — - — 0.01 —
005 0.01 0.06 - 0.06 002 0.03
082 076 062 056 043 029 0.33
195 200 208 209 211 214 215

Calculated on the basis of 11 oxygens. Fe = Fe?*,

(e.g., polylithionite, trilithionite, taeniolite). Li-rich
micas crystallize in bodies similar to greisens at tem-
peratures >400°C (Kiikne et al., 1972; Rieder et al.,
1970; Charoy, 1979). The XRD patterns of the trilith-
ionites analyzed from the Montebras cupola indicate
that this lithian phase approximates a phlogopite 35%-
trilithionite 65% solid solution (Robert and Volfinger,
1979; Monier, 1985).

In the nearer alteration zone surrounding the greisen
itself and the greisen veins, primary biotite has appar-
ently recrystallized to secondary brown biotite, which
is richer in Mg and depleted in Ti. These reactions are
similar to those surmised for the potassic alteration
zones in porphyry copper environments and indicate
a high-temperature hydrothermal process (400°-450°C)
(Jacobs and Parry, 1976, 1979; Nielsen, 1968; Beane,
1974; Fournier, 1967).

The farther alteration zone surrounding the greisen
is characterized by coexisting phengite-green biotite.
The white mica has a low interlayer charge (0.68-0.96),
and the biotite has a composition that ranges towards
Al-phlogopite. Similar chemical shifts in porphyry
copper environments have been attributed to a tem-
perature decrease (Jacobs and Parry, 1979; Beaufort,
1984). The crystallization temperature of the phengite-

Al-phlogopite assemblage was estimated by these au-
thors to be at least 300°C in such environments and
>350°C in active geothermal fields; a corrensite-chlo-
rite-orthoclase assemblage has been reported to form
between 300°and 220°C (MacDowell and Elders, 1980).
Around the greisen veins corrensite crystallized in the
farther alteration zone. According to Velde (1977, 1984,
1985), the thermal stability of corrensite ranges from
180°-200° to 280°C. ‘

Tosudite and kaolinite coexist in the fresh albite-
muscovite granite. The tosudite is an intermediate al-
teration phase, forming after the micaceous phases and
before the I/S (Matsuda and Henmi, 1973). It probably
crystallized from a circulating hydrothermal solution
containing high Al and low Li contents and of pH 4-
6 (Maksimovi¢ and Brindley, 1980; Nishiyama et al.,
1975). In the Montebras cupola, tosudite apparently
crystallized at lower temperature than any other Li-
rich phase.

Late hydrothermal event

Random I/S coexists with illite and/or kaolinite in
the pervasive alteration zone of the albite-muscovite
granite and in vein fillings in both granite bodies. In
the pervasive alteration zone, this assemblage 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
Al 0.73 0.79 0.86 0.76 0.81 0.85 0.69 0.60 0.70 0.74
A1 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
Mn -~ - - - — 0.01 - - 0.01 —
Ca - - - 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
Z 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 = Fe?*.
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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
AlY 0.21 0.61 0.50 0.62 0.63 0.87
AV 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 - 0.02 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
2 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?".

primary micas and feldspars in the fresh albite-mus-
covite granite and micaceous phases in the greisen. The
1/S contains 40% smectite layers and has potassic in-
terlayer cations and very limited Al/Fe-Mg octahedral
substitutions. In the two granites, the I/S filling the late
veinlets contains 40 to 100% smectite layers. The
smectite layers contain Mg and Ca as interlayer cations
and have extensive Al/Fe-Mg octahedral substitutions.

The random nature of the I/S implies temperature
conditions of <100°C (Velde, 1977, 1984, 1985; Eberl
and Hower, 1977). Similar low-temperature hydro-
thermal assemblages have been described in granite
and syenite alteration zones (Meunier and Velde, 1982;
Meunier, 1982; Beaufort and Meunier, 1983a, 1983b).

Weathering

In the red, kaolinized, friable Chanon granite, biotite
has broken down into vermiculite-kaolinite assem-
blages and iron oxides. In the albite-muscovite granite,
in the absence of a primary Fe-Mg phase, such as bio-
tite, the detrital kaolinite-iron oxide deposits observed
appear to have been derived from the overlying, weath-
ered Chanon granite.
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In granitic rocks, more than 75% of the interlayer
sites of hydrothermal smectites are filled with K (Cath-
clineau, 1982), whereas smectites in weathering zones
contain Mg and Ca as interlayer cations (Meunier,
1980). The kaolinite-vermiculite and iron oxide assem-
blage is characteristic of weathering in a temperate cli-
mate (Meunier, 1980). Noncrystalline iron oxides or
goethite were not noted in earlier hydrothermal alter-
ation zones. On the other hand, the potassic smectites
or potassic I/S were not noted in weathering zones in
which vein-filling I/S contains Ca and Mg as interlayer
cations and in which the pure smectite has a Ca-Mg-
montmorillonite composition. The potassic smectites
seem to have been obliterated by weathering.

SUMMARY AND CONCLUSION

The chemical evolution of circulating hydrothermal
solutions can be inferred from the nature of the alter-
ation parageneses found in the two granite bodies (Fig-
vres 11a and 11b and Table 15).

Magmatic stage

The first alteration event was magmatic albitization;
both the albite-muscovite granite and the Chanon
granite were apparently affected by high temperature
and K-Li-F-rich fluids (Charoy, 1979). The high fluid/
rock ratio induced the obliteration of all primary min-
erals. The K, Li, F, and OH- from the hydrothermal
solution were apparently incorporated in the lithian
micas that characterize the formation of the greisen.
In the Chanon granite, primary biotite was replaced
by trilithionite and lepidolite, giving rise to an increase
in the concentration of Mg in the solution. During the
late cooling stages, a decrease of the temperature and
the fluid/rock ratio induced a progressive removal of
Mg from solution, and secondary, brown biotite crys-
tallized. The brown biotite was followed by green bio-
tite and phengite as long as the K activity remained
sufficiently high. In the farther alteration zone, which
surrounds the greisen veinlets, the occurrence of cor-

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 359 336 333 329 362 3.26
AlY 049 064 067 071 038 0.74
AV 1.77 184 1389 1.85 180 221
Mg 0.01 0.02 00f 004 004 —
Fe 035 032 026 030 0.3 0.01
Ti 0.04 0.04 003 004 — -
Mn - - — 001 003 -
Ca 0.04 004 003 003 002 ~—
Na 0.01 001 003 006 005 004
K 022 022 024 020 051 0.33
= oct 214 222 219 224 200 222

287 3.04 312 298 299 312 319 3.10
1.13 096 0.88 102 101 0.88 081 090
071 128 204 144 186 204 221 220
1.10 0.62 0.06 041 025 010 0.02 0.06
093 050 006 0.58 029 020 053 013
0.05 0.03 0.01 0.07 0.02 - - -

0.02 0.02 0.01 - - - - -

0.01 0.01 - 0.02 0.01 0.08 — 0.01
0.01 0.01 0.02 - - - — -

0.70 039 044 040 0.24 0.10 003 0.02
281 245 218 250 242 234 276 239

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

Petrographic facies Pervasive alteration Veins Alteration episodes
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-1/S

illite-kaolinite-I/S late hydrothermal

episode
kaolinite + Fe oxides weathering
Chanon granite
Greisen facies 1 lepidolite, trilithionite, lepidolite, trilithionite,
quartz, tourmaline quartz, tourmaline
first hydrothermal
Nearer surrounding zone 2 secondary brown biotites secondary brown biotites episode

Farther surrounding zone

3 green biotites, phengites

4 corrensite, phengite

White weakly kaolinized granite kaolinite, illite

kaolinite, illite, I/S late hydrothermal

episode

Red kaolinized granite
vermiculite

kaolinite, goethite, biotite/

kaolinite, illite, Ca~-Mg- weathering

smectite

! Boldface numbers refer to alteration episodes sketched in Figures 11a and 11b.

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 Al ~ 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 MR3-
2R3-3R? 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 Chanon granite,
which overlies the albite-muscovite granite. In 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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