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ABSTRACT

Muscovite—biotite leucogranites that occur along
the South Armorican Shear Zone of Brittany were
repeatedly intruded along dextral shear belts, main-
ly during Hercynian (340-300 Ma) orogenesis. The
zone is marked by an amphibolite-facies culmina-
tion in regional metamorphic grade, and by in situ
formation of the leucogranites by anatexis of meta-
sediments. The leucogranites are homogeneous in
major element composition, with no pronounced
difference between plutons. Trace elements and
S7Sr/%8r initial ratios do show some differences,
which may result from both minor variations in
source materials and degrees of partial melting.
The formation of these leucogranites can be ex-
plained by means of models involving fractional
melting along fault zones either by temperature
increase due to frictional heat production, or by
lowering of melting temperatures owing to period-
ic flux of water through the fault zone.

Keywords: two-mica granite, shear belts. chemistry,
petrogenesis, fractional melting, leucogranite,
Brittany, France.

SOMMAIRE

a

Des massifs leucogranitiques & muscovite et bio-
tite de Bretagne ont été mis en place épisodique-
ment le long de ceintures de cisaillement dextre
dans la zone de I’Armoricain méridional, et surtout
pendant 1'orogénése hercynienne (de 340 3 300 Ma).
Cette zone atteint le facies métamorphique amphi-
bolite, d’oll la formation in situ des leucogranites
par anatexie de métasédiments. En ce qui concerne
les éléments majeurs, ces granites sont homogénes
et sans grande différence entre massifs. Certaines
variations observées dans la teneur en éiéments
traces et le rapport initial #Sr/®Sr refléteraient 3 la
fois des variations mineures dans les matériaux origi-
nels et différents degrés de fusion partielle. On
peut attribuer Dorigine de ces leucogranites 3 une
fusion fractionnée le long de zones faillées, résul-
tant de l'accroissement de la température dii a la
chaleur de friction, ou de Pabaissement du solidus
di au flux périodique d’eau dans les failles.

(Traduit par la Rédaction)
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Mots-clés: granite & deux micas, zone de cisaille-
ment, composition, pétrogénése, fusion fraction-
née, leucogranite, Bretagne, France.

INTRODUCTION

Peraluminous (corundum-normative) leuco-
cratic granites—granodiorites (“leucogranites™)
are typical of the deeply dissected parts of oro-
genic terrains, where they tend to form minor
portions of larger biotite- or amphibole-bearing
metaluminous granitoid bodies, but they also
occur as individual plutons of significant vol-
ume. They are characterized by primary musco-
vite and biotite, with minor garnet, rarely cor-
dierite, and very rarely andalusite, all of which
have been used as indicators of pressures of
crystallization (e.g., Cawthorn ef al. 1976, Caw-
thorn & Brown 1976, Green 1976, 1977, 1978,
Flood & Shaw 1975, Clarke et al. 1976). Pos-
sible mechanisms for their formation include
amphibole fractionation from less siliceous melts
(Cawthorn et al. 1976), partial melting of peli-
tic metasediments (Green 1976), vapor-phase
transport of alkalis (Luth er al. 1964), second-
ary alteration (Heming & Carmichael 1973)
and magma contamination (Ewart & Stipp
1968).

The Hercynian orogen of western Europe is
characterized by abundant peraluminous two-
mica leucogranites, which are well known for
their associated mineral deposits (e.g., Chauris
1977, 1978). Such rocks are poorly represented
in the adjacent Caledonian orogen, leading Hall
(1971, 1972) to suggest that a difference in
geothermal regime was responsible for the con-
trasting granitoid suites.

This paper focuses on the leucogranite plu-
tons of the Armorican Massif in southern Brit-
tany, where they were emplaced during a span
of at least 250 million years along the South
Armorican Shear Zone (S.A.S.Z.) and its sub-
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Fic. 1. Geological setting of the granitic rocks. of southern Brittany, showing granitic plutons and mas-

sifs discussed in text.

sidiary faults, These rocks contrast with other
granitoid plutons of widely differing petrochem-
ical and metallogenic characteristics but of sim-
ilar age, which were emplaced in the same over-
all Appalachian—Caledonian—Hercynian orogenic
terrains (Strong 1980). An understanding of the
formation of these leucogranites in the clearly
defined geological setting of southern Brittany
may lead to petrogenetic models applicable to
similar rocks in other areas.

GEOLOGICAL SETTING

The geology of southern Brittany (Fig. 1) is
dominated by two major features: the South
Armorican Shear Zone (Cogné 1957, Berthé et
al. 1979) and large volumes of Paleozoic gran-
ite. To the north of the S.A.S.Z. lies the Briover-
ian greenschist-facies metasedimentary sequence,
deformed and metamorphosed during the Her-
cynian (Le Corre 1977, Hanmer et al. 1980); to
the south lies the amphibolite-facies South Brit-
tany mobile belt, The latter was deformed, meta-
morphosed and migmatized during the Ligerian

(Siluro-Devonian) and Hercynian (Carboni-
ferous—Permian) orogenies (Cogné 1977, Han-
mer 1977a) and grades southward into green-
schist-facies metasediment of the Belle-Ile-en-
Mer Group (Audren & Lefort 1977). The
S.A.S.Z, is a branching transcurrent fault whose
latest movement (pre-Westphalian *“D”/Canta-
brian: Cogné 1957, Hanmer 1977b) was dex-
tral (Berthé er al. 1979). Older and younger
granites are located along the trace of the
S.A.8.Z.: the Cambro-Ordovician Lanvaux gneiss
(vidal 1972), the Ordovician Douarnenez
plagiogranite (trondhjemite) complex (Barriére
1970, 1972, Barriere et al. 1971, Hanmer
1977b), the Devonian Ste-Anne d’Auray gran-
ite (Vidal 1973) and the voluminous Carbon-
iferous (Hercynian) leucogranites (Barrois
1930).

Pre-Hercynian granitoid bodies

The penetratively foliated Douarnenez com-
plex is composed of predominant biotite trondh-
jemite, plus granodiorite, tonalite and leuco-
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granite. It is intrusive into the Brioverian meta-
sediments, which were cleaved and metamor-
phosed to staurolite grade before or during
pluton emplacement. The western quarter of the
complex is distinctive in comprising a locally
garnetiferous plagiogranite carrying a dextral
shear fabric (Berthé er al. 1979). The eastern
part consists of trondhjemite cut by leucogranite
and large rafts of granodiorite; these eastern
lithologies all share a common fabric. Samples
from all lithologies of the complex plot on a
single Rb/Sr whole-rock isochron, giving an age
of 473 = 20 Ma with an initial *'Sr/*Sr of
0.7047 (Barriere et al. 1971). (All Rb/Sr iso-
chron ages quoted here are recalculated with X\
¥Rb = 142 x 107%,)

Relatively little is known about the Lanvaux
“gneiss”, a foliated biotite—muscovite granite
with minor inclusions of granodiorite or diorite
at its western end (P. Jegouzo, pers. comm.
1979); the gneiss becomes more isotropic at its
eastern end. Six samples from the western end
of the gneiss (Lanvaux I) lie on a composite
Rb/Sr isochron yielding an age estimate of 554
*+ 10 Ma (*Sr/*Sr, = 0.7031), whereas the
central (Lanvaux II) and eastern (Lanvaux
IIT) parts of the “gneiss” yield isochron ages of
472 = 8 Ma (¥Sr/®Sr; = 0.7041), and 433
+ 4Ma (¥Sr/®Sr; = 0.7061), respectively
(Vidal 1972, 1976).

The Ste-Anne d’Auray granite (granite d’a-
natexie) was emplaced in migmatites along the
south side of the S.A.S.Z., is syntectonic with
respect to penetrative deformation of these mig-
matites, and appears to have been derived from
them (Le Métour 1978, Audren & Le Métour
1976, Le Métour & Audren 1977). Vidal
(1976) gives an isochron age of 370 == 10 Ma
and an initial *Sr/®*8r ratio of 0.7062 for the
granite. However, as pointed out by J.J. Peucat
(pers. comm. 1978), the initial Sr/*Sr ratio of
the less-metamorphosed lateral equivalents of the
migmatites and those of the granite are incom-
patible with this hypothesis. According to these
workers (Peucat & Cogné 1977, Le Métour &
Audren 1977), migmatization occurred between
460 and about 380 Ma.

Hercynian granites

Hercynian biotite—muscovite leucogranites oc-
cur in an elongate belt 30 km wide by 300 km
long between Pointe-du-Raz and the Vendée
(Barrois 1930), along the trace of the southern
branch of the S.A.S.Z. The southern margin of
the belt and a number of isolated elliptical leu-
cogranite plutons (massifs circonscrits) intrude
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the South Brittany mobile belt. On its northern
margin, the granite belt comprises four irregular
lobes, the Locronan, Pontivy, Ploermel (Lizio)
and Questembert leucogranite massifs, all in-
truded into the Brioverian and Paleozoic sedi-
mentary country rocks. Three biotite granites
are intimately associated with the leucogranites:
the equigranular Bignan granite and the mega-
crystic Guengat (Hanmer 1977b) and Rostre-
nan granites.

Coarse grained muscovite pegmatites and fine
grained muscovite == garnet aplites intrude the
leucogranites and the country rocks on either
side of the belt. Some pegmatites in the country
rocks adjacent to the Locronan, Pontivy and
Lizio massifs contain abundant kyanite or an-
dalusite or both (Cogné 1961, Barriére et al.
1973).

The leucogranites have been dated in several
areas by the Rb/Sr whole-rock isochron method.
The Questembert massif yields 327 = 10 Ma
with an initial *Sr/%*Sr value of 0.7088 (Vidal
1973). Rafts and sheets of highly deformed leu-
cogranite [“homogeneous gneiss” and “fine-
grained gneiss” of Hanmer (1977b, p. 85-87);
Cap Sizun Older and Cap Sizun Younger of
this study], intruded by and included within the
main, mildly foliated leucogranite at Cap Sizun,
yield an age of 301 = 11 Ma (0.7102) (Cap
Sizun Younger: Hanmer & Peucat, unpubl.
data). Other Rb/Sr ages for the Ploermel, Pont-
ivy and Quimper massifs fall within the 300-
330 Ma interval; initial ®Sr/%Sr values for
Ploermel and Quimper lie within the range
0.708-0.710, but Pontivy is somewhat low at
about 0.7060 (Peucat & Jegouzo, pers. comm.
1979, Peucat & Berthé, pers. comm. 1979).
These leucogranites appear to have been in-
truded along an older plutonic line, possibly
extending in the subsurface along the S.A.S.Z.
(northern branch) and under the Paris basin
(Weber 1967). After their emplacement, trans-
current movement in pre-Westphalian “D” or
Cantabrian time produced mylonite belts, up to
a Kilometre in width, along the S.A.S.Z. axial
zone (Cogné 1957, Berthé et al. 1979).

A number of field and laboratory observa-
tions demonstrate that the Locronan, Pontivy,
Ploermel and probably the Questembert massifs
were emplaced contemporaneously with both the
metamorphism and deformation of their envel-
ope rocks (Hanmer 1978, Hanmer & Vigneresse
1980, Hanmer et al. 1980): (1) the metasedi-
ments were regionally deformed and metamor-
phosed during the Hercynian orogeny (Le
Corre 1977); (2) trajectory patterns of the sin-
gle cleavage in the envelope rocks indicate in-
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teraction between a local strain-field related to
radial  expansion of the diapiric leucogranites
during emplacement. and- the contemporaneous
regional strain field (see Brun er al. 1976, Ledru
& Brun 1977); (3) metamorphic grade in the
envelope rocks increases from the regional lower
greenschist facies away from the granite mar-
gins to lower-to-middle amphibolite facies (stau-
rolite—kyanite—sillimanite—andalusite =+ garnet)
near the granites; (4) the metamorphic isograds
and phyllosilicate isocrystallinity contours par-
allel the irregularities in the leucogranite out-
crop; (5) metamorphic mineral growth is pre-,
syn- and post-tectonic with respect to the pene-
trative cleavage in the envelope (Hanmer 1979).
Syntectonic assemblages include kyanite—silli-
manite—andalusite. Although nowhere have all
three aluminosilicates been identified within a
single thin section, their syntectonic textures
with respect to the single regional cleavage sug-
gest that temperatures of 550-600°C at 5-6
kbar P(H:O) obtained in the envelope rocks
during granite emplacement (see Fig. 9).

Tectonic interpretations

A number of regional tectonic models have
been proposed for the Paleozoic history of south-
ern Brittany (e.g., Nicolas 1972, Cogné 1977).
Cogné proposed that northward-dipping sub-
duction occurred beneath southern Brittany dur-
ing the Siluro-Devonian, resulting in the “Lig-
erian” orogeny. Radiometric dating and struc-
tural study of the South Brittany blueschists
tend to refute this model and to link their gen-
esis to northward-directed Hercynian thrusting
(Carpenter & Civetta 1976, Quinquis 1979).
Cogné’s (1977) model terminates with a con-
tinent—continent collision during the Hercynian.
Recent paleomagnetic reconstructions, however,
do not indicate a major suture in southern Brit-
tany (Scotese et al. 1979). The close spatial
relationship between the leucogranites and the
S.ASZ. suggests a genetic relation between
them. Because of the disposition of the leuco-
granites in vertical sheets, Cogné (1957, 1960,
1967) considered granitic melt production and
emplacement to be syntectonic with respect to
transcurrent movement along the S.A.S.Z. The
presence of rafts of highly deformed leuco-
granite within mildly foliated leucogranite close
to the S.A.S.Z. at Cap Sizun, and of leuco-
granite protomylonite cut by subisotropic leuco-
granite between Locronan and Pontivy, supports
this hypothesis. Furthermore, strain in leuco-
granitic Hercynian gneisses within the Baie
d’Audierne schists and amphibolites, which are

_dextral

THE CANADIAN MINERALOGIST

themselves cut by the Quimper leucogranite
massif (Hanmer 1977b), is compatible with
transcurrent movement along the
S.A.S.Z. (Berthé, pers. comm. 1978). More
recently, Hanmer & Vigneresse (1980) and Han-
mer et al. (1980) have interpreted the Loc-
ronan, Pontivy and Lizio massifs as diapirs,
emplaced during the deformation of their meta-
sedimentary envelopes.

The relationship between the older (pre-Her-
cynian) granite and deformation is less clear.
The Ste-Anne d'Auray granite is known to have
been emplaced during folding of the country
rocks, but its possible genetic relationship with
the S.A.S.Z. has never been considered. The
Douarnenez complex carries a synemplacement
foliation compatible with dextral wrench-fault-
ing, i.e.. the sense of Carboniferous movement
along the adjacent S.A.S.Z. The range of em-
placement ages of the Douarnenez complex and
the central and eastern parts of the Lanvaux
gneiss (470-430 Ma) overlaps the older time
constraints bracketing the syntectonic migmat-
ization event within the mobile belt (460-376
Ma, Peucat & Cogné 1977). We tentatively sug-
gest that the Douarnenez and Lanvaux granites
were emplaced during deformation along the
South Brittany mobile belt and were accom-
panied by dextral movement along the S.A.S.Z.

In summary, it appears that the line of the
S.A.S.Z. has been the site of granite emplace-
ment during Lower Paleozoic and Hercynian
times. The fact that deformation patterns within
the earlier Hercynian leucogranite are compati-
ble with movement along the S.A.S.Z. and with
the emplacement and subsequent mylonization
of the bulk of the leucogranite along the
S.A.S.Z. axial zone indicates a close spatial and
temporal relationship between the leucogranites
and activity along the shear zone.

PETROGRAPHY

The plutons studied vary mainly in grain size,
degree of deformation, and muscovite content.
However, since these variations are as great
within a single pluton as between different plu-
tons, it is not necessary to describe each pluton
separately, Most of the “leucogranites” would
be classified mainly as transitional be-
tween granite and granodiorite based on the
classification of Streckeisen (1973).

Plagioclase is generally the coarsest mineral
in these rocks, ranging up to several cm long
but typically between 0.5 and 5 mm. The coars-
est plagioclase crystals are most strongly zoned,
with cores typically replaced by muscovite and
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calcite. In deformed rocks the larger plagio- in groundmass grains and along the rims of
clase crystals are typically recrystallized, with larger plagioclase crystals.”

abundant small, euhedral, secondary albite Alkali feldspar occurs typically as twinned
crystals. Myrmekitic textures are locally present crystals up to 1 cm long, and as an interstitial

TABLE 1. AVERAGE COMPOSITIONS OF BRITTANY LEUCOGRANITES

CAP SIZUN CAP SIZUN
SAMPLE QUIMPER(12) PLOMEUR(9) PONTIVY(7) PLOERMEL(5)  YOUNGER(3) OLDER(8)

5102 72.68 72.84 72.46 73.50 7417 72.13
T102 0.17 0.22 0.20 0.17 0.07 0.20
A1203 14.53 14.64 14.58 14.64 14.47 14.64
Fe203 0.32 0.09 0.12 0.22 0.21 0.38
Fel 0.87 0.67 1.04 0.86 0.61 0.74
Mn0 0.01 0.02 0.02 0.02 0.01 0.01
Mg0 0.30 0.23 0.40 0.35 0.21 0.36
Ca0 0.64 0.58 0.70 0.73 0.59 0.83
Na20 3.22 3.72 3.58 3.36 3.40 2.83
K20 5.20 . 478 4,70 4.75 5.18 5.71
P205 0.30 0.24 0.31 0.30 0.34 0.28
L0I 1.36 1.25 1.13 1.47 0.99 1.12
TOTAL 99.60 99,28 99,24 100.37 100.25 99,28
Zr 87 50 82 75 46 93
Sr 86 53 76 73 57 83
Rb 317 348 292 274 242 255
n 64 81 60 29 46
Cu 6 5
Ba 256 169 269 247 187 349
Th 1 10 7 1
Nb 15 12 9 i1 14 1
Ga 27 25 24 23 23 23
Pb 30 34 26 30 32 4
Ni 18 17 18 15 14 16
La 36 32 34 31 27 3
cr 18 16 19 19 17 16
v 3 0 8 5 1 3
Y 14 10 11 13 12 14
Ce 93 108 123 87 81 9
LANVAUX III STE-ANNE QUESTEMBERT ~ DOUARNENEZ LANVAUX 11
SAMPLE (6) D'AURAY(9) (16) (3) (5)
si02 74.13 72.17 73.37 73.10 74.38
Ti02 0.12 0.21 0.10 0.26 0.06
A1203 13.47 14.71 14.73 14,13 13.26
Fe203 0.46 0.32 1.06 0.44 0.33
FeQ 1.04 1.12 0.07 1.84 0.72
Mn0 0.03 0.02 0.03 0.04 0.03
Mg0 0.32 0.50 0.12 0.54 0.22
ca0 0.73 1.21 0.51 2.41 0.45
Na20 3.90 3.34 3.47 3.98 3.15
K20 3.55 4.49 4.41 1.60 4.68
P205 0.15 0.12 0.05 0.07 0.08
L0I 1.11 0.82 1.38 0.69 1.33
TOTAL 99,01 99.03 99.30 99.10 98.69
(2 2
Zr 80 95 3) { % 69
sr 80 186 98 42
Rb 108 178 416 60 234
n 21 33 62 4 29
fa 19% 2 3 12
a 531 131 219
Th 9 10 1%
Nb 7 9 18 6 9
Ga 19 20 24 18 21
Pb 16 37 24 10 38
Ni 13 30 21 " 21
La 41 35 35 28 39
Cr 15 156 16 207 15
v 7 10 0 24 2
¥ 37 13 14 25 46
Ce 177 4 36 45 149

NUMBERS IN BRACKETS REFER TO NUMBER OF ANALYSES
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groundmass - phase, but locally it forms mega-
crysts. The larger crystals are generally perthitic,
and some contain.-primary -inclusions of the
other phases, especially quartz and plagioclase.
In some cases, plagioclase is partially replaced
by alkali feldspar.

Quartz is comparable in grain size to the
feldspars, with larger grains typically strained or,
like the feldspars, showing varying degrees of
recovery or recrystallization. Fluid-inclusion
trains are ubiquitous, marking fractures and
boundaries of deformation lamellae,

Both muscovite and biotite occur as euhedral
plates, poikilitic megacrysts, interstitial ground-
mass grains and secondary mattes and micro-
lites replacing feldspars. Biotite is brown-yellow
and may be oxidided or chloritized. In some
rocks muscovite is replaced by biotite, whereas
in others the reverse is true.

Accessory tourmaline, garnet and apatite are
common, with less abundant zircon, fluorite and
rutile, Some zircons are composite, with euhe-
dral overgrowth on rounded cores.

CHEMISTRY

Seventy-five rocks were analyzed for the
major and trace elements; their distribution
and the average compositions of each of the
twelve plutons are given in Table 1. Major
elements were determined by atomic absorption,
trace elements by X-ray-fluorescence spectro-
metry, and P.O; and FeQ by titration, with
precision and accuracy as given by Strong et al.
(1978). Thirteen major-element analyses of the
Questembert pluton are taken from Charoy
(1970).

There is a striking consistency in composition
among the plutons (Table 1), and this is further
illustrated by their normative quartz—albite—or-
thoclase proportions. All pluton averages, ex-
cept those for Douarnenez, Lanvaux III and Cap
Sizun Older, cluster on the experimentally de-
termined quartz—plagjoclase—alkali feldspar pierc-
ing point in the system AbyAns—Or—Q-HO,
as determined by James & Hamilton (1969) at
1 kbar P(H:0). This correspondence is some-
what surprising, since it appears from the petro-
graphic and field evidence that the plutons
crystallized at substantially higher pressures,
around 5 kbar. However, as shown on Figure
2c, there are a number of opposing factors that
affect the position of this piercing point, such as
the An content of the system, differing coexist-
ing phases and fluorine content, Until the inter-
action of these variables is understood, it is not
possible to choose the exact phase-relations ap-
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PROBABLE
SOURCE

ROCK
COMPUSITIONS

Ab Or
F16. 2. a,b. Proportions of normative Ab—An—Or-
Q in average compositions of Brittany leucogran-
ites (dots) and in sedimentary—metasedimentary
rocks (circles) as given by Garrels & MacKenzie
(1971), with abbreviations as follows: ss sand-
stone, sl slate, sh shale, 1gp low-grade pelite, hgp
high-grade pelite, D Douarnenez, S.0. Cap Sizun
older, L-III1 Lanvaux-III plutons. Cotectic lines
are from James & Hamilton (1969) for the sys-
tem (Aby;Ang)-Or—Q-H;0. The arrow in a
shows the trend of piercing-point compositions
from 2.3 to 4 kbar P(H,O) for granite melt in
equilibrium with muscovite, as given by Brown
& Fyfe (1970). c. The effects of different vari-
ables on the “eutectic” compositions as follows:
dots, differing An contents; dashes, differing
P(H.0), as compiled by Wyllie (1977);
circles, differing fluorine contents (Manning
1979); arrows, differing melt compositions
resulting from differences in the coexisting
hydrous phase, bulk composition and P(H,0)
(arrowheads at highest pressures), with numbers
referring to 1 hornblende granite (1—4 kbar), 2
hornblende diorite (2—4 kbar), 3 biotite granite
(2—-10 kbar), 4 muscovite granite (2.5—4 kbar).
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plicable to these granites. However, we con-
sider their mnear-correspondence with granite
compositions coexisting with muscovite at 14
kbar (Brown & Fyfe 1970) to be significant,
and we use the 1 kbar cotectic curves for the
following petrogenetic discussion.

Brittany Granites
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Fi6. 3. Histogram showing frequency of Al/(Na-
K-+Ca/2) (cation %) for the Brittany leuco-
granites, compared with the I- and S-type gran-
itoid rocks of the eastern side of the Kosciuscko
batholith of New South Wales (after Hine et al.
1978).

300
R @ Lanvaux 1Ui
250 F
. @Douarnenez %
5 @St Anne: d'Auray DIFEERING SOURCES
e .
200}
o) i @Cap Sizun Older
o r @ Cap Sizun Younger
N L
X @ Lanvaux 1l
150 -
@Ploerme!
oulmw..l’ontlvy
@ Plomseur
100 L ) L . L L N
0 4 6 8

2
Rb/Sr

F1G. 4. Variation in average ratios K/Rb versus
Rb/Sr in Brittany leucogranites. The inset shows
trends that might result either from differing
degrees of partial melting of a fixed source-
composition or from differing source-composi-
tions,

el
o St. Anne @ Raz il
~ @Lanvaux 1l d' Auray
X
150 - Mogian 1
Questembert
@ Flomeur
@ pors Poulhan
100 1 1

169

300

@ Lonvaux Il

250

@Moslan |

200
Douarngnez

[
600 500 400 300 200

Ma
F16. 5. Temporal variation in K/Rb ratios in gran-
ites of southern Brittany.

Figure 3 shows a diagram used by Hine et al.
(1978) to illustrate differences between “I-type”
(igneous-derived) and “S-type” (sedimentary-
derived) granitoid rocks of the Kosciusko bath-
olith of eastern Australia. The Brittany leuco-
granites typically plot at the more peraluminous
part of this diagram, as they contain about 3%

normative corundum. They are thus comparable

to the S-type granitoid rocks, in line with the
field evidence for their metasedimentary origin
described above.

Most trace elements, like the major elements,
vary little from one pluton to another (Table
1). There are some differences, however, as
illustrated in Figures 4 to 7. On a plot of K/Rb
versus Rb/Sr (Fig. 4), the Cap Sizun gneisses
and the Ploermel, Quimper and Pontivy plutons
cluster in two separate groups; the others are
more dispersed. There are no particular spatial
or temporal relations to explain why some of
these plutons should be grouped as they are,
e.g., in terms of common sources, but there is
a tendency towards lower K/Rb ratios in
younger rocks (Fig. 5). The trend of higher
K/Rb with lower Rb/Sr (Fig. 4 insert) could
result from higher degrees of partial melting of
a fixed source, with variations off that trend
resulting from minor differences in the source.

Because K, Rb and Sr concentrations have
been altered by the secondary processes that
affected these rocks, the supposedly less mobile
elements Zr, Ti, Ce and Nb are plotted in Fig-
ure 6. These show the same grouping of Pont-
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but there is an apparently random scatter of
these data for the other plutons. This cannot
be explained by differing degrees of melting or
by crystal fractionation, and might also reflect
differing source materials.

ivy—Ploermel-Quimper plutons as in Figure 4,

Initial *Sr/®'Sr ratios (Fig. 7) likewise show
significant systematic variations with time. This
may indicate derivation from sources with a
steadily increasing input of crustal material, or
it could simply reflect derivation from a source
with high Rb/Sr ratios around 0.6. The drop
in K/Rb ratios with time (Fig. 5) can be ex-
plained by progressively lower degrees of partial
melting, or by the melting of rocks with pro-
gressively lower K/Rb ratios.
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PETROGENESIS

Any model for the petrogenesis of the Brit-
tany leucogranites must explain both the chem-
ical and physical processes responsible for (1)
their more or less constant mineralogical and
major element compositions; (2) their systematic
variation in concentrations and ratios of trace
elements and initial Sr isotopic ratios (Figs.
4-7) without appreciable corresponding change
in major elements; (3) repeated production of
melts of relatively constant major element com-
position; (4) linear distribution of the leuco-
granites along the S.A.S.Z. and its subsidiary
faults; (5) syntectonic emplacement of the leu-
cogranites; (6) localization in a metamorphic
culmination, and (7) the absence of obvious
tectonic effects recorded in the overlying sedi-
mentary rocks of the same age to the north
of the S.A.S.Z.

CHEMICAL MODEL

The following chemical model is based on
the field and isotopic evidence, presented above,
indicating that the granites were formed by
partial melting of crustal materials, probably
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metasediments. Because we have no data on the
exact compesition of the metasediments from
which the melts were formed, the following
discussion is based on the average sedimentary
rock compositions given by Garrels &. Mac-
Kenzie (1971).

Presnall (1969) has presented an elegant
theoretical discussion of the variations of melt
compositions with differing processes of partial
melting, e.g., fractional melting or equilibrium
melting. The essential point for the present
model is that, given a fixed composition for
the source in a chemical system (Fig. 8), pro-
gressive (equilibrium) melting will produce a
range of melt compositions approaching pro-
gressively closer to the source, along the path
x-y-z. However, fractional melting can produce

\
FRACTIONAL
MELT 2

Residual
(““Compositions

SOURCE

Equilibrium
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successive batches of melt of constant (eutectic)
composition x as long as the source composition
remains within the system ABC. During this
process, the composition of residual source-
material will change progressively away from
melt x along zn within the system ABC. At the
point where the residual source-composition
leaves the system ABC (i.e., component C is
exhausted), melting will cease until tempera-
tures reach those of the eutectic m, at which
point a second fractional melt of composition
m will be produced until all of component B
is melted out of the system. Within the system
ABC, the composition of melt (i.e., at x) will
be the same whatever the source composition,
although the amount of melt that can be pro-
duced will vary with source composition.

B

C

F1G. 8. Schematic outline of the differences in equilibrium melting and
fractional melting in the system 4BC. For equilibrium melting of source
composition z, the liquid initially will have eutectic composition x and
change continuously toward the source along xyz, with the residual
solid compositions of the source changing continuously along znd. With
fractional melting of z, the first liquid produced will have composition x,
and repeated melting will give repeated melis of this composition, until

all of component C is removed from the

system. At this time the

source will have changed composition to the AB sideline at #, and fur-
ther heating will be required to raise the temperature to produce the
eutectic melt composition at m. Repeated melting will give liquid fractions
of composition m, until all of B is removed, so that the final fractional
melt will then be of composition 4 (see Presnall 1969 for a more de-
tailed discussion of fractional melting processes).
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FIG. 9a. Pressure—temperature projection of some melting and reaction rela-

tions relevant to the genesis of Brittany leucogranites. The granite and
muscovite solidus are from Burnham (1979), the aluminosilicate triple point
after Richardson ef al. (1969), and 100°C perturbation of the 30°C/km
geotherm caused by frictional heating according to the calculations of
Reitan (1968a, b). The shaded area shows a zone of muscovite melting
as a result of such frictional heating, with the arrow showing an adiabatic
rise to depths of about 7 km. b. Thermal model of a fault zone, based
on g, showing batches of granitic melt periodically produced by the fric-
tional heating, rising and freezing at shallower levels and being de-
formed in the fault zone and intruded by later melts. ¢. As for a but
with melting caused by lowering of the melting temperatures to the
water-saturated granite solidus by influx of water into the fault zone.
d. Thermal model of the fault zone based on c. Note that melts produced
in @ could rise to shallower depths than those of ¢ before freezing, and
that those of ¢ could be formed at slightly lower temperatures, although
the presence of such elements as Li, B and F could lower the melting
temperature by as much as 100°C in either case.
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This process of fractional melting can -be ap-
plied to interpretation of the Brittany leucogran-
ites using the phase relations outlined in Figure
2. It can be shown, using Figures 2 and 8, that
the leucogranites could represent eutectic melts
derived from common. sedimentary rocks by
fractional melting (Fig. 2 caption).

Although sophisticated models using. trace
elements are available for evaluation of anatec-
tic processes (e.g., Shaw 1978), these models are
critically dependent on a knowledge of the
source concentrations, the stable residual phases
(hence, the conditions of melting) and the ele-
ment partition-coefficients between melt and
residual phases. Such data are not yet avail-
able, but we tan say that the variations in trace
element and isotopic ratios of Brittany leuco-
granites require variations in source composi-
tions, and may also reflect different degrees of
melting.

Physical model

Any physical model for the production of
Brittany leucogranites must provide for their
control by strike-slip faulting, a relationship so
intimate as to require a genetic relationship.
Such a relationship has been suggested by Ni-
colas et al. (1977), who proposed frictional
heating as the main cause of production of gran-
itic melt. Melting in other fault zones by a sim-
ilar process has also been suggested by Reitan
(1968a, b), and McKenzie & Brune (1972),
both of whom estimated possible temperature-
increases of up to 100°C.

These concepts have been incorporated in the
model illustrated in Figure 9. Melt production
is assumed to occur at pressures of 5 kbar or
more because of the field evidence described
above. Figure 9 incorporates a frictional tem-
perature increase of 100°C above an ambient
30°C/km geotherm and water-deficient melting
at the upper stability limit of muscovite. Fig-
ures 9a and b show the extreme case of adiaba-
tic ascent of the melt along the fault zone,
which allows intrusion at shallow depths where
muscovite is unstable on the granite solidus,
although the presence of abundant primary mus-
covite indicates much shorter paths of ascent.
This model allows for repeated fractional melt-
ing (as discussed for Fig. 8) by either inter-
mittent seismic shearing or continuous aseismic
shearing. In the latter case, fractional melting
could result in lubrication of the fault zone by
melt, which would cause a drop in production
of frictional heat. Melting would then cease
until upward migration and freezing of the melt
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allowed further frictional heating. Melting tem-
peratures could be lowered by more than 100°C
by such elements as boron, lithium and fluorine
(Chorlton & Martin 1978, Wyllie & Tuttle 1961,
Stewart 1978), all of which are relatively abun-
dant in the Brittany leucogranites (Chauris

. 1977, 1978).

Although frictional heating models have been
criticized from a theoretical point of view, e.g.,
because of inadequate viscosities of the rock,
rates of movement or times involved (e.g., Sib-
son 1977, Yuen et al. 1978, Brun & Cobbold
1979), it is probable that both the models and
the criticisms are based on oversimplified as-
sumptions. For example, Fleitout & Froidevaux
(1979) pointed out that in an inhomogeneous
layered sequence, the temperature in the less
ductile rocks can increase sufficiently to melt
the neighboring more ductile material. Never-
theless, other processes operative in fault zones
must also be considered, and perhaps the most
important is the role of fluids, especially water.

Many workers (e.g., Beach & Fyfe 1972,
Berry 1973, Sibson 1975, Beach 1979) have
emphasized the imiportance of fault zones as
conduits for hydrous fluids. It appears that the
large volumes of water that diffuse into fault
zones not only promote hydration reactions
(e.g., Beach 1979) but also move upward along
the fault zone to the surface, e.g., by “seismic
pumping” (Sibson 1975, Fyfe et al. 1978). It
is thus reasonable to suggest that such water
ingestion could promote saturation conditions
within the fault zone.

According to the model shown in Figure 9c,
melting along a 30°C/km geotherm at about
6 kbar or more could be caused by a lowering

‘of melting temperature from that of the upper

stability of muscovite to the water-saturated
granite solidus owing to hydration along the
fault. Again, fractional melting could be caused
by variations in water pressure as a result of
“seismic pumping” or other processes. It is un-
clear which of these two extreme processes may
be more important in controlling the production
of leucogranites along shear zones, but either
or both seem necessary to explain the shear-
zone association and the constant compositions
in the leucogranite belt of southern Brittany.

ACKNOWLEDGEMENTS

We thank P. Vidal and J.J. Peucat for provid-
ing manv rock powders used in this study. We
are indebted to them and to P. Jegouzo for the
discussions that stimulated our work. We are gra-
teful to G. Andrews and D. Press for chemical



174 THE CANADIAN

analyses, J. Burry for data processing and draft-
ing, W. Marsh and C. Neary for manuscript
preparation and Drs. T. Calon, B. Fryer and R.
Taylor for critical reading of the manuscript.
The study was financially supported by
NS.E.R.C. (Canada) operating grant 47975
(to D.F.S.). SKH. thanks the C.A.E.S.S. In-
stitut de Géologie, Rennes (France) for hos-
pitality and facilities, and R. Capdevila for
constant encouragement and valued counsel.
Reviews by J.L. Anderson and G. Haxel greatly
improved the manuscript.

REFERENCES

AUDREN, C. & LEFoRT, J.-P. (1977): Géologie du
plateau continental sud-armoricain entre les files
de Glenan et de Noirmoutier, Implications géo-
dynamiques. Soc. Géol. Fr. Bull. (Sér. 7) 19,
395-404.

& LE METoUR, J. (1976): Mobilisation
anatectique et déformation. Un exemple: les mig-
matites de Golfe du Morbihan (Bretagne méri-
dionale). Soc. Géol. Fr. Bull. (Sér. 7) 18, 1041-
1049.

BARRIERE, M. (1970): La Trondhjémite de Douar-
nenez, Massif Armoricain, France. Thése 3¢ cycle,
Univ. Brest, France.

(1972): Origine et mise en place de la
trondhjémite gneissique de Douarnenez. Bur.
Rech. Géol. Miniéres Bull. (Sect. 2) 2, 15-38.

, CHAURIS, L. & LE BaiL, F. (1973): Nodu-
les de silicates d’alumine autour de granites en
Bretagne occidentale. Soc. Frang. Minéral. Crist.
Bull. 96, 150-154.

, COGNE, J. & VipaL, P. (1971): La trondh-
jémite de Douarnenez: une intrusion magmatique
ordovicienne dans les schistes cristallins du Sud-
Finistére. C. R. Acad. Sci. Paris 273D, 1556-
1559.

BArro1s, C. (1930): Les grandes lignes de la Bre-
tagne. In Livre Jubilaire, Société Géologique de
France 1, 83-100.

BEACH, A. (1979): Metamorphic processes in shear
zones, Proc. Int. Conf. Shear Zones in Rocks.
Univ. Barcelona, 73 (abstr.).

& Fyre, W.S. (1972): Fluid transport and
shear zones at Scourie, Sutherland: evidence for
overthrusting? Contr. Mineral. Petrology 86, 175-
180.

BerrY, F.AF. (1973): High fluid potentials in the
California Coast Ranges and their tectonic sig-
nificance. Amer. Assoc. Petroleum Geol. Bull.
57, 1219-1249.

MINERALOGIST

BERTHE, D., CHOUKROUNE, P. & JEGouzo, P.
(1979): Orthogneiss, mylonite and non-coaxial
deformation of granites: the example of the
South Armorican shear zone. J. Struct. Geol, 1,
31-42,

BrowN, G.C. & FyrFg, W.S. (1970): The produc-
tion of granitic melts during ultrametamorphism.
Contr. Mineral. Petrology 28, 310-318.

BruUN, J.-P. & CoBBoLD, P.R. (1979): Strain heat-
ing in continental shear zones: a review. Proc.
Int. Conf. Shear Zones in Rocks, Univ. Barce-
lona, 36 (abstr.).

. LE Corrg, C. & Lg Tuforr, B. (1976):
Schistosité et diapirisme: un exemple, les “mantled
gneiss domes” de Kuopio (Finlande). Soc. Géol.
Fr. Bull. (Sér. 7) 18, 1453-1459.

BurnHAM, C.W. (1979): Magmas and hydrother-
mal fluids. In Geochemistry of Hydrothermal Ore
Deposits (2nd ed.,, H.L. Barnes, ed.), John
Wiley & Sons, New York.

CARPENTER, M.S.N. & CIverTaA, L. (1976): Her-
cynian high pressure/low temperature metamor-
phism in the Tle de Groix blueschists. Nature
262, 276-2717.

CAWTHORN, R.G. & BrowN, P.A. (1976): A model
for the formation and crystallization of corun-
dum-normative calc—alkaline magmas through
amphibole fractionation. J. Geol. 84, 467-476.

, STRONG, D.F. & Brown, P.A. (1976):
Origin of corundum-normative intrusive and ex-
trusive magmas. Nature 259, 102-104,

CHaroY, B. (1970): Le Massif de Questembert
(Morbihan): Variations Pétrographiques et Géo-
chimiques dans les Granites & Deux Micas. Etude
de leur Radioactivité, Thése 3° cycle, Univ.
Nancy, France.

Cuauris, L. (1977): Les associations paragénéti-
ques dans la métallogénie varisque du massif
armoricain. Mineral. Deposita 12, 353-371.

(1978): Compared structure, petrology and
metallogeny of the two-mica granites associated
with the three Variscan granitic belts in the Ar-
morican massif (France) — First results and
future projects. Sci. Terre 11 (May), 23-30.

CHorLTON, L.B. & MAaRTIN, RF. (1978):
effect of boron on the granite solidus.
Mineral. 16, 239-244,

CLARKE, D.B., McKENzIE, C.B.,, MUECKE, G.K. &
RICHARDSON, S.W. (1976): Magmatic andalusite
from the South Mountain batholith, Nova Scotia.
Contr, Mineral. Petrology 56, 279-287.

COGNE, 1. (1957): Schistes Cristallins et Granites
en Bretagne Méridionale: le Domaine de PAnti-
clinal de Cornouaille. Thése, Univ. Strasbourg;
Mém. Carte Géol. Fr. (1960).

The
Can.



THE LEUCOGRANITES OF SOUTHERN BRITTANY

(1960): Métamorphismes et granitisations
en liaison avec 1'évolution orogénigue en Breta-
gne méridionale. Soc. Géol. Fr. Bull. (Sér. 7) 3,
213-226.

(1961): Remarques sur quelques-unes des
principales associations minérales dans les mi-
caschistes de Bretagne méridionale (Finistére-
Morbihan). Soc. Frang. Minéral. Crist. Bull. 84,
222-226.

(1967): Les grands cisaillements hercyniens
dans le massif armoricain et les phénomeénes de
granitisation. In Colloque de Nefichatel sur les
Etages Tectoniques, 179-192.

(1977): La chaine hercynienne ouest-euro-
péenne correspond-elle 3 un orogéne par collision.
Propositions sur une interprétation géodynamique
globale. In Géologie de I'Himalaya. Centre Nat.
Rech. Sci., Colloque Int. 268, 111-129,

EwaRT, A. & Stipp, J.J. (1968): Petrogenesis of
the volcanic rocks of the central North Island,
New Zealand, as indicated by a study of Sr%/
Sr® ratios, and Sr, Rb, K, U and Th abund-
ances. Geochim. Cosmochim. Acta 32, 699-736.

FrLertouT, L. & FrompeEvAaux, P. (1979): Thermal
and mechanical evolution of shear zones: role
of shear heating, effect of non-Newtonian laws
of deformation and possible mechanisms for
melting. Proc. Int. Conf. Shear Zones in Rocks,
Univ. Barcelona, 37 (abstr.).

Froop, R.H. & Suaw, S.E. (1975): A cordierite-
bearing granite suite from the New England
batholith, N.S.W., Australia. Contr. Mineral.
Petrology 52, 157-164.

FYFE, W.S., PrICE, N.J. & THOMPSON, A.B. (1978):
Fluids in the Earth’s Crust: their Significance
in Metamorphic, Tectonic, and Chemical Trans-
port Processes. Elsevier, New York.

GARRELS, R.M. & MacKenzig, F.T. (1971): Evolu-
tion of Sedimentary Rocks. Norton, New York.

GREEN, T.H. (1976): Experimental generation of
cordierite- or garnet-bearing granitic liquids from
a pelitic composition. Geology 4, 85-88.

(1977): QGarnet in silicic liquids and its
possible use as a P-T indicator. Contr. Mineral.
Petrology 65, 59-67.

(1978): A model for the formation and
crystallization of corundum-normative calc-alka-
line magmas through amphibole fractionation: a
discussion. J. Geol. 86, 269-275.

Harr, A. (1971): The relationship between geother-
mal gradient and the composition of granitic
magmas in orogenic belts. Contr. Mineral. Pe-
trology 32, 186-192.

(1972): New data on the composition of
Caledonian granites. Mineral. Mag. 38, 847-862.

175

HANMER, ‘S:K. (1977a): Age and -tectonic implica-
tion of the Baie d’Audierne basic/ultrabasic
complex. Nature 270, 336-338.

(1977b): Pre-Cambrian Basement in the
Variscan Orogen, Southwest Finistére, France.
Ph.D. thesis, Univ. London, England.

(1978): Mise en place des leucogranites
carboniféres (Raz-Nantes) en Bretagne méridio-
nale. Réunion Ann. Sci. Terre 6, 202 (abstr.).

(1979): The role of discrete heterogeneities
and linear fabrics in the formation of crenula-
tions. J. Struc. Geol. 1, 81-91.

. LE CoRrrRg, C. & BerTHE, D. (1980): The
role of Hercynian granites in the deformation
and metamorphism of Brioverian and Paleozoic
rocks of central Brittany. Geol. Soc. Lond. .
(in press).

& VIGNERESSE, J.L. (1980): Mise en place
de diapirs syntectoniques dans la chaine hercyn-
jenne: exemple de massifs leucogranitiques de
Locronan et de Pontivy (Bretagne centrale).
Soc. Géol. Fr. Bull. (Sér. T) 22, 193-202.

HEMING, R.F. & CArRMICHAEL, L.S.E. (1973): High-
temperature pumice flows from the Rabaul cal-
dera, Papua, New Guinea. Contr. Mineral. Pe-
trology 38, 1-20.

HINE, R.. WiLLIAMS, 1.S., CHAPPELL, B.W. & WHITE,
AJR. (1978): Contrast between I- and S-type
granitoids of the Kosciusko batholith. Geol. Soc.
Aust. J. 25, 219-234,

JaMes, R.S. & HamirtoN, D.L. (1969): Phase
relations in the system NaAlSi;O5—KAISi;Op—
CaAl,Si,04-Si0, at 1 kilobar water vapour pres-
sure. " Contr. Mineral. Petrology 21, 111-141.

JEGouzo, P. (1979): The South Armorican shear
zone. Proc. Int. Conf. Shear Zones in Rocks,
Univ. Barcelona, 14 (abstr.).

LE CORRE, C. (1975): Analyse comparée de la
cristallinité des micas dans le Briovérien et le
Paléozoique centre-armoricain: zonéographie et
structure d’'un domaine épizonal. Soc. Géol. Fr.
Bull. (Sér. 7) 17, 547-553.

(1977): Le Briovérien de Bretagne centrale:
essai de synthése lithologique et structurale. Bur.
Rech. Géol. Miniéres Bull. (Sect. 1) 3, 219-254.

LEbRU, P. & BRUN, J.-P. (1977): Utilisation des
fronts et des trajectoires de schistosité dans I'étu-
de des relations entre tectonique et intrusion
granitique: exemple du granite de Flamanville
(Manche). C. R. Acad. Sci. Paris 285D, ‘1199~
1202.

LE METOUR, J. (1978): Petrogenesis of migma-
tites and associated granites in South Brittany.
Neues Jahrb. Mineral. Monatsh., 364-376.




176

& AUDREN, C. (1977): Relations structu-
rales entre P'orthogneiss ordovicien de- Roguedas
et son encaissant migmatitique. Conséquences sur
I'dge des événements tectonométamorphiques en
Bretagne méridionale. Soc. Géol. Minéral. Bret.
Bull. (Sér. C) 9, 113-123.

LutH, W.C,, Jauns, R.H. & TurTtLe, O.F. (1964):
The granite system at pressures of 4 to 10 kilo-
bars. J. Geophys. Res. 69, 759-773.

MANNING, D.A.C. (1979): An Experimental Study
of the Effect of Fluorine on the Crystallization
of Granitic Melts, with Application to Natural
Fluorine-Rich Granitic Rocks. Ph.D. thesis, Univ.
Manchsster, England.

MCcKENzIE, D. & BRUNE, J.N. (1972): Melting on
fault planes during large earthquakes. Geophys.
J. Roy. Astron. Soc. 29, 65-78.

NicorLas, A. (1972): Was the Hercynian orogenic
belt of Europe of the Andean type? Nature 236,
221-223.

, Boucnez, J.L., BrLAIsg, J. & POIRIER, J.P.
(1977): Geological aspects of deformation in
continental shear zones. Tectonophys. 42, 55-73.

PeucaT, J.J. & CoGNE, J. (1977): Geochronology
of some blueschists from the He de Groix, Fran-
ce. Nature 268, 131-132.

PresNaLL, D.C. (1969): The geometrical analysis
of partial fusion. Amer. J. Sci. 267, 1178-1194.

QuiNnquis, H. (1979): Cisaillement synmétamor-
phe des schistes bleus de I'lle-de-Groix: impli-
cations géodynamiques. Réunion Ann. Sci. Terre
7, 150 (abstr.).

REeITAN, P.H. (1968a): Frictional heat during meta-
morphism. 1. Quantitative evolution of concen-
tration of heat generation in time. Lithos 1,
151-163.

(1968b'): Frictional heat during metamor-
phism. 2. Quantitative evolution of concentration
of heat generation in space. Lithos 1, 268-274.

RicHARDSON, S.W., GIiLBerT, M.C. & BELL, P.M.
(1969): Experimental determination of the kya-
nite—andalusite and andalusite—sillimanite equili-
bria; the aluminum silicate triple point. Amer.
J. Sci. 267, 259-272.

ScoTese, C.R., BamBACH, R.K. BARTON, C., VAN
DER Voo, R. & ZIEGLER, A.M. (1979): Paleozoic
base maps. J. Geol. 87, 217-277.

Suaw, D.M. (1978): Trace element behaviour dur-
ing anatexis in the presence of a fluid phase.
Geochim. Cosmochim. Acta 42, 933-943,

THE CANADIAN MINERALOGIST

SiBsoN, R.H. (1975): Generation of pseudotachylite
by ancient seismic faulting. Geophys. J. Roy.
Astron. Soc. 43, 775-794.

(1977): Fault rocks and fault mechanisms.
Geol. Soc. Lond. J. 133, 191-213.

STEwarT, D.B. (1978): Petrogenesis of lithium-
rich pegmatites. Amer. Mineral. 63, 970-980.

STRECKEISEN, A.L. (1973): Plutonic rocks: classifi-
cation and nomenclature recommended by the
1TUGS Subcommission on the Systematics of Igen-
ous Rocks. Geotimes 18(10), 26-30.

STrRONG, D.F. (1980): Granitoid rocks and asso-
ciated mineral deposits of eastern Canada and
western Europe. In The Continental Crust and
its Mineral Deposits (D.W. Strangway, ed.).
Geol. Assoc. Can. Spec. Pap. 20, 741-769.

, O’BRIEN, S.J., TAYLOR, S.W., STRONG, P.G.
& WiLtoN, D.H. (1978): Geology of the
Marystown (1M/3) and St. Lawrence (1L/4)
map areas, Newfoundland. Nfld. Dep. Mines
Energy, Min. Dev. Div. Rep. T7-8.

VibaL, P. (1972): L’axe granitique de Moelan-Lan-
vaux (sud du massif armoricain), mise en évi-
dence par la méthode Rb/Sr de trois épisodes
de plutonisme pendant le Paléozoique inférieur.
Soc. Géol. Minéral. Bret. Bull. (Sér. C) 4, 75-
89.

(1973): Premiéres données géochronologi-
ques sur les granites hercyniens du sud du Massif
armoricain. Soc. Géol. Fr. Bull. (Sér. 7) 15,
239-265.

(1976): L’Evolution Polyorogénique du
Massif Armoricain: Apport de la Géochronologie
et de la Géochimie Isotopique du Strontium.
Thése doct. d’$tat, Univ. Rennes, France.

WEBER, C. (1967): Le prolongement oriental des
granites de Lanvaux d’aprés la gravimétrie et
I'aéromagnétisme. Bur. Rech. Géol. Miniéres
Mém. 52, 83-90.

WryLLIE, PJ. (1977): Crustal anatexis: an exper-
imental review. Tectonophys. 43, 41-71.

& TurtLE, O.F. (1961): Experimental in-
vestigation of silicate systems containing two
volatile components, II. The effects of NH; and
HF, in addition to H,O, on the melting tempera-
tures of albite and granite. Amer. J. Sci. 259;
128-143.

YuEeN, D.A,, FLErTouT, L., SCHUBERT, G. & FROIDE-
vaux, P. (1978): Shear deformation zones along
transform faults and subducting slabs. Geophys.
J. Roy. Astron. Soc. 54, 93-120.

Received May 1980, revised manuscript accepted
December 1980.



