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Abstract

A combination of ion-microprobe (for Li) and electron-microprobe (for other major elements including
F) methods has been used to analyse Li-rich micas from the S.W. England batholith (mainly the
St Austell granite) and the Massif Central, France. Rocks showing various degrees of hydrothermal
alteration were studied in order to separate the original compositional trends from alteration trends.
The original compositional trend is essentially one of increasing Li with increasing degree of evolution.
The main atomic substitution in the original micas is 3Li substituting for Al and 2 vacancies in octahedral
sites; substitution of Li for R** (Fe, Mn, Mg) in octahedral co-ordination is generally subordinate.
Alteration trends involve a loss of Li, Fe, F, Rb and Cs, and a gain in Al. The effects of volatile
elements on phase relations of granites are reviewed and it is concluded that the original Li-micas
were primary, i.e. crystallized from the melt. It is suggested that the late-magmatic stage passed
transitionally into the hydrothermal stage leading inevitably to subsolidus recrystallization (autometa-
somatism) of the primary minerals, so introducing further textural and mineralogical complexities
to the rocks.

KEeyworbps: Li-micas, ion-microprobe, electron-microprobe, S.W. England, France.

Introduction (Kz(Alle4) [Sig] Ozo(OH ,F)4) N

THE occurrence of Li-rich micas is generally res-
tricted to differentiated ‘late-stage’ granites and
pegmatites, and to their associated metasomatic
rocks. Based on bulk chemical analyses of separ-

this series contains an immiscibility gap.
Secondly, an Fe-bearing series showing essen-
tially complete solid solution from siderophyllite,

ated minerals, Foster (1960) described composit-
ional trends for Li-micas from worldwide
localities and deduced substitution mechanisms.
Two series were identified. Firstly, an essentially
iron-free series from lithian muscovite towards tri-
lithionite (ideal formula,

K;(ALLi;)Y'[ALSic]|VO,(OH,F),),
and polylithionite,
* Present address: Department of Earth Sciences,

Memorial University of Newfoundland, St John’s, New-
foundland, Canada A1B 3X5.

(K,(Fei* AlL)[ALSi;JOy(OH,F),),
through zinnwaldite,
(K,(LiFe3* AL)[AL,Sig]O2(OH,F),),

towards polylithionite. Rieder (1970) confirmed
the latter trend using chemically analysed micas
from Czechoslovakia. The high-Li micas in both
the low- and high-Fe series are ‘lepidolites’. Li
and F show a well-developed, positive correlation
in the muscovite-lepidolite series (Foster, 1960)
but this correlation in the Fe-rich series (Rieder,
1970) is rather less well developed. The above
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relationships are discussed in recent reviews by
Hawthorne and Cerny (1982) and Cerny and Burt
(1984). Very recently Stone et al. (1988) have
combined bulk chemical analyses with micro-
probe data for trioctahedral micas from the Cor-
nubian batholith, S.W. England. They confirmed
the continuous solid-solution series from sidero-
phyllite to lepidolite. They also redefined the
compositional boundaries between siderophyllite
and zinnwaldite and between zinnwaldite and
lepidolite as occurring at Li,oR3} and Liy R3S res-
pectively; this classification scheme is used in the
present paper.

Itis well known that granitic rocks which contain
Li-micas almost invariably show effects of sub-
solidus hydrothermal alteration, sometimes per-
vasively. Indeed, some authors believe that late-
crystallized generations of Li-micas may be hydro-
thermal rather than primary (e.g. Stone, 1984;
Manning and Exley, 1984). Even apparently fresh
Li-micas frequently show incipient alteration

along cleavages. Under these circumstances bulk
chemical analyses may not accurately reflect the
compositions of the original micas and, in
addition, intra-crystal zoning trend information
is not available. The latter data would be invalu-
able for deducing element substitution mecha-
nisms. Although electron-microprobe analyses
yield zoning trends for other elements (cf. Stone
et al., 1988), Li cannot be detected by this tech-
nique.

We have used a combination of ion- and elec-
tron-microprobe analyses to analyse Li-micas in
Hercynian granites from S.W. England and the
Massif Central, France. Micas from rocks showing
variable degrees of hydrothermal alteration were
studied in order to distinguish the original chemi-
cal features of the micas from hydrothermal alte-
ration trends. The data are used to discuss
substitution mechanisms, to revise petrological
interpretations, and to assess whether the original
(unaltered) Li-rich micas are truly primary, or
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FiG. 1. Geological sketch map of the St Austell granite, S.W. England (after Exley and Stone, 1982), showing

the different rock units. The localities where samples were collected are shown by solid round spots (also in

the inset map); see Appendix for full listing of sample numbers. The different granite bodies in the inset map

are identified by: 1 Dartmoor; 2 Bodmin Moor; 3 St Austell; 4 Carnmenellis; 5 Tregonning-Godolphin; 6 Lands
End.
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formed under sub-solidus conditions during the
earliest stages of hydrothermal activity.

Rock samples studied

Exley and Stone (1982) have reviewed the geo-
logy of the S.W. England granite batholite and
much of their terminology is adopted here. Most
of the S.W. England samples described in the
present paper are from the St Austell granite (Fig.
1) but two from the Meldon aplite and one from
the Megiliggar Rocks locality in the Tregonning—
Godolphin granite were also studied (inset to Fig.
1). The St Austell granite consists essentially of
three units: biotite granite (denoted BG) which
characteristically contains megacrysts of alkali
feldspar; megacrystic Li-mica granite (MLG); and
non-megacrystic Li-mica granite (NMLG). The
distribution of these units is shown in Fig. 1. Hill
and Manning (1987) recently remapped the MLG
between Bugle and Nanpean (Fig. 1) and showed
that this unit is more petrographically variable
than had been recognized before, containing both
megacrystic and equigranular biotite granites as
well as tourmaline- and Li-mica-bearing granites.
Manning (1988) and Manning and Hill (in press)
refer to the NMLG as ‘topaz granite’ and suggest
that the western and eastern exposures in the St
Austell granite (‘Nanpean and Hensbarrow
stocks’ respectively, Fig. 1) are connected at
depth. The St Austell samples studied in the pres-
ent work include biotite granites, megacrystic Li-
mica granites, and non-megacrystic Li-mica gran-
ites and include unaltered types as well as the
altered varieties fluorite granite and chinastone
(Exley and Stone, 1982).

Samples from the Massif Central, France, are
from the Echassi¢res (Beauvoir) and Montebras
granites (Aubert, 1969). Localities for both the
English and French samples are given in Appen-
dix I and significant information concerning the
mica texture and alteration effects are summar-
ized below.

S.W. England

Biotite granite unit. (Type B of Exley and Stone,
1982). Sample 5007 is from the main BG unit
(Luxulyan, Fig. 1) and is a typical Cornubian bio-
tite granite. Biotite forms flakes <2mm across
while muscovite is present as an interstitial phase
(2mm). Neither of these micas show any textural
signs of having formed by replacement of an ear-
lier phase and both are considered to be primary.
Accessory minerals include brown tourmaline and
apatite. Hydrothermal alteration effects are
mainly restricted to clouding of the orthoclase
perthite with associated development of sericite.
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Megacrystic Li-mica granite unit. (Type D).
Sample 5089 is from Goonbarrow (Fig. 1) within
the MLG but is petrographically very similar to
BG 5007. The other samples studied contain inter-
stitial regions of Li-rich, Fe-poor mica (<2 mm)
which is either pale pink-brown (samples 5096
and 5106) or almost colourless (samples 5011,
5024 and 5093). Accessory brown tourmaline and
apatite are ubiquitous and some samples contain
topaz. Using the Hill and Manning (1987) classifi-
cation, 5089 is a biotite granite (and is treated
as a BG in further discussion); 5011, 5024, 5093
and 5096 are tourmaline granites; and 5106 is a
globular quartz granite. The rocks studied here
show effects of hydrothermal alteration varying
from those with essentially unaltered micas co-
existing with slightly clouded feldspars to those
with partially altered and recrystallized micas.
The main petrographic feature of altered micas
is the presence of fluorite along mica cleavages.
Such micas coexist with deeply clouded feldspars
altered to sericite. The order of increasing degree
of hydrothermal alteration is: 5089, 5093 — 5024
— 5011 — 5106 — 5096. The unaltered interstitial
Li-rich micas show no signs of having formed by
replacement of earlier phases and there is no tex-
tural evidence to suggest that they are not prim-
ary. However, at this stage we prefer to describe
them as the original micas to crystallize.

Non-megacrystic Li-mica granite unit (Type E,
Exley and Stone, 1982) and fluorite granite (Type
F). The mica present in these rocks is invariably
in interstitial patches (<2 mm) with the unaltered
Li-rich types again showing no signs of having
replaced an earlier phase. Topaz and apatite are
ubiquitous but tourmaline is rare. The petro-
graphic features of altered mica and the range
of hydrothermal alteration effects in these rocks
are similar to those described for the megacrystic
Li-mica granites except that, in the most altered
types, topaz is pervasively replaced by aggregates
of sericite. The highly altered rocks (chinastones)
tend to have fluorite present in interstitial patches
(<imm), as well as within micas. Vermicular
fluorite stringers are also present along quartz and
feldspar grain boundaries. The order of increasing
degree of hydrothermal alteration is: 5001 — 5020
— 5015, 5022, 5031, 5081 — 5080, 5085 — 5005
— 5017.

Aplites. Two samples from the Meldon aplite
(5003, 5016) and one from the Megiliggar Rocks
(5100) were studied. All have subhedral flakes
of Li-rich mica (<1 mm) which show no textural
signs of a replacement origin. These micas show
only slight alteration while feldspars are generally
deeply clouded. Alteration effects increase in the
order 5016 — 5100 — 5003.
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Massif Central, France

‘Lepidolite’ granites. Three samples from Beau-
voir, Echassiéres (5050, 5052, 5054) all show feld-
spars which are almost totally altered to sericite
and clay minerals. Colourless Li-rich mica fiakes
(<1mm) seem to be recrystallizing from fine-
grained mica (Li-poor muscovite) intergrowths
and are clearly secondary phases. The sample
from Montebras (5062) is much less altered and
contains a pale cream Li-rich mica (<1mm),
showing slight patchy alteration, coexisting with
clouded feldspar (mainly albite) and associated
sericite. This Li-rich mica shows textural relations
consistent with it being primary.

Analytical methods and data recalculation

Electron-microprobe analyses. Standard, 30 wm
thick polished and carbon coated sections were
firstly analysed by electron-microprobe in the
Geology Department, University of Manchester
(Cameca Camebax fitted with two wavelength-
dispersive (WD) spectrometers and a Link Sys-
tems 860-500 energy-dispersive (ED) detector).
On some samples F was analysed by WD and the
other elements by ED methods; in others Si, F,
Rb and Cs were determined by WD. Spectral
interference between Si and Rb necessitated the
use of WD for high Rb micas in particular. Natural
fluorite was used as a standard for F, natural pollu-
cite for Cs, and a synthetic glass for Rb. A defo-
cused beam of 5-10 um diameter was used to
minimise loss of F and alkali elements.

Ion-microprobe analyses. In the ion-micro-
probe technique an ion beam (primary beam) is
focused on the polished surface of a sample and
used to erode (‘sputter’) material from the target.
In the sputtering process, ions (secondary ions)
characteristic of the sample are produced and can
be focused on the entrance slit of a mass spectro-
meter, whence both isotopic and elemental ana-
lyses are possible.

The analyses were performed with a modified
AEI-IM20 instrument (Banner and Stimpson,
1974; Long et al., 1980). The following instrumen-
tal conditions were used: accelerating voltage
20kV; primary beam current 13-15 nA ; beam dia-
meter 10-15 pm; bombarding species 1°0~; posit-
ive secondary ions collected.

For elemental analysis the problems to over-
come are the presence of interfering species in
the mass spectrum and the conversion of count
rates to concentrations.

Mass spectral interferences can result from the
presence of: isotopes of different elements at the
same mass (e.g. Ca and K at mass 40); multiply
charged ions (e.g. 7 AP* at mass 9); or molecular
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ions (e.g. **Ca'®O* at mass 56). In the case of
lithium the presence of interferences was sought
by examining the mass spectrum at high mass
resolution (i.e. M/AM = 6000). No interferences
were found. All analyses were, therefore, carried
out at a mass resolution of approximately 400.

Placing the observed count rates on a concen-
tration scale involves the use of standards. Ideally
these should have a major element composition
similar to the unknown because matrix compo-
sitions can affect ion yields. In the case of Li,
however, Jones and Smith (1984) have found that
a single calibration is suitable for all micas, indi-
cating that significant matrix effects are absent.
The standard used was a zinnwaldite from Virgi-
nia, USA supplied by Manchester museum. This
material was chemically analysed for Li, and
(OH) estimated from an infrared spectrum. All
other elements were determined by electron
microprobe giving the composition (wt.%) (lo
values in parentheses): SiO, 46.4 (0.65), TiO, not
detected (n.d.), A1,0520.9 (0.3), FeO 9.1 (0.26),
MnO 3.9 (0.15), MgO n.d., CaO n.d., Li,O 3.39,
Na,O 0.8 (0.11), K,0 9.7 (0.13), F 7.0 (0.4),
H,0" 0.71, minus F = O = 98.95. The generally
low standard deviations in the electron probe
results are consistent with the standard being
homogeneous.

Following electron probe analyses the carbon
coat was removed from the samples and standards
which were ultrasonically cleaned and coated with
gold. (In ion probe analysis gold is usually to be
preferred to carbon as a conductive coating
because it does not contribute to the mass spec-
trum in the region of interest in most silicate ana-
lyses.)

Spot positions analysed by electron microprobe
were either marked on photographs or detailed
drawings which were used to locate the ion beam
so that Li analyses were made as close as possible
to the electron probe analyses. Before each sam-
ple analysis counts were collected on the standard.
For both sample and standard the 7Li and 2Si
peaks were counted, using counting times of 1 sec,
in the sequence Li-Si-Si-Li. The minor isotope
7Li was chosen in preference to SLi when monitor-
ing the standard to avoid damage to the detector
from high count rates. Silicon was monitored to
allow for any instrument drift. Several passes were
made and cumultative counts recorded for each
location. Li counts were converted to concen-
trations using the equation:

Cu=1Iu/l5.Cs. 1/ ey

where C;; = unknown Li concentration, I;; and
I; are count rates on the sample, Cs; = known
Si concentration in the sample, ¢; = (counts per
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ppm for Li)/(counts per ppm for Si). In the case
of alkali elements, particularly Li, the peak to
background ratio is favourable (>500000:1) and
a detection limit of 10 ppb has been reported (Wil-
son, 1980).

Data recalculation. The wt.% Li,O values from
the ion probe were combined with the electron
probe analyses from the same areas and the cell
formulae recalculated to 22 oxygens. This recalcu-
lation basis assumes that the sum of OH, F and
Cl equals 4 atoms, i.e. that no oxy-mica com-
ponent is present. No other calculation basis was
possible due to the presence of variable Al in 4-co-
ordinated sites and because of incomplete occu-
pancy of the octahedral and 12-co-ordinated sites.
In some micas which are almost certainly relati-
vely rich in Rb this element was not determined
and Si was analysed by ED. Under these circum-
stances the Si value quoted is likely to be slightly
high (<1% relative), leading to under estimation
of Al'Y and over estimation of AIVL. In addition
the 12-co-ordinated cation site total will be too
small (i.e. Rb, Cs not dermined). Even in mica
analyses including Rb and Cs values, the 12-co-
ordinated site totals less than 2 per formula unit.
This deficiency could be due to the presence of
unanalysed H;O* (Levillain, 1980), NHj (Hall,
1988) or vacancies. These stoichiometric com-
plexities result in there being no worthwhile basis
for modelling Fe*: Fe?* contents: the Fe is, there-
fore, reported as Fe?* throughout. This is unlikely
to lead to serious errors as the rock types studied
are typical S-type granites, which are characteris-
tically reduced (cf. Fe?*:Fe** ratios in chemically
analysed micas, especially those from Li-mica
granites; Stone et al., 1988).

A few samples were not analysed for Li by ion
microprobe; however, reasonable Li,O esti-
mates could be made for these based on their aver-
age Si0,;, ALLO; and F (wt.%) electron-micro-
probe analyses (see Results section and Fig. 2).
Cell formulae, based on 22(0O), were then calcu-
lated for these samples, incorporating the model
Li,O values with average electron probe data.

Results and discussion

Average mica analyses (and 1o standard devi-
ations) for each of the S.W. England granites stu-
died are given in Table 1. Within the MLG and
NMLG, the least altered rocks have micas with
the highest Li contents while the most altered
rocks tend to have low to very low Li (e.g. MLG
5096, NMLG 5080, 5085 and 5017; Table 1). In
a few Li-rich samples, partially altered and
secondary micas were also analysed and the aver-

ages for these mica populations are reported in
Table 2; note that in one sample (5005), three
groups of variously altered micas have been iden-
tified (Table 2: II, IIT and IV). Average analyses
for French micas are givenin Table 3. Representa-
tive microprobe spot analyses for S.W. England
and French micas are included in Table 4.

The interstitial textures of most of the Li-rich
micas in the S.W. England rocks make it very
difficult to establish clear spatial compositional
trends which can be interpreted as progressive
zoning. Even if systematic compositional varia-
tions are present it is not easy to deduce the order
of crystallization, as the mechanisms of growth
must involve the movement of ‘crystallization
fronts’ through the interstitial pore space with no
objective way of deducing the original nucleation
site(s) and the directions in which growth
occurred. However, in a few cases it was possible
to analyse single, separate mica flakes where
growth might have been from the interior out-
wards. In such grains the margins are generally
more enriched in Li, F, Rb, and Cs and depleted
in Fe relative to cores (Table 4). This trend is
taken to represent the compositional evolution
occurring during the initial crystallization of the
original Li-rich micas. In the final section we will
discuss whether these phases formed by late stage
magmatic or by sub-solidus processes.

S.W. England micas. Fig. 2 shows the relation-
ship between average Li,O (wt.%) and average
Si0,, Al,O; and F (wt.%). The biotites and Li-
rich micas define a clear positive correlation
between SiO, and Li,O for samples from both
S.W. England and France (Fig. 2a4); muscovites
plot above this trend at the low-Li end. Con-
versely, muscovites and Li-rich micas from St
Austell and Megiliggar define a negative correla-
tion between Al,O; and Li,O (Fig. 2b) with the
biotites plotting below this trend. Li-rich micas
from Meldon and France tend to be more alumi-
nous and plot in a parallel trend (Fig. 2b). Bio-
tites, muscovites and Li-rich micas all show the
same clear positive correlation between F and
Li,O (Fig. 2¢). These trends have been used to
estimate average Li,O contents for micas from
samples not analysed for Li (model Li,O values
are identified with double asterisks in Tables 1
and 2). The Li,O values estimated for a particular
sample based on average SiO;, Al,O, and F con-
tents show very close agreement (+5% relative).

A general review of the data in Table 1 shows
that the most Li-rich micas tend to have generally
higher Si, F, Rb and Cs and lower Al and Fe
contents. Octahedral site occupancy is usually
close to 6 atoms while the 12-co-ordinated sites
show variable deficiencies even in samples ana-
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Table 2

C. M. B. HENDERSON ET AL.

Average analyses for altered mica populations

coexisting with less—altered Li—-micas.

Megacrystic Li-mica granite

Non-megacrystic Li-mica granites

5011 5106 5081 5005 (IV) 5005 (II) 5005 (I11)
No. anals. (2) (3) (3) 12) (3) (4)
Ident. no. 7 6 14 16 16 16
$i0, 43,76(.56)  43.92(1.7) 47.73{1.6) 45.70{1.1} 46.55(.97}  46.52(.46}
Ti0, 0.54(.10) 0.59(.22) 0.25(.22) 0.20(.03) 0.37(.01) 0.26(.08)
A1,04 28.17(.30)  27.08(2.5) 30.00(1.2) 30.97(.88) 22.13(1.5)  31.13(.94)
FeO¥ 7.00(.76) 7.42(2.0) 4.57(1.7) 4.31(.65) 10.29(1.2) 4.02(.89)
MnO 0.35(.04) 0.31(.27) 0.07(.08) 0.04(.05)  0.15(.04) 0.03(.03)
Mg0 0.54(.28) 1.12(.21) 0.22(.30) 1.49(.01) 1.27(.26) 0.95(.19)
ca0 n.d. n.d. n.d 0.12(.02}) 0.07(.08) n.d.
Li,0 3.75(.72} 2.52(.22) 1. 1%% 0.61(.16) 0.88(.42) 3.06(.46)
Na 0 0.52(.09) n.d. n.d. 0.48(.19)  0.55(.12) 0.58{.20)
K20 10.47(.20) 9.76(.58) 10.05(.97) 10.24(.09) 10.37(.42) 9.97(.25)
Rbz0 n.d. n.a. 0.30(.18) n.a. n.a. n.a
Cs,0 n.a. n.a. 0.02{.02) n.a. n.a. n.a
F 5.03(1.9) 3.27(.69) 2.21(.88) 1.90(.26) 6.28(1.2) 2.23(.47)
Minus F=0 2.12 1.38 0.93 0.80 2.65 0.94
Total 98.01 94,61 95.59 95.22 96.26 97.81
Cell formulae (to 22 oxygens)
3 6.023 6.192 6.489 6.257 6.719 6.152
allv 1,977 1.808 1.511 1.743 1.281 1.848
AVl 2,594 2.693 3.297 3.256 2.485 3.005
Ti 0.056 0.063 0.026 0.021 0.040 0.026
Fe 0.806 0.875 0.520 0.494 1.242 0.445
Mn 0.041 0.037 0.008 0.005 0.018 0.003
Mg 0.111 0.235 0.045 0.304 0.273 0.187
Li 2.076 1.429 0.602 0.336 0.511 1.628
Total Y 5.684 5.332 4.498 4.416 4.569 5.294
Ca - - - 0.018 0.011 -
Na 0.139 - - 0.127 0.154 0.149
K 1.839 1.755 1.743 1.789 1.910 1.682
Rb - - 0.026 - - -
Cs - - 0.001 - - -
Total X 1.978 1.755 1.770 1.934 2.075 1.831
F 2.190 1.458 0.950 0.823 2.867 0.933
I.E. 0.88 0.80 0.92 0.62 0.82 0.71

lysed for Rb and Cs. The more aitered micas
(Table 2) tend to have low Li, Rb and Cs, particu-
larly high Al contents and, as a consequence,
lower octahedral site totals.

The average analyses of the micas reported in
Tables 1 and 3 (least-altered types in each rock)
are plotted in Fig. 3; this figure is slightly different
from the Foster (1960) variation diagram in that
all Fe is plotted as Fe?*. The Fe-rich micas in
BG 5007 (point 1 in Fig. 3) and in BG 5089 from
within the MLG unit (Goonbarrow; point 8) are
compositionally very similar and can be classified
as siderophyllites (after Stone ef al., 1988). The
Fe-poor micas (muscovites) from BG 5007 and
5089 are also compositionally similar. This,
together with petrographic similarities, suggests
that the biotite granite exposed in Goonbarrow
may be part of the nearby main biotite granite
mass (Fig. 1), perhaps connected at depth. The
siderophyllite compositions in 5007 and 5089 are
very similar to the ijon/electron-microprobe
analysis of mica from a nearby locality (Wilson
and Long, 1983). In comparison with chemically
analysed siderophyllites from other localities in
the S.W. England granite batholith, the present
data show that the micas are richer in Li and F
than mica from Dartmoor (Al-Saleh et al., 1977),

more magnesian and less F-rich than mica from
Cligga Head (Hall, 1971), and within the com-
positional range for micas from type-B granites
from the Lands End, Carnmenellis, and Scilly
Isles intrusions (Stone et al., 1988) except for its
slightly higher Li content (1.6% Li,O compared
with a range of 0.6-1.0%). The Fe-poor micas
from 5007 and 5089 are slightly more aluminous
and less Fe- and F-rich than muscovites from un-
altered Cligga Head granite (Hall, 1971). Musco-
vites from biotite granites are poorer in Li and
F than coexisting siderophyllites; this relationship
is the same as for coexisting micas in the Cligga
Head granite (Hall, 1971).

All the MLG studied contain a single original
mica which is invariably Li-rich. The unaltered
Li-rich micas in the St Austell MLG show a sub-
stantial increase in Li accompanied by a decrease
in R** with much less variation in (Al + Ti) (Fig.
3). Micas from 5096 (point 5, Fig. 3), 5106 (6),
and 5024 (10) are zinnwaldites while those from
5011 (7) and 5093 (9) are lepidolites. Mica from
5096 (5) is less Li-rich and rather more aluminous
than the others and it should be noted that this
rock is the most altered MLG studied (see later).
In the MLG unit the Li-rich micas have values
for an iron enrichment (/E) index [(2Fe + Mn)/
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by ion microprobe. Numbered points are identified in Tables 1 and 3 and in the Appendix.

(2Fe + Mn + Mg), atomic] varying from 0.72
to 1.0 (Table 1). The less Li-rich types have the
lowest JE ratios as well as the highest Ti and low-
est F, Rb, and Cs contents; thus the order of evo-
lution is deduced to be 5106 (50967) — 5024 —
5011, 5093.

The non-megacrystic Li-mica granites (NMLG)

all contain a single original mica. The compositio-
nal range for unaltered mica is slightly more res-
tricted than in the MLG but the most Li-rich types
have higher Li than their equivalents in the MLG
(Table 1, Fig. 3). Increasing Li is again accompa-
nied by decreasing R** and little change in (Al
+ Ti). Micas from 5031 (12), 5005 (16), 5081 (14)
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Table 3 Average analyses of micas from
French granites.
Beauvoir Montebras

5050 5052 5052 (Musc) 5054 5062 5062 (Musc)
No. anals. (8) (8) (5) (9) {(6) (7)
Ident. no. 21 22 22 23 24 24
510, 52.90(.59) 53.01(.47) 46.83 (.90) 53.47(.81) 50.37(.71) 44,98(.76)
TiO, n.d. n.d. n.d. n.d. n.d. n.d.
Al05 22.44(.53) 22.35(.65) 36.63(.64) 21.81(.68) 23.11(1.8} 36.01(.32)
FeO% 0.21(.23) 0.04(.05) 0.22(.14) 0.39(.07) 2.47(.49) 0.37(.26)
MnO n.d, 0.20(.21) 0.12(.07) 0.14(.11) 1.08(.21) n.d
MgO n.d. n.d. 0.24(.19) n.d. n.d. n.d,
Ca0 n.d. n.d. n.d. n.d. n.d. n.d.
Li0 5.77(.66) 7.41(.49) n.d. 6.65(.95) 5.58(.78) 0.10(.07)
Nay0 0.41(.25) 0.42(.28) 0.14(.14) 0.42(.11) 0.32(.17) n.d.
K0 9.84(.21) 9.89(.14) 9.30(.29) 9.87(.32) 9.64(.17) 10.54(.53)
Rb,0 n.a. n.a. n.a. 1.17(.27) n.a. n.a.
Cs,0 n.a. n.a, n.a. 0.13(.186) n.a. n.a.
F 7.14(.28) 8.81(.29) n.a. 6.82(.26) 6.56(.96) 1.15(.56)
Minus F=0 3.01 3.7 - 2.87 2.76 0.48
Total 95.70 98.42 93.48 98.00 96.37 92.67
Cell formulae (to 22 oxygens}
Si 7.099 6.974 6.238 7.068 6.829 6.151
Allv 0.901 1,026 1.762 0.932 1.171 1.849
ALVT 2.649 2,441 3.991 2,467 2.523 3.957
Ti - - - - - -
Fe 0.024 0.004 0.025 0.043 0.280 0.042
Mn - - 0.014 0.016 0.124 -
Mg - - 0.048 - - -
Li 3,115 3.921 - 3.536 3.043 0.055
Total Y 5.788 6.368 4,078 6.062 5.970 4.054
Ca - - - - - -
Na 0.107 0.107 0.036 0.108 0.084 -
K 1.685 1.660 1.581 1.664 1,667 1.839
Rb - - - 0.099 - -
Cs - - - 0.007 - -
Total X 1.792 1.767 1.617 1.878 1.751 1.839
F 3.030 3.666 - 2.851 2.813 0.497
I.E. 1.0 1.0 0.59 1.0 1.0 1.0

and 5022 (11) are zinnwaldites whiie those from
5001 (2), 5020 (4) and 5015 (3) are more evolved
and are lepidolites. The lepidolites tend to be
more F-rich than the zinnwaldites while both have
IE close to 1.0. The NMLG containing lepidolites
are all from Gunheath supporting the suggestion
(Manning, 1988) that the Hensbarrow stock is a
more evolved part (roof zone) of a differentiated
topaz granite (NMLG) body with the Nanpean
stock representing a deeper level. In the progres-
sively more altered NMLG rocks the original
micas are substantially recrystallized with Al
becoming enriched and Li, Fe, F, Rb, and Cs
becoming depleted (5080 — 5085 — 5017) (cf.
alteration trends reported by Hall, 1971, and
Manning and Exley, 1984).

The inter-sample trend for the unaltered micas
in the BG, MLG and NMLG is shown by the
arrow labelled ‘original’ in Fig. 3. This trend
shows that the overall variation is an increase in
Li combined with a decrease in R?>* and a small
increase in (Al + Ti). Alteration of the original
micas can be represented by vectors towards the
Al apex and one such trend is shown by the arrow
labelled ‘altered’ in Fig. 3. The inter-sample alte-
ration trends identified for both the MLG and

NMLG can also be seen within single samples
for both rock units. Thus, for MLG samples 5011
and 5106 two mica compositional populations can
be identified (cf. Tables 1 and 2); one represents
the original (unaltered) micas and the other the
altered micas. Within the NMLG, 5081 also shows
two populations while 5005 is even more complex
with four compositional groups (Tables 1 and 2).
Analysis group 5005(II) is somewhat atypical in
that the Li content is anomalously low for its Al,
Fe and F contents. These compositional trends
will be considered further using single spot analy-
tical data.

Two samples of the Meldon aplite have been
studied (5003 and 5016), both have lepidolites as
the original micas (Fig. 3) in agreement with the
chemical study of Chaudhry and Howie (1973a).
The lower Li content of 5003 (point 18, Fig. 3)
mica compared to 5016 (19) may be related to
the generally more altered nature of the former
rock. The mica from Megiliggar Rocks (sample
5100 (20)) is on the boundary between zinnwaldite
and lepidolite.

French micas. Average analyses are given in
Table 3 and are plotted in Fig. 3. All the Li micas
are lepidolites (cf. Aubert, 1969; Levillain, 1981)
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FiG. 3. Li—(Al + Ti)-[2Fe (as Fe?*) + Mn + Mg] octahedral site occupancy plot (atomic) for averaged microprobe

data of the least-altered samples (Tables 1 and 3). Sample numbers are identified in Tables 1 and 3 and in

the Appendix. Trends are shown for unaltered and altered micas. Abbreviations: Poly. = polylithionite; Tri.

= trilithionite; Zinn. = zinnwaldite; Musc. = muscovite; Sid. = siderophyllite; Ann. = annite. Boundaries demar-
cating fields of lepidolite, zinnwaldite and siderophyllite are from Stone et al. (1988).

with those from Beauvoir being virtually Fe-free.
These Beauvoir micas [5050 (point 21 in Fig. 3),
5052 (22), 5054 (23)] appear to have recrystallized
from feldspars altered to Li-poor muscovite (cf.
lepidolite and muscovite analyses for 5052 in
Table 3) suggesting a sub-solidus origin involving
very late stage Li metasomatism. By contrast the
sample from Montebras {5062 (24)] is much less
altered and the Li-rich mica appears to have prim-
ary textures, Hydrothermal alteration of this
primary low-Fe mica has produced secondary
muscovite similar to that in the Beauvoir granites
(Table 3).

Compositional and element substitution trends.
In the Fe-bearing Li-mica series the substitution
mechanism for the siderophyllite — zinnwaldite

— polylithionite series (ideal formulae) can be
summarized:

Livl + SilV = (Fe2)V + AV 6N

In this substitution, octahedral site occupancy is
maintained at 6.0 atoms. According to this substi-
tation Li replaces R*>* in the octahedral sites on
a 1:1 basis and octahedral Al is not involved.

In the aluminous Li-mica muscovite — tri-
lithionite series the substitution is:

3LiVI = AIVI + 200V (where O = a vacancy)(2)

while that in the muscovite — polylithionite series
would be:

ALV + 2SIV = 2A1V + 20V 4 2A1Y  (3)
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For chemical analyses of mica separated from
the Meldon aplite, Chaudhry and Howie (1973a)
found Li: AIY! ratios varying between 3 and 2; this
indicates that both substitutions (2) and (3) were
operative (cf. Foster, 1960). Stone et al. (1988)
concluded that Fe-rich micas from S.W. England
show essentially continuous variation from sidero-
phyllite through zinnwaldite to lepidolite. The
variation was believed to be due principally to
Li-R** substitution accompanied by a slight
increase in octahedral R®* (mainly Al). This trend
appears to be well demonstrated by octahedral
R3*-R¥-Li and ‘Rieder (1970)-type’ variation
diagrams (see Stone et al., 1988, Figs 3 and 4).
The present data also seem to be generally consis-
tent with this trend as can be seen from the arrow
labelled ‘original’ in Fig. 3. However, these dia-
grams only take account of octahedral site occu-
pancy without considering the coupled
substitutions which may be necessary in other
sites, e.g. Al — Si in 4-co-ordination.

The coupled effects of substitution in both octa-
hedral and tetrahedral sites can be deduced from
the vector diagrams of Cerny and Burt (1984).
Their plot for trioctahedral micas (OY! = 0) is
particularly useful here. Fig. 4 shows the average
analyses (Table 1) in this vector diagram, only
those with the sum of octahedral cations between
5.7 and 6.1 being included. However, this data
set includes all the unaltered micas from S.W.
England except sample 5003 from Meidon. It
seems that the main trend is from a hypothetical
end-member between annite and siderophyllite,
rather than from siderophyllite sensu stricto, tow-
ards polylithionite. The inter-sample trend shown
by the present data can be approximated by the
averaged formula:

2.2Li + 1.45Si = 0.66 Al + 3R**  (4)

This formula can be modified by allocation of Al
to both tetrahedral and octahedral sites (assuming
no octahedral vacancies):

22LYT + 0.79AIM + 1.458iV = GRZH)V! +
1.45 AV %

This relationship for inter-sample variation is con-
sistent with that reported by Stone et al. (1988).
However, when the intra-sample microprobe
compositional relations are considered the
mechanisms are seen to be rather different.

Fig. 5 shows the relationship between Li and
octahedral Al for the ion/electron-probe data
(n.b. adjacent analyses are averaged or omitted
on the figures to preserve clarity). Micas from
BG 5007 and 5089 show little variation and are
indistinguishable (Fig. 52). MLG 5106 (Fig. 5¢)
shows the greatest range in composition and with

C. M. B. HENDERSON ET AL.

a few exceptions the spot analyses show a negative
correlation between Li and Al. The same type
of correlation is also well shown for MLG 5093
(Fig. 5b), 5011 and 5024 (Fig. 5f). For each sam-
ple the Li:Al variation is close to a ratio of 3:1.
The data for MLG 5096 (Fig. 5b) are more scat-
tered reflecting the advanced aiteration effects
shown by this sample.

NMLG samples 5001, 5015 and 5031 (Fig. Sc¢
and g) show similar trends while 5005 exhibits
four populations of spot analyses, those labelled
IL, III and IV represent variously altered compo-
sitions with I being the least altered. Apart from
the altered minerals the intra-sample Li: Al ratios
seem to be close to, or greater than, 3:1. The
displacement of altered micas to more Al-rich
compositions has already been commented upon.

The mica trends for the Meldon aplite, Megilig-
gar Rocks and French samples also show the intra-
sample Li:Al variation of 3:1.

Irrespective of whether they are zinnwaldites
or lepidolites the S.W. England micas all show
the Li:Al 3:1 variation and this is believed to
represent the original intra-sample trends for the
S.W. England samples at least. Thus the substitu-
tion mechanism (2) is clearly operative. This sub-
stitution is inevitably accompanied by an increase
in the octahedral site occupancy with some sam-
ples showing rather little other chemical change
(e.g. Table 4, MLG 5093 and NMLG 5005). How-
ever, in another sample (MLG 5106) the Li =
Al substitution is accompanied by a decrease in
Si (Table 4) indicating that other substitutions are
occurring. The indication that the Li:Al ratio in
the NMLG is greater than 3:1 suggests that the
extra Liis accommodated by a substitution similar
to mechanism (1) i.e. not involving octahedral Al.

In Fig. 6 the relations between Fe (SFe as Fe?*)
and Li are shown. As before, micas from BG 5007
and 5089 plot together in a tight group (Fig. 6a).
MLG samples 5011, 5093 and 5024 show little var-
iation in Fe with increasing Li (Fig. 6c); 5106
shows a similar relationship although more scat-
tered (Fig. 6a). The analyses of the most altered
MLG sample (5096) plot randomly (Fig. 6¢). In
the NMLG unit individual samples show slight
decreases in Fe as Li increases (Fig. 6b); this trend
is better shown when the inter-sample trend is
considered. This negative correlation could result
from the effects of F-Fe avoidance (Rosenberg
and Foit, 1977) as Li and F are positively corre-
lated (Foster, 1960, and this paper). Sample 5005
populations II, IIT and IV plot in separate groups
away from the other analyses (Fig. 6b). The Mel-
don and Megiliggar mica show no variation in Fe
as Li increases (Fig. 6d).

Overall, the intra-sample Fe-Li trends show
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that the Li = R** substitution is generally sub-
ordinate to the Li = Al substitution.

Li vs. F correlation. Foster (1960) and Rieder
(1970) pointed out that Li-rich micas usually show
a positive correlation between Li and F. Stone
et al. (1988) and Monier and Robert (1986) con-
firmed this relationship for micas from S.W. Eng-
land and the Massif Central, France, respectively.
Average analyses for both original and altered
micas from this study (Fig. 7a, Tables 1 and 2)

also show a good correlation although one of the
altered populations of MLG 5005 (II) shows ano-
malously high F for its Li content. Single spot
analyses are also shown in Fig. 7b—f but intra-
sample variations are generally rather scattered
in each rock type. It is likely that both Li and
F are particularly susceptible to local disturbance
during incipient alteration and this is reflected for
F by the common occurrence of fluorite along
mica cleavage planes.
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Hydrothermal alteration indicators. It is clear
from earlier discussion that Li-rich micas are par-
ticularly prone to sub-solidus recrystallization
processes. Alteration is accompanied by progress-
ive loss of Li, Fe, F, Rb and Cs, and enrichment
in Al, eventually resulting in the formation of rela-
tively F-poor muscovite (cf. Chaudhry and
Howie, 1973b; Hall, 1971; Manning and Exley,
1984). In many of the diagrams discussed so far
alteration effects produced significant amounts of
scatter and, if ignored, would have made it diffi-
cult to identify the original trends.

In this work, plots of Fe against F have proved
to be particularly valuable for identifying alte-
ration trends (Fig. 8). Rosenberg and Foit (1977)
pointed out that Fe and F tend to be negatively
correlated in both micas and amphiboles and
accounted for this using crystal field theory. In
Fig. 8b both the inter- and intra-sample variations
for BG 5007 and 5089 and MLG 5024, 5011
(except for 2 analyses), and 5093 show this anti-
pathetic relationship clearly; some of the analyses
for 5106 also plot on this trend. This negative F-Fe

correlation is believed to be an original feature
of these micas as the rocks defining it are the least
altered types. A few analyses from 5106, 2 from
5011, and all from 5096 show an unexpected, but
well developed, positive correlation (Fig. 8b).
Sample 5096 is the most altered of all the MLG
studied; the positive trend is, therefore, inter-
preted as an alteration/recrystallization trend.
The NMLG samples 5031, 5081 (except for 2 ana-
lyses), 5001, 5020, 5022, and 5015 also show the
negative correlation between Fe and F (Fig. 8a)
which is again believed to be an original feature
of the micas. Two of the 5005 populations (III
and IV) and analyses from 5080, 5081 (2 points)
and 5085 show a positive correlation which again
reflects their degree of alteration. The least
altered micas from 5005 (population I) plot above
the trend for the other NMLG samples; the reason
for this is not clear but incipient alteration effects
involving redistribution of F may be responsible.
Analyses for the Meldon aplite and Megiliggar
Rocks samples show fairly constant Fe contents
as F varies (Fig. 8¢). The Fe contents of the Li-rich
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and these trends for different samples overlap to define a steeper overall decreasing Fe trend.

micas from Montebras sample 5062 are too low
to be sure of the trends but both the original mica
and alteration trends are tentatively identified in
Fig. 8d.

Microprobe spot analyses are plotted in the
conventional Li-Al-R** diagram (Fig. 9). The
original and alteration trends are shown on Fig.
9 to account for the displacement of some analyses
towards the Al apex. The disposition of primary
coexisting biotite and muscovite in the BG and
of the Li-micas in MLG 5106 (Fig. 95) confirm
the form of the two mica solvus for Li-poor micas
and its closure at higher Li contents (Monier and
Robert, 1986). The original intra-sample trends
for the MLG show that the main Li substitution
mechanism is for Al rather than for R?* i.e. trends
are at low angles to lines of equal R** (lines C,

D and E in Fig. 9). Note that the trends for the
different samples are parallel rather than consecu-
tive. The equivalent trends in the NMLG are
slightly steeper but are again parallel (lines A and
B in Fig. 9) suggesting that Li substitution for
R?* also occurs (cf. inverse Li—Fe relationship in
Fig. 6b). However, the overall inter-sample trend
(arrows labelled ‘original’ in Fig. 9) involves both
substitutions to the same extent.

The differences between the intra-sample
trends and the inter-sample trends for both the
MLG and NMLG can be appreciated by compar-
ing the slopes of the lines labelled A to E with
those of the ‘original’ arrows in Fig. 9a and b.
These different trends may reflect different scales
of differentiation. Thus the overall (‘original’)
trends may result from earlier, larger scale pro-
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cesses within the differentiating granite intrusion
while the intra-sample trends reflect later, smaller
scale processes involving late-stage growth of
micas in the interstices of the feldspar—quartz
grain assemblage.

Petrological significance

For the St Austell granite body petrographic
and chemical information have been used to
deduce an evolutionary series: biotite granite
(BG) — megacrystic Li-mica granite (MLG) —
non-megacrystic Li-mica granite (NMLG) —
fluorite granite. There has been much discussion
about the parts played by magmatic and meta-
somatic differentiation in forming this rock series.
Exley (1959) suggested that magmatic differentia-
tion was responsible while Stone (1975) believed
that the BG had undergone alkali and volatile
metasomatism to give rocks of Li-mica granite
composition; Stone also suggested that these
modified rocks may subsequently have been
remelted to give late intruded bodies. Dangerfield
et al. (1980) suggested that the MLG had been
formed by metasomatism of BG with the meta-

somatizing fluids being derived from the NMLG.
Based on an experimental study of the granite
system in the presence of F, Manning (1982) pos-
tulated that the NMLG was a late-stage magmatic
differentiate of the BG. He also suggested that
the fluorite granite had formed by sub-solidus
alteration of the NMLG and broadly agreed with
Dangerfield et al. (1980) that the MLG was a
metasomatic variant of the BG. Manning and
Exley (1984) reinforced these ideas and set up
models to account for the chemical changes in
which the alkalis (including Li) and F released
from the alteration of NMLG micas to form the
fluorite granite pervasively penetrated the sur-
rounding BG to form MLG. Thus they stressed
the complementary relationship between the two
supposedly altered rock types. Based on new
mapping, Hill and Manning (1987) showed that
the MLG unit was composed of several granite
types including both magmatic and metasomatic
varieties. The situation is clearly more complex
than had been appreciated earlier.

The stage of formation of Li-rich micas in the
magmatic rock types has also been discussed.
Based on textural relations there is no doubt that
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they are late-crystallized phases but whether they
formed during the final stages of magmatic differ-
entiation (i.e. primary) or during sub-solidus re-
crystallization is less clear. Based on textural
considerations, Stone (1975, 1984) and Stone et
al. (1988) suggested that the zinnwaldites are all
sub-solidus (secondary) but that the lepidolites
from certain rock types (e.g. Tregonning leuco-
granites) could be late magmatic (primary).

In our discussion we will firstly consider
whether Li-micas could be primary phases and
then which rock types belong to the magmatic
differentiation trends.

Are Li-micas primary phases? Munoz (1971)
experimentally studied the stability of poly-
lithionite and trilithionite (F-analogues) in the
presence of H,O. At 2kbars Py, polylithionite
melted congruently at 770° = 15°C, while at

1kbar it melted incongruently (to sanidine +
liquid) at about 740°C. At 2kbar Pg,y the tri-
lithionite composition melted incongruently (to
eucryptite + liquid) at about 680 °C while below
1.6kbar it broke down to eucryptic + leucite +
kalsilite. Rieder (1971) experimentally studied
micas on the siderophyllite—polylithionite join at
2kbar. Although the maximum stabilities of
siderophyllite and polylithionite were found to be
low (about 570 ° and 550°C, respectively; but con-
trast the latter value with data of Munoz, 1971),
solid solutions containing 25-40% polylithionite
were found to be stable to above 800 °C.

Tuttle and Bowen (1958) studied the effect of
water pressure on melting relations in the granite
system (Qtz—Ab-Or) and determined minimum
melting temperatures of 720°C at 981 bars and
685°C at 1961 bars. The late-stage granites of
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S.W. England are characteristically enriched in
elements which would decrease melting tempera-
tures further. Typical concentration ranges (Exley
and Stone, 1982; Martin, 1983) for fresh Li-mica
granites are (wt.%): F0.9-2.5;Li0.1-0.4; B 0.04—
0.27; P 0.18-0.6; Rb 0.1-0.22; Cs 0.02-0.03.
Experimental work has been carried out on the
granite system in the presence of most of these
elements—mainly at 1 kbar Py,;y. The main effects
on liquidus and solidus temperatures at 1kbar can
be summarized as follows. Manning (1981) and
Manning and Henderson (1981) have shown that
F reduces minimum melting temperatures to
690°C, 1wt.% F; 670°C 2% F; 630°C 4%F. In
the presence of 4% F, solidus temperatures are
reduced to at least 550 °C. Martin and Henderson
(1984) found minimum melting temperatures of
700°C, 1% Li,0; 675°C, 2% Li,0. Pichavant
(1987) reported minimum melting temperatures
of 690°C, 1% B,0,; 630°C; 4.5% B,0, while
Chorlton and Martin (1978) found that the solidus
for a synthetic granite was decreased to 600°C
at 5% B,0;. Henderson and Manning (1984)
reported preliminary results of the effect of Cs
on phase relations for a Tuttle and Bowen 1kbar

minimum melting composition (Qz3Ab;0r,).
They showed that F-free charges containing
10wt. % pollucite (CsAlSi,Og) run at 650°C con-
sisted mainly of glass. Further work (unpublished)
places the liquidus at ~710°C and the solidus at
~500°C (pollucite crystallizes at ~620°C). Rb
would be expected to have a similar effect on melt-
ing relations. Finally, the results of Wyllie and
Tuttle (1964) show that at 2.75 kbar the presence
of ~2wt.% P,0s lowers the liquidus of a granite
from ~670°C (P-free) to ~645°C. Manning ¢ al.
(1984) predicted that if such elements interact
with melts by different mechanisms, as seems
likely, their effects on melting temperatures could
be additive.

In the experimental work reviewed above, the
effect of excess Al,O; (peraluminous) was not
considered. Burnham and Nevkasil (1986)
reported that the 4-phase eutectic point sanidine
+ quartz + melt + vapour at 2kbars occurs at
767°C while in the presence of 3.5% AlL,SiOs it
is depressed to 737 °C. Experimental work on per-
aluminous natural rocks enriched in the character-
istic suite of volatile and trace elements also yields
significant information. Thus Burnham and Nev-
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kasil (1986) discussed the experimental results for
the Harding pegmatite, New Mexico [Al/(Na +
K + Ca)(molar) 1.41; F 0.64 wt. %, Li,O 0.65%,
P,05 0.13%, Rb,0 0.19%, Cs,0 0.05%]. Lidui-
dus and solidus temperatures are 750°C and
565°C, respectively at 1kbar Pg,y. Weidner and
Martin (1987) determined the phase relations of
afluorite granite from Slip quarry, St Austell (grid
reference SX 951 555) [Al/(Na + K + Ca) 1.30;
F1.15wt.%,Li,00.11%, P,050.36%]. At 1 kbar
Pyiq they found that the liquidus was above
~750°C and that the solidus occurred at 660 °C;
an aluminous mica (called muscovite) was stable
up to 725°C. Webster et al. (1987) studied a glassy
rhyolite from Spor Mountain, Utah [Al/(Na +
K + Ca) 1.0; F 1.2%; P,05 0.06%; similar rocks
from Spor Mountain (Christiansen et al., 1984)
contain 80-100 ppm Li; 600-1450 ppm Rb; ~60
ppm Cs]. Under water-saturated conditions at
1kbar they found the liquidus at ~720°C and soli-
dus at 500°C. Finally, London (1987) obtained
some particularly fascinating experimental results
for a natural glass from Macusani, Peru [Al/(Na
+ K + Ca) 1.5; F 1.31%, P,05 0.55%, B,0O,
0.62%, Li 1590 ppm, Rb 1150 ppm, Cs 590 ppm].
Under water-saturated conditions at 2 kbars the
liquidus occurs at ~650°C and the solidus at as
low as ~450°C. White mica (called ‘muscovite’)
was stable up to 625°C.

The above review shows that granite melts
highly enriched in F, Li, Rb, Cs (and B) could
exist down to about 500-550°C at 1kbar Pyq.
It is clear that Li-rich micas are capable of crystal-
lizing directly from the melt i.e. they are possible
primary phases. Thus we conclude that the zinn-
waldite and lepidolite micas from the NMLG crys-
tallized as primary phases and that the ‘original’
trends described earlier are the primary magmatic
trends. Itis equally clear, based on the experimen-
tal data and on the evidence of Li-mica replace-
ment textures in some rocks (cf. Stone, 1975),
that Li-mica crystallization can continue into the
sub-solidus region. A separate fluid phase almost
certainly existed during the final magmatic crystal-
lization stages of the Li-mica granites, leading
inevitably to subsequent auto-metasomatic re-
crystallization processes.

A substantial amount of work has been done
on fluid inclusions in rocks from various evolu-
tionary stages of the S.W. England batholith.
Alderton and Rankin (1983) found homogeniza-
tion temperatures (no pressure correction
applied) up to ~570°C for ‘unaltered’ biotite
granite and up to ~500°C for ‘unaltered’ Li-mica
granite. Jackson et al. (1977) and Charoy (1981)
studied greisens from Cligga Head. Homogeniza-
tion temperatures range up to about 420°C and
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require a pressure correction as the effects of boil-
ing are rarely present. Charoy (1981) has
modelled the original fluids as having a tempera-
ture of ~470°C. Thus it seems that the tempera-
ture conditions of the latest stages of magmatic
activity are essentially continuous with the onset
of hydrothermal processes. Indeed, London
(1987) observes that vapour and melt phases for
analogous compositions (rare metal pegmatites)
“may be nearly, if not completely, miscible”.
Under these conditions late-stage phases like Li-
micas would be expected to continue crystalliza-
tion sub-solidus.

At this stage we conclude that the original Li-
micas in St Austell NMLG, in the Meldon aplite
and in the Megiliggar Rocks phase of the Tregon-
ning granite are all primary. In the French gran-
ites, textural relations of Li-mica in the Montebras
granite indicate that it too is primary while in the
Beauvoir granite they indicate that it is a second-
ary, sub-solidus phase.

Is the fluorite granite a primary rock type?
Weidner and Martin (1987) have suggested that
a fluorite granite from Slip quarry, St Austell
granite (see above for analytical summary) is a
primary magmatic rock type—at variance with
Manning and Exley’s (1984) conclusion. Weidner
and Martin based their conclusion on an experi-
mental study of a Slip chinastone sample and on
a discussion of whether the Ca necessary for
hydrothermal fluorite formation could be derived
from albitization of BG plagioclase as suggested
by Manning and Exley (1984).

It is quite clear from our petrographic and
microprobe studies that an alteration series can
be identified within the NMLG with the so called
fluorite granites representing the most altered
types. Intermediate stages of alteration of primary
Li-micas have been described in which localized
alteration leads to progressive loss of Li and F
(also Rb, Cs) leading ultimately to Li- and F-poor
or Li- and F-free muscovite micas. During the
intermediate stages, F lost from the mica structure
is localized mainly as fluorite growing along mica
cleavages (cf. Manning and Exley, 1984). After
the Li-mica has broken down completely, most
of the fluorite is present as separate grains (‘hard-
purple chinastones’).

Weidner and Martin (1987) identify the mica
in their rock from Slip quarry as ‘muscovite’. We
have studied an altered NMLG (chinastone) from
the nearby Prosper quarry (sample 5005). The
bulk composition of 5005 is (all wt.%) SiO, 72.6,
TiO, 0.04, AL,O; 16.1, 2Fe as Fe,0; 0.37, MgO
0.09, MnO 0.05, CaO 0.86, Na,O 4.2, K,0 5.1,
P,05 0.65, F 1.14, Li,O 0.11, Rb 0.1. This rock
composition is generally very similar to that
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studied by Weidner and Martin and the Li and F
contents are virtually identical. As shown earlier,
sample 5005 shows remnant Li-mica with different
populations of variously altered micas. We sug-
gest that the Slip sample is also a hydrothermally
altered rock, its relatively high Li,O content (0.11
wt. %) perhaps suggesting the presence of some
unaltered, or partially altered Li-rich micas. Thus
the enhanced stability of the ‘muscovite’ mica
phase in Weidner and Martin’s (1987) exper-
iments could be due to it containing F, as pre-
dicted by Weidner and Martin, but also the
presence of Li could play a crucial role in raising
the stability of the aluminous mica (cf. Munoz,
1984). Weidner and Martin conclude that if F is
responsible for raising the mica stability this shows
that the F/(F + OH) content of muscovite coexist-
ing with fluorite cannot be as low as Manning and
Exley (1984) had reported (0.06). Our detailed
microprobe study confirms the results of Manning
and Exley. It should be noted that Weidner and
Martin (1987) report that fluorite is always the
first phase to disappear above the solidus. Indeed
their phase diagram shows that the solidus and
fluorite-out curves are experimentally indis-
tinguishable. Thus the F released from the break-
down of fluorite would have been distributed
between the melt phase and the stable mica. It
is to be expected that F would be distributed dif-
ferently between lower-temperature, sub-solidus
muscovite and fluorite and higher-temperature,
super-solidus aluminous mica and F-containing
silicate melt. Thus a difference between the F-
level of mica deduced from Weidner and Martin’s
experiments and that analysed in altered rocks
(Manning and Exley and this work) would be
expected.

Origin of the megacrystic Li-mica unit. Manning
and Exley (1984) accounted for the variability of
the rock types outcropping within the MLG unit
as reflecting variable degrees of metasomatism of
an initial, multiply intruded biotite granite unit.
Despite the pervasive alteration, unchanged BG
relics remained (e.g. in Goonbarrow). Hill and
Manning (1987) subsequently identified a number
of primary Li-mica granite types within the MLG
unit. We believe that our microprobe study con-
firms the latter interpretation.

As discussed earlier, the biotite from BG 5089
(Goonbarrow, i.e. within the MLG outcrop) is
compositionally indistinguishable from thatin BG
from the main outcrop (5007, Luxulyan). BG 5089
was sampled from close to two samples of typical
tourmaline-bearing MLG (5011, 5093) which con-
tain lepidolite Li-micas. In Gunheath pit, tourma-
line-free NMLG samples with lepidolite (samples
5001, 5015) and MLG with zoned (Fe, Mg)-rich
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zinnwaldites (5106) have been described. The lat-
ter sample shows no textural evidence of the Li-
mica having formed by alteration of original bio-
tite. The supposed large-scale, pervasive Li-meta-
somatism would have had to be particularly
localized to account for such different mica com-
positions within Goonbarrow and Gunheath. The
‘original’ inter-sample compositional trends for
the NMLG and MLG (Fig. 9) overlap, with the
MLG samples being generally less evolved (less
Li-rich) than their equivalent NMLG types. We
believe that all these relationships are consistent
with the MLG unit containing magmatic inter-
mediates between BG and NMLG, as originally
suggested by Exley (1959). Thus the ‘original’
mica trends described earlier for the MLG unit
(including the associated biotite granites) are
believed to be primary with the compositional
series 5089 — 5106 — 5024 — 5011, 5093 repre-
senting increasing magmatic evolution. Com-
positional evolution might be expected in other
phases believed to be primary and is shown by
brown tourmaline in the rock series 5089— 5106
— 5093 showing decreasing MgO (3.6 — 1.2 wt. %
— below detection) and increasing FeO (11.6 —
14.0 - 15.0 wt. %).

The field relations and variable textural nature
of the rock types exposed within the MLG outcrop
could reflect intrusion of different pulses of
magma from depth in the differentiating pluton.
In addition, the presence of megacrystic types
with coarse-, medium- and fine-grained ground-
masses could simply reflect localized loss of
vapour phases causing, in effect, pressure
quenches of residual magma leading to finer
grained groundmasses (cf. Manning and Hill, in
press).

We conclude that many of the textural and
mineralogical features of the St Austell granites
(and perhaps other bodies such as the Meldon
aplite and the Tregonning-Godolphin granite)
are the result of the late-stage magmatic processes
being extended to particularly low temperatures
due to the presence of a separate aqueous fluid
phase and to the enrichment of F, Li, Rb, and
Cs in the melt. The end of the magmatic stage
was transitional with the onset of the hydro-
thermal stage leading to recrystallization, in effect
autometasomatism, of the magmatic mineral
assemblage so introducing further textural and
mineralogical complexities into the rocks.
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Appendix
A. S.W. England

(1) St Austell granite
. 5007 BG Luxulyan (Grid Reference SX 053 589)
2. 5001 NMLG Gunheath (Grid Reference SX 003
567)
3. 5015 NMLG Gunheath (Grid Reference SX 003
567)
4. 5020 NMLG Gunheath (Grid Reference SX 003
567)
5. 5096 MLG Gunheath (Grid Reference SX 003 567)
6. 5106 MLG Gunheath (Grid Reference SX 003 567)
7. 5011 MLG Goonbarrow (Grid Reference SX 006
572)
8. 5089 BG Goonbarrow (Grid Reference SX 006 572)
9. 5093 MLG Goonbarrow (Grid Reference SX 006
572)
10. 5024 MLG Littlejohn (Grid Reference SW 982 573)
11. 5022 NMLG Kernick (Grid Reference SW 942 554)
12. 5031 NMLG Trevisco (Grid Reference SW 947 560)
13. 5080 NMLG Goonvean (Grid Reference SW 948
553)
14. 5081 NMLG Goonvean (Grid Reference SW 948
553)
15. 5085 NMLG Rostowrack (Grid Reference SW 952
564)
16. 5005 NMLG Prosper (Grid Reference SW 954 564)
17. 5017 NMLG Prosper (Grid Reference SW 954 564)

(ii) Meldon
18. 5003 Aplite (Grid Reference SX 566 920)
19. 5016 Aplite (Grid Reference SX 566 920)

(iii) Tregonning—Godolphin granite
20. 5100 Megiliggar Rocks (Grid Reference SW 611
266)

B. Massif Central, France

21. 5050 Beauvoir quarry, Echassiéres granite
22. 5052 Beauvoir quarry, Echassiéres granite
23. 5054 Beauvoir quarry, Echassiéres granite
24. 5062 Montebras granite



