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Abstract

Lithium may constitute an essential element in micas, yet it cannot be detected by the electron microprobe.
Since Li is critical for correctly classifying micas and properly calculating their formulae, several methods
have been proposed to overcome this analytical deficiency. We offer empirical relationships between Li;O
and SiO,, MgO, F, and Rb in trioctahedral micas, and between Li,O and F as well as Rb in dioctahedral micas.
The resultant regression equations enable lithium contents to be sufficiently well estimated from EPM
analyses within the range of validity discussed.

Secondly, we introduce an easy to handle, new diagram with the axis variables [Mg—Li] and [Fe,, + Mn +
Ti—Al1""] for graphical representation and discuss its scientific rationale. Being based on absolute abundances
of cations in the octahedral layer, the diagram provides a simple means to classify micas in terms of
composition and octahedral site occupancy, and it also allows compositional relationships between Li-bearing
and Li-free mica varieties as well as between trioctahedral and dioctahedral micas to be displayed on a single,

two-dimensional diagram.

KeYwoRDS: mica, lithium, correlation, classification, electron microprobe.

Introduction

THE importance of micas for petrologic or metallo-
genetic studies of metamorphic and igneous rocks is
well established and has been the subject of a great
deal of research (see Bailey, 1984, for an overview).
The reason for their popularity is that micas form one
of the most common mineral groups, stable over a
wide range of pressure and temperature in rocks of
many kinds. They have a highly variable chemical
composition and the ability to exchange components
readily with fluids or solid phases as external
conditions change. Being hydrous phases, micas are
sensitive to the fugacities of water, oxygen, fluorine
and other volatile species. The micas, therefore, are
useful as monitors of the physico-chemical environ-
ment in which they grew. This aspect is particularly
important in the case of granites, in many of which
micas are the only mafic and hydrous phases present.

This paper is concerned with Li-bearing micas

because of their importance in evolved granites and
related pegmatites and aplites. The basis of the work
is a compilation of several hundred Li-mica analyses,
many from sources in the literature and many others
from published and unpublished data sets of our own.
Most of the latter represent micas from the
Erzgebirge province, hosted in Variscan granites, or
in a few cases from associated pegmatites as well as
from greisens in tin deposits. Analyses of mica from
metamorphic rocks of the Erzgebirge and of nearby
granodioritic and granitic complexes of Cadomian
and Variscan ages are also represented in the data
compilation (Fig. 1).

Our objective is twofold. Firstly, we expand on the
works of Stone et al. (1988) and Tindle and Webb
(1990), and explore ways to indirectly estimate Li
concentrations in both trioctahedral and dioctahedral
micas from electron microprobe analyses by
empirical approaches based on element correlations.
Secondly, we introduce a new diagram with the axis
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Fic. 1. Simplified geological sketch map showing the sample localities of trioctahedral micas listed in Table 1.

variables [Mg—Li] and [Fe, + Mn + Ti—AlIYY,
which provides a simple means to classify micas in
terms of composition and octahedral site occupancy
(trioctahedral and dioctahedral series), and which
also allows the compositional relationships between
Li-bearing and Li-free mica varieties to be displayed
on a single, two-dimensional diagram.

Today, the vast majority of chemical analyses of
mica composition for petrologic studies are
performed in situ by electron microprobe. Bulk
analysis of mineral separates can be misleading or
non-representative because more than one generation
of micas may be present in a given sample, and
because individual mica grains are commonly zoned,
especially in fractionated granites and related aplites
(Fonteilles, 1987; Monier et al., 1987; Hecht, 1993;
Gottesmann et al, 1994a; Charoy et al., 1995).
Intergrowths, overgrowths and inclusions of other
minerals in mica are other factors which pose no
great problem for the microprobe method but can
seriously affect the results of bulk chemical analysis.

One disadvantage of electron microprobe analyses
of micas is that ferric and ferrous iron cannot be
distinguished. Micas are poorly suited for calculation

of ferric and ferrous iron by stoichiometry because
site vacancies are common, and because manganese
can be present in the dlvalent and trivalent state.
Therefore Fe?* and Fe*" must be treated together as
Fewr. The inability of the microprobe to analyse
lithium is a serious problem in evolved granites,
aplites and pegmatites, where Li is an essential
component in both dioctahedral and trioctahedral
micas (Tischendorf ef al., 1969; Lapides et al., 1977,
Stone et al., 1988). Failure to analyse Li in micas
from this environment means a loss of important
petrogenetic information as well as systematic errors
in calculating structural formulae (Tindle and Webb,
1990). There are established methods of micro-
analysis capable of analysing lithium, SIMS
(Henderson et al., 1989; Charoy et al., 1995) and
laser-ablation ICP-MS (Bea et al., 1994), but they are
expensive and out of reach for most researchers; thus
they do not represent practical alternatives to the
electron microprobe at present.

Fortunately, it turns out that lithium correlates
strongly with several other elements in micas which
can be measured routinely by electron microprobe,
and this offers a way to estimate Li contents from a
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microprobe analysis. Tindle and Webb (1990)
utilized this in a study of element correlations in Li
micas from a literature compilation, and they
suggested the following equation to estimate Li
from the Si content: Li,O = (0.287 x SiO,) — 9.552.
These authors limit application of their equation to
trioctahedral micas with less than 8 wt.% MgO. In
this paper we take the same approach and examine
element correlations in both trioctahedral and
dioctahedral lithian micas separately, making a
particular effort to find workable solutions for the
cases which Tindle and Webb (1990) found
problematical, namely, the Mg-rich trioctahedral
and the dioctahedral micas.

Mica compositions and covariances with lithium

Trioctahedral micas. The most frequently applied
nomenclature for trioctahedral micas was introduced
by Foster (1960a,b), and is based on the octahedral
site occupancy. Li-bearing micas are represented in a
triangular diagram with the corner variables Li; R*"
(Fe**, Mn?*, Mg); and octahedral R** (Al, Fe**) +
Ti*" (Fig. 2).

We examine below the correlations of Li,O with
other elements in the octahedral layer (TiO,, Al;Os,
FeO.., MnO, MgO) as well as with SiO,, F, and
Rb,0. As recognized by Tindle and Webb (1990),
SiO, alone does not permit estimation of lithium over
the entire range of mica compositions. Thus we
focussed on the search for elements alternative or
supplementary to silica. The data used were taken
from our own analyses and from the literature which
met the following criteria: (a) Li was determined, (b)
the analyses are commonly not older than 25 years
(to ensure comparable data quality), and (c)
compositions of concentrates appeared to represent
pure trioctahedral compositions not contaminated by
dioctahedral micas.

Figures 3—6 plot analyses of trioctahedral micas
(screened by the above criteria a—c) which were
taken from the literature, our own published data
(Tischendorf et al., 1969, n = 66; Gottesmann et al.,
1994b, n = 4) and about 100 unpublished analyses
(see Appendix). Several representative analyses from
the unpublished data are given in Table 1 (see Fig. 1
for sample localities). Details on the petrology and
geochemistry of the rocks from which the micas were
separated are given by Tischendorf et al. (1987) and
Forster and Tischendorf (1996).

Figures 3a—c show the main compositional
features of the micas. They form three compositional
series, labelled on the figures as: Mg—Fe series
(phlogopite, Mg-biotite, Fe-biotite, siderophyllite,
lepidomelane), Li—Fe series (Li-bearing siderophyl-
lite, protolithionite) and Li—Al series (zinnwaldite,
lepidolite). The SiO, and Al,O; variation (Fig. 3a) is
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large and irregular, with a weak negative correlation
and considerable overlap among the three composi-
tional series which is partly caused by the presence of
Al" and A1V™. The Li—Al series shows the greatest
range in composition, with Al,O3; contents from less
than 15 wt.% (Bargar e al., 1973; Skosyreva and
Vlasova, 1983; Uhlig, 1992) to over 25 wt%
(Heinrich, 1967). Total iron-silica distributions
(Fig. 3b) are more regular than alumina-silica, but
there is complete overlap of the Mg-biotite—Fe-
biotite and siderophyllite varieties. The diagram of
MgO and SiQ; (Fig. 3¢) shows the most regular
variation and good discrimination among the three
mica series, which has been recognized before by
other workers (e.g. Tindle and Webb, 1990). Note
that we use a logarithmic scale for MgO to better
illustrate the correlation with SiO, over the extreme
compositional range of MgO. The important feature
of this diagram is that the correlation between MgO
and SiO, is negative in the Li—Fe and Li—Al series
(< 6 wt.% Mg0), and positive in the Mg—Fe series.
This transition in behaviour has an effect on the Li
distribution in the low-Mg and high-Mg micas, and
must be born in mind when one considers the
correlations of Li with Mg and Si (see below).

The variation of Li,O with other chemical
components of trioctahedral micas is examined in
Fig. 4a—f. In most of these, there are ranges of
composition with different degrees of correlation or
even reverses in the sense of correlation. Table 2 lists
regression equations describing what we found to be
the best chemical correlations, and the range of
compositions for which they are valid. The excellent
positive correlation of SiO, and LiO (Fig. 4a) was
already noted and used by Tindle and Webb (1990)
for calculating Li from a regression equation. The
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figure demonstrates that this approach can only work
for micas with Li,O values greater than about 0.6
wt.%. For micas with less lithium, the positive
correlation breaks down and turns negative in the
concentration range below about 0.5 wt.%
(corresponding to approximately 35 wt.% SiO, or 6
wt.% MgO). In terms of MgO concentration (see
discussion below), a workable value for the cut-off is
6 wt.%. Using this value, our data in the range of
MgO < 6 wt.% yields an essentially identical
regression equation as the previous authors:

Li,O = (0.289Si0,) — 9.658
(R*=0.912, n = 232) [tri 1]

Formally, this equation is valid only down to a
SiO, value of 33.4 wt.%, where it cuts the abscissa.
In practice, we recommend application of this
equation to micas with SiO, exceeding 34 wt.%.
Micas with lower values of SiO,, of course, contain
some finite amount of lithium.

The variations of Li,O with Al,0; and with MnO
(Figs. 4b—c) are quite irregular, particularly in the
case of MnQ, and therefore of no value for predicting
Li contents from microprobe analyses. Li;O and
Al,O; are positively correlated for members of the
Mg—Fe and Li—Fe series. In contrast, for micas of
the Li—Al series two different trends are apparent.

Within the Li—Al series, micas relatively poor in Li
are rich in Al, whereas those stron, [vgly enriched in Li
are depleted in both AlY" and Al

The variation of Li,O with total Fe is shown in
Fig. 4d, and this is a further excellent illustration of the
switch in sense and degree of correlation with changing
Li concentration (cf. Fig. 4a). Above about 0.8 wt.%
Li,O there is a very good negative correlation of total
iron and lithium; at values between 0.8 and 0.2 wt.%
there is virtually no correlation, and below 0.2% a
positive correlation is observed. We have examined the
correlations of Li,O with FeO and Fe,O; separately
(not shown) and found that the diagrams are similar to
that of Fig. 4a but show more scatter. Furthermore, of
course, microprobe analyses must be cast in terms of
total iron and so the separate relationships of lithium
with ferric and ferrous iron are of no significance to the
question at hand.

Titanium and magnesium both show a steady
inverse correlation with lithium (Figs. 4e—f). In the
TiO,—-Li,O diagram this correlation breaks down
below about 0.1 wt.% LiO. In the case of MgO,
curve-fitting leads to the following expression which
is valid for the full range of mica compositions:

Li,O = [2.7/(0.35 + Mg02] —0.13
= 0.880, n = 434) [tri 2]
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TasLE 2. Compilation of regression equations for estimating Li,O contents in tri- and dioctahedral micas

Equation Li,O (wt.%) Number of Goodness of fit Range of validity
analyses (n) parameter (R%) (wt.%)

[tri 1]* = (0.289*Si0,) — 9.658 232 0.912 Si0, > 34; MgO < 6

[tri 2]* = [2.7/(0.35 + MgO)] - 0.13 434 0.880 MgO = 0.01 to 20

[tri 3]** = 155*Mg0 3! 191 0.58 Si0, > 34; MgO > 6

[tri 4] = 0.237*F 154 501 0.852 F=01t9

[tri 4a] = (0.697*F) + 1.026 62 0.70 aplites, pegmatites

[tri 4b] = 0.177+F"64 439 0.906 granitoids a.o.

[tri 5] = 3.5*Rb,0"* 470 0.865 Rb,0 =0.01 to 1.7

[di 1]* = 0.3935*F!326 199 0.843 F=001t8

[di 2] = 1.579*Rb,0'* 209 0.71 Rb,0 = 0.01 to 2

* . recommended

We note that some mica analyses from a few
occurrences (not plotted in Fig. 4f) deviate from this
relationship. In these, at a given MgO content, the
concentration of Li,O is displaced towards either
higher (Cerny et al., 1970; Cemy and Trueman,
1985; Neiva, 1981aq; Henderson et al., 1989) or lower
values (Goeman, 1972; Rub et al., 1986; Nash, 1993;
du Bray, 1994; Cerny et al., 1995; Rieder et al.,
1996) than would be calculated by equation [tri 2].
The reason for the deviations is not clear. It may
include analytical problems (for example, the data of
Henderson et al., 1989, are from SIMS analyses,
which systematically overestimate Li, see Ottolini et
al., 1993); and/or particular conditions of formation
(F-rich annitic biotites from the Honeycomb Hills
rhyolite, Utah, apparently formed or reequilibrated at
high F and O fugacity; see Nash, 1993 and Icenhower
and London, 1997).

One of the problems encountered by Tindle and
Webb (1990) was the poor correlation between Li
and Si at higher MgO compositions. For micas with
MgO greater than 6 wt.%, we obtained the following
expression relating Li,O and MgO:

Li,0 = 155Mg0~>! (R? = 0.58; n = 191) [tri 3]

The chemical correlation between Li and F in
trioctahedral micas is good. This is well known, and
Tindle and Webb (1990) presented an equation
linking the two variables with R* of 0.617. Figure
Sa shows the relations of Li and F in trioctahedral
micas. Use of all analyses results in the following
equation:

Li,O = 0.237F"5* (R? = 0.852, n = 501) [tri 4]

Close examination of Fig. 5a shows that micas
from pegmatites and aplites define an array which
differs in slope from that of the micas contained in
granitoids and other rocks. If we divide the data set

** _ recommended in combination with eq. [tri 1]

into two groups we obtain, for pegmatites and aplites
using data from Cerny et al. (1970, 1995), Rieder
(1970), Bargar et al. (1973), Chaudhry and Howie
(1973), Skosyreva and Vlasova (1983), Edmunds et
al. (1985), Jolliff et al. (1987), Henderson et al.
(1989), Neiva and Gomes (1991) and from our data
set:

Li,O = (0.697F) + 1.026 (R* = 0.70, n = 62) [tri 4a]
and for the micas in granitoids and other rocks:
Li,0 = 0.177F"%*2 (R? = 0.906, n = 439)  [tri 4b]

Finally, Fig. 5b displays the positive correlation of
lithium and rubidium in trioctahedral micas. The
correlation is excellent except for micas with very
low values of Li,O and Rb,O. The data can be fit by
the following regression equation:

Li,0 = 3.5*Rb,0'% (R = 0.865, n = 470)  [tri 5]

Dioctahedral micas. Compared with the trioctahe-
dral micas, there are much fewer published analyses
of dioctahedral Li micas and also fewer elements in
the micas for which a correlation with lithium can be
tested. Our data compilation for the dioctahedral
micas includes, in addition to unpublished data from
our own and R. Naumann, published analyses for
micas designated as muscovite, Li-muscovite, Li-
phengite and Al-Li micas including mixed forms
(see Appendix).

No systematic variation of Li;O with either SiO,
or Al,O3 (not shown) was found, and we present
diagrams here only for Li—F and Li—Rb (Fig. 6a—b).
Fluorine shows a good positive correlation with
lithium over the full compositional range, as was the
case for trioctahedral micas. The Li—F relationship
can be defined by the following relation:

Li,O = 0.3935F'326 (R? = 0.843, n = 199) [di 1]
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The Li—Rb correlation is slightly worse, and can
be expressed as follows :

Li0 = 1.579Rb,0"* (R* = 0.71, n = 209) [di 2]

Summary. Tindle and Webb (1990) concluded that
Li can best be estimated from microprobe analyses of
lithium-bearing trioctahedral micas using the correla-
tion with SiO,. Our compilation of Li-mica analyses
confirms this relationship and provides additional
information. Table 2 compiles all the equations we
have discussed above which relate Li to other
components which (with the exception of Rb), are
routinely and reliably analysed by electron microp-
robe. Although we have used a data set different from
that of Tindle and Webb (1990), the equations for the
Li,O—-SiO, relation are essentially identical and
point to their universal applicability. In addition to
this, we offer other correlation equations, particularly
for high-Mg micas with compositions outside the
range dealt with by Tindle and Webb.

In our experience, equation [tri 1] gives the best
results for micas with greater than 36 wt.% SiO, and
less than 6 wt.% MgO. For micas outside this range
one can use either [tri 3] (for MgO-rich micas) or
[tri 2], which is applicable over the whole range of
MgO. Equation [tri 2] is recommended for micas
with less than 36 wt.% SiO,.

We present the first equation which quantifies the
relationships between Li and F for trioctahedral
micas alone, and is based on a comparatively large
number of analyses. The Li—F regression calculated
by Tindle and Webb (1990) incorporated data from
both trioctahedral and dioctahedral micas, which is
the main reason for the relatively poor ‘goodness of
fit’ recognized. A good approximation for Li in
trioctahedral micas can also be obtained if data for
Rb are available.

Furthermore, we present equations applicable to
dioctahedral micas, for predicting Li contents based
on the F or Rb concentration, a group for which
Tindle and Webb (1990) found insufficient data to
make a reliable assessment of element correlations.
Both equations can be used, however, the Li—Rb
correlation is less good than Li—F.

Mica classification and graphical representation

Principles. Graphical representations of mineral
compositions should be simple and practical to use,
even for the non-specialist. They should allow
classification of the mineral species and also show
the important compositional changes of the minerals
in response to evolution of the host rocks (e.g.
prograde metamorphism, igneous fractionation). There
are a number of graphical schemes in use for the
micas, but we find that none of these is ideally suited
for the study of Li micas, for the reasons given below.

G. TISCHENDORF ET AL.

The classical triangular diagrams of Foster
(19604, b) meet the above criteria for most purposes,
and they are widely used. However, for the Li-micas,
Foster’s representation has the disadvantage that it
separates the Mg—Fe micas (phlogopite, biotite,
siderophyllite and lepidomelane) from the lithian
varieties (protolithionite, zinnwaldite, lepidolite and
Li-muscovite), and requires the use of two classifica-
tion triangles with: Mg”"; Fe* + Mn*"; A1V! + Fe?* +
Ti; and Li; Mg** + Fe?* + Mn?*; AIY! + Fe®* + Ti
(see Fig. 2), respectively. Troger (1962) also treated
the Li micas and the Mg—Fe micas as two separate
series. This is a problem when one studies micas in
composite granite plutons, whose whole-rock compo-
sitions vary from fairly primitive to highly evolved.
Both Li micas and Mg—Fe micas coexist in many of
these granites and there is appreciable Li even in the
latter, so that the treatment of these mica groups in
separate diagrams makes it difficult to see the
relationships between them. Rieder (1970) was the
first to combine the Li micas with the Fe—Mg micas
in one classification diagram, a tetrahedron with the
comer points Mg (phlogopite), Fe** + Mn** (annite),
A" + Fe** + Cr* (muscovite) and Li/R**VI
(trilithionite). In practice, this requires using four 2-
dimensional projections. Also, taenolite and poly-
lithionite lie outside the range of the diagram and Ti
is not accounted for. Monier and Robert (1986b) also
introduced a mica tetrahedron with the components
M?*, Li, Al and Si. Their scheme has the important
disadvantage of combining Mg and Fe* into one
variable. Gottesmann and Tischendorf (1978)
proposed a classification diagram based on a double
triangle with the following corner variables: Mg—Li
(phlogopite), Li—Mg (near-lepidolite), AlY" + Fe** +
Ti (muscovite) and Fe** + Mn?" (annite). Drawbacks
of this classification scheme are that Ti and Fe*" are
assigned to the muscovite component, as in Foster
(19604,b), which is not geochemically justified, and
that ferric and ferrous iron are plotted separately.
Cerny and Burt (1984) proposed a vector representa-
tion of mica composition which also incorporated
vacancies in the octahedral layer. Their emphasis was
on micas in granitic pegmatites, and they considered
only the components K-Li-Fe-Al-Si. This limits
application of this scheme to mica varieties with
negligible amounts of Mg, Mn and Ti.

We propose a new diagram which has particular
advantages for representing the composition of Li
micas. The diagram is based on the octahedral
cations in micas, and these are cast into four
components according to geochemical reasoning
and the element correlations in natural micas which
were discussed above: Mg, Li, AlYY, and Fe,, + Ti +
Mn. We draw attention to the fact that titanium is
treated here as a member of the iron-group and not,
as usual, added to AIYY. The reason for this is that
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FiG. 7. Position of ideal mica end-members and selected intermediate compositions in the diagram [Mg~Li] vs. [Fe,,

+ Mn + Ti—A1""]. See

titanium correlates positively with total iron (R =
0.676, n = 201, own data set), but negatively with the
six-fold coordinated alumina (R = —0.895; n = 201).
The variables on both the x- and y-axes are
combinations of two components each, making it
possible to display the effects of four components
(albeit not separately) on a two-dimensional diagram.
The axis variables areJ[Mg minus Li] and [Fe,, plus
Mn plus Ti minus Al""]. These take account of the
need to show Mg and Fe variations separately and are
based on the strong, constant negative correlations in
mica which we observe between Mg and Li on the
one hand, and Fe,, and AIY' on the other. The
parameter [Mg—Li] reflects the proportions of the
phlogopite and polylithionite components, and the
parameter [Fe,, + Mn + Ti—AlYY] reflects the
proportions of the annite and muscovite components.

This diagram has a number of useful features.
First, the full range of micas from Li-bearing to Li-
free can be plotted on the same diagram. Second, in
contrast to triangular plots, it shows true and not
relative concentrations. Third, because it takes into
account all of the important octahedral cations, the
total occupancy of the octahedral sites can be read off
the diagram and relations between the trioctahedral
and dioctahedral micas are easy to see.

Figure 7 shows the position of ideal mica
compositions in the diagram. For Fe and Mg biotites,

text for further details.

siderophyllite and protolithionite, two compositions
are shown; one (I) is the ideal formula; the other (N)
represents an average natural composition (vacancy-
free). For phengites, two formulae are given (A, B).
We have also added three intermediate compositions,
Li phengite(p) at LiFeAl,, Li phengite(z) at
LiFeg5Aly5, and Li muscovite at Li; 5,Alz;5 to
emphasize the natural transitions between muscovite
and protolithionite, zinnwaldite and tri- to polylithio-
nite, respectively. The composition of taeniolite
(Mg,Liy) is anomalous. It is a trioctahedral mica
which, because of the lack of Fe, Mn, Ti and Al, plots
at zero on the Y-axis. The same point would be
occupied by a mica with Mg,Fe; 5sAl, ,s and RV =
4.5 (see Fig. 8 below), which has not been previously
described. Taeniolite apparently requires exceptional
conditions of formation where lithium-rich alkaline
fluids interact with high-Mg rocks (such as fenites and
carbonatites, see Ganzeeva, 1973 and Cooper et al.,
1995). Note that the hypothetical end-member east-
onite is put in quotation marks in the figure because
natural ‘eastonite’ actually consists of a mixture of
phlogopite and serpentine (Livi and Veblen, 1987).
It has long been known that the trioctahedral micas
can cover the whole range in composition from the
Mg-rich to the Li-rich varieties, but there are also
transitions with the dioctahedral micas (Monier and
Robert, 19865), which are favoured by the presence
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FiG. 8. Theoretical octahedral occupancy in micas (Fe in

octahedral occupancy = Fey,; + Mn + Ti) and lines of

constant octahedral sum (R'?) based on the unit cell X2Y4 6Z3020(OH,F), in the [Mg—Li] vs. [Fey + Mn +
Ti—AIY"] diagram.

of high Li (and/or perhaps F). To aid in recognizing
transitions between tri- and dioctahedral micas,
Figure 8 shows all theoretical cation occupancies of
the octahedral layer in the diagram, and we have
added lines of constant octahedral sum (RYY). It is
customary to consider micas with RV! from 5.0 to 6.0
as trioctahedral, and micas with RV! near 4.0 as
dioctahedral. We find it appropriate to fix a value for
RYT = 4.4 as the division between dioctahedral and
trioctahedral micas (see also Monier and Robert,
19864).

Figure 9 shows the compositional range of
naturally-occurring, common mica species on the
proposed diagram. The compositional ranges for the
trioctahedral mica species follow the suggestions of
Foster (1960a,b). We have simply transposed the Mg
and Li values to fit our axis variables, so the existing
nomenclature remains unchanged. The lines at x = 0
and y = 0 divide the diagram into four quadrants,
which correspond to the Mg—Fe micas (quadrant I),
Mg—Al micas (quadrant II), Li—Al micas (quadrant
IIl) and Li— Fe micas (quadrant IV). Also shown is
the line of R¥" = 4.4, which divides the fields of the
dioctahedral and trioctaheral micas. Details about the
range of specific mica species are discussed briefly

below, and the reader is referred to Table 3 for a
compilation of the boundary values.

Most phlogopites ([Mg—Li] > 4) are relatively
aluminum-poor and plot in quadrant I, although there
are also some Al-enriched phlogopites, which plot in
the field labelled alumino-phlogopite. The fields of
Mg and Fe biotites are divided by the value [Mg—Li]
= 2 and, additionally, by a dotted line which
corresponds to Foster’s (1960a) criterion of whether
Fe or Mg is the dominant octahedral cation. The
lower end of the biotite field is deﬁned by the
trioctahedral/dioctahedral boundary at RV' 44
Lepldomelane was defined by Foster (1960a) at Fe**
> AIV! and Mg < 0.3. The lepidomelane field in our
diagram is bounded by the condition [Fe,; + Mn+
Ti—AlY'] > 4. The siderophyllite field crosses
quadrants I and IV, with a range of [Mg—Li]
values from —0.4 to 0.6. Like biotite, the lower end
of the siderophyllite field is defined by the
trioctahedral/dioctahedral boundary. Protolithionite
(Winchell, 1942; Foster, 1960b) is a mica species
with relatively high lithium contents and Fe,,, + Mn +
Ti > AlY". Rieder (1970) suggested that the term be
disused as a mica variety because there are no natural
micas with the ideal composition of LiFe,Al. We
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Fic. 9. Compositional fields of natural trioctahedral and dioctahedral micas on the diagram of [Mg—Li] vs. [Fey, +
Mn + Ti—AI""], with RY" = 4.4 as the boundary between di- and trioctahedral micas. The dotted line shows the
discrimination boundary between Mg and Fe biotite from Foster (1960a). Quadrants I, II, IIT and IV correspond to

the mica series Mg—Fe, Mg—Al,

believe it is useful to retain a protolithionite field (see
also Gottesmann and Tischendorf, 1980) and suggest
that protolithionite is better represented by the
composition LiFe;Al, (see Fig. 7). Zinnwaldites
are not only Li-richer than protolithionites, but they
are also generally Al-richer and plot in quadrant III.
There are, however, some zinnwaldites with [Fe,, +

Li—Al and Li—Fe, respectively.

Mn + Ti—AlI""] = 0 to 0.5, and some protolithionites
where this value is as low as —0.5. Lepidolites, which
can be considered as a collective name for the most
Li-rich micas including polylithionite, trilithionite (=
paucilithionite), and cryophyllite plot exclusively in
quadrant III and are bounded from zinnwaldite by the
condition [Mg—Li] < —2.4,

TaBLE 3. Compositional range of mica varieties with respect to [Mg—Li] and [Fe,,, + Mn + Ti—AIVI], and

other important element relations

Variety Mg-Li Fey + Mn + Ti—AIV! Element relations
Phlogopite 6.0 ...4.0 20..0 Mg > Fein
Mg biotite 40 ..20 2.0/4.0 ... 0 Mg > Feyot
Fe biotite 2.0..0.6 4.0 .04

Lepidomelane 20..-06 6.0 ...40 Fe,, > Mg
Siderophyllite 06..-04 4.0 ... 0.4(0)

Protolithionite —04..-14 4.0(1.75) ... —1.0(0) Fey: > Li
Zinnwaldite —-14..-24 1.75(-0.375) ... =3.0 Li ~ Feyy
Lepidolite -24..-40 —-0.375 ... =3.0 Li > Feyy

Li phengite -04..-14 ®-1.0.. -3.0 Li ~ Feyy

Li muscovite —04..-24 -3.0..-3.8 Li > Fey
Muscovite 1.0.. —04 —-3.0.. =4.0 AV > Fey,
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We find it appropriate to define a field for Li
phengites in quadrant III, to include dioctahedral micas
with values of [Mg—Li] between —1.4 and —0.4
(analogous to the protolithionite boundaries). Micas of
this composition are fairly common (see Lapides et al.,
1977; Uhlig, 1992). Note that the line at [Mg—Li] =
—1.4, which divides the Li phengite field from
zinnwaldite, coincides exactly with the value of RV
= 4.4 for the dioctahedral/trioctahedral boundary. This
confirms the usefulness of both boundary values. The
Li pher‘lﬁites are succeeded, at a value of [Fe,; + Mn +
Ti—Al""] < —3, by the field of Li muscovite. Micas of
the structurally ‘mixed forms’, which Foster (1960b,
Fig. 39) attributed to immiscibility between dioctahe-
dral and trioctahedral mica, plot in this field. The
‘mixed forms’ cover the same range of Li concentra-
tions as zinnwaldite, and therefore we extend the field
of Li muscovite out to a value of [Li—Mg] = —2.4. The
muscovite field is defined at [Mg—Li] > —04 and
[Feie + Mn + Ti—A1YY] < —3. It is bounded upward in
the diagram by the large phengite field, which covers
nearly the entire dioctahedral portion of the Mg—Al
mica field (quadrant II) and extends slightly into
quadrants IIT and I. Due to a lack of sufficient Li

6.5
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analyses, quadrant IT will not be treated here in more
detail. Theoretically, trioctahedral micas composition-
ally resembling alumino-Mg biotite should form in
nature. However, according to the authors’ knowledge,
natural occurrences are not yet known.

Lapides et al. (1977) and Sun Shihua (1984) have
already emphasized that transitions between diocta-
hedral and trioctahedral micas exist. We can best
show the extent of this by plotting the sum of
octahedral cations (R'') against the axis variables
[Mg—Li] and [Fe,, + Mn + Ti—Al1""] (Figs. 10 and
11). Figure 10 shows that most of the trioctahedral
micas have RV values between 5 and 6, with the
lowest values and the greatest spread at intermediate
values of [Mg—Li] between —2 and 2. Very
prominent in the figure is a continuous series
between lepidolite/zinnwaldite ((Mg—Li} = —3 to
—2, RV1=6 to 5) and muscovite ((Mg—Li] =0, R¥' =
4), which is explained by the experimental
demonstration of solid solution between muscovite
and zinnwaldite by Monier and Robert (1986b).
Figure 11 shows the extent of transitions in natural
mica compositions between dioctahedral muscovite/
phengite (RV! = 4, [Feet Mn + Ti—AIY"] = =3 to

pl 1z
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FiG. 10. Compositions of natural micas in terms of [Mg—Li] and octahedral occupancy (R'?). The continuous

transition of dioctahedral micas between muscovite ((Mg—Li] = 0) and zinnwaldite/lepidolite ((Mg—Li] = —2 to —4)

is discussed in the text. The number of trioctahedral micas plotted is 730, dioctahedral micas: 212. Abbreviations

here and in Figs. 11 and 12: Al phl = aluminophlogopite, Fe bi = Fe biotite, Li mu = Li muscovite, Li phe = Li

phengite, Ipm = lepidomelane, Ipl = lepidolite, Mg bi = Mg biotite, mu = muscovite, phe = phengite, phl =
phlogopite, pro = protolithionite, sid = siderophyllite, tae = taenolite, zi = zinnwaldite.
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Fie. 11. Compositions of natural micas in terms of [Fe,,s + Mn + Ti—Al""] and octahedral occupancy (R'"). We
emphasize the extent of intermediate compositions between dioctahedral muscovite/phengite at R'' = 4 and
trioctahedral micas lepidolite (trend L), zinnwaldite (trend Z), protolithionite (trend P) and siderophyllite (trend S).

—4) and the trioctahedral micas lepidolite (trend L;
data from Foster 1960b; Lapides et al., 1977; Luecke
1981; Jolliff et al., 1987), zinnwaldite (trend Z; data
from Lapides et al., 1977; and our data, see Fig. 13),
protolithionite (trend P; data from Lapides et al.,
1977; Uhlig, 1992; du Bray, 1994; and our data) and
siderophyllite (trend S; data from Lapides et al.
1977). We designate micas plotting along trend Z as
Li-phengites (z), and those along trend P as Li
phengites(p). Additional sources of data for Fig. 11
are given in the Appendix (column of Fig. 6).

Discussion and applications

Use of the proposed diagram (Fig. 9) requires, of
course, that Li concentrations are either determined
directly or can be estimated by correlation with other
constituents of a microprobe analysis (using the
correlations outlined in this paper and by Tindle and
Webb, 1990). Note that very Mg-rich or Li-rich micas
will be correctly classified by the diagram even without
Li or Mg data, respectively, because the dominant
cations define the position of the mica varieties.

The diagram can be used for the full range of mica
compositions, except for those in which other
octahedral cations such as Zn (hendricksite) and
Mn (masutomilite) play a dominant or essential role.

Figure 12 shows the position of a wide variety of
natural micas. The groups of mica analyses are coded
by a number to the following data sources:

[1] Phlogopites and Mg biotites from mafic igneous
rocks (mantle xenoliths, kimberlites, gabbroic rocks,
lamprophyres, nephelinites, melilites), and from
metamorphic rocks (Métais et al., 1962; Boettcher
and O’Neil, 1980; De Fino et al., 1983; Basu et dl.,
1984; De Kimpe et al., 1987; Wagner et al., 1987,
Malyshonok, 1989; Grew et al., 1990; Edgar, 1992;
Kramer and Seifert, 1994; Harlow, 1995).

[2] Mg biotites from granodioritic rocks (Neiva,
1981a; Bigi and Brigatti, 1994).

[3] Fe biotites from granitic rocks and contact
metamorphic rocks (Miiller, 1966; Barriére and
Cotton, 1979; Bea, 1980; Neiva, 1980, 19815).
Some of the analyses from Barriére and Cotton
(1979) plot in the lepidomelane field.

[4] Lepidomelanes from nepheline syenite pegma-
tites (Foster, 1960a), theralites (Mokhtari et al.,
1985: ‘annite—ferriannite’) and from granitic rocks
of the Brocken pluton (Harz) and the Kdnigshain
massif (Lausitz) (see analysis 906 and 520 in
Table 1) from the authors’ unpublished data.

[5] Siderophyllite-protolithionite—zinnwaldite—lepi-
dolite micas from evolved granitic bodies and tin
deposits (Rieder, 1970; Rub ez al., 1983; Sun Shihua,
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Fie. 12. Positions of the full range of natural micas on the diagram of [Mg—Li] vs.[Feie + Mn + Ti—A1""]. The
numbers in the legend refer to data sources and are explained in the text.

1984; Henderson et al., 1989; Stone et al., 1988; du
Bray, 1994).

[6] Zinnwaldite and lepidolite from evolved granites
and associated aplites and pegmatites (Chaudhry and
Howie, 1973; Fonteilles, 1987; Jolliff et al., 1987;
Charoy et al., 1995; Charoy and Noronha, 1996).
Note that the micas designated as trilithionite (=
lepidolite) by Charoy et al. (1995) have [Mg—Li] =
—2.06 to —2.35 and therefore plot here as
zinnwaldites.

[7] Lepidolites from a rare-metal albite leucogranite
(Beauvoir granite), rare metal-enriched alkaline
complexes, and pegmatites (Cerny et al., 1970,
1995; Cerny and Trueman, 1985; Monier et al.,
1987; authors’ unpublished data and analysis 1015 in
Table 1).

[8] Li muscovites from two-mica granites, and
pegmatites (Foster, 1960b; Lapides et al., 1977,
Luecke, 1981; Charoy et al., 1995; Charoy and
Noronha, 1996). Charoy et al. (1995) classified some
of these as phengites (cores in zoned grains) but we
would term them Li muscovites because they have
[Few: + Mn + Ti—AIYY] below —3.2.

[9] Li phengites from highly fractionated granites
(Lapides et al., 1977) and from rocks of the tin
deposit Ehrenfriedersdorf, Erzgebirge (Uhlig, 1992).
[10] Muscovites from two-mica granites and
pegmatites (Miiller, 1966; Lapides et al., 1977;
Henderson et al, 1989; Silva and Neiva, 1990;
Neiva and Gomes, 1991; Neiva, 1992; Cemy et al.,
1995; Grew et al., 1995; Rieder et al., 1995).
[11] Phengites from highly fractionated granites
(Lapides et al., 1977 ‘phengite-muscovites’).
[12] Phengitic muscovites from two-mica para-
gneisses (Naumann’s and authors’ unpublished
data) and phengites from jadeite and mica-albite
rocks (Harlow, 1995).
[13] Taeniolite from alkali-metasomatic zones
(fenites) (Ganzeeva, 1973; Cooper et al., 1995).
The goals of a particular study may make it useful
to use only a portion of the proposed diagram or
change the axis scaling. As an example, Fig. 13
shows the Li-rich portion of the diagram to illustrate
the variation of trioctahedral and dioctahedral micas
in the multi-phase Variscan Eibenstock granite,
western Erzgebirge, Germany (cf. Fig. 1). The
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FiG. 13. Composition of micas from the Variscan Eibenstock granite, western Erzgebirge, shown in a portion of the

diagram [Mg—Li] vs.[Fe; + Mn + Ti—AI"Y). The samples are coded according to the granite subintrusions in which

they occur (EIBO to EIB3 are least evolved to most evolved facies and A-EIB is aplite), and according to

trioctahedral (tri) or dioctahedral (di) composition. The arrows indicate evolution of mica compositions due to

magma fractionation. Analyses by electron microprobe, Li-contents estimated using equations [tri 1] and [di 1] in
Table 2.

micas were analysed by electron microprobe and
their Li contents were estimated from equations
[tri 1] and [di 1] of Table 2. The Eibenstock granite
constitutes one of the most evolved tin granites in the
province and it contains a number of petrographically
and chemically distinct subintrusions. These are
designated in the legend of Fig. 13 and range in
order from the least-evolved facies (EIB0) to the
most evolved (EIB3), and to the aplites (A-EIB). The
trioctahedral micas show a regular progression from
siderophyllite to zinnwaldite in the least evolved
facies to the aplites. Petrographic evidence suggests
that these micas are of magmatic origin and have
been formed late in the crystallization history. Late
magmatic, and early metasomatic (autometasoma-
tism) processes in these granites produced dioctahe-
dral micas, and these show a parallel development, in
the different subintrusions, from Li-poor phengites
and muscovites to Li phengites(z) which nearly reach
the zinnwaldite field. The Li-rich phengites in the
EIB3 intrusion are hard to distinguish microscopi-
cally from the trioctahedral zinnwaldites with which
they coexist. The continuous series of dioctahedral

mica compositions from muscovite/phengite through
Li phengite towards zinnwaldite observed in the
Eibenstock granites serves as a natural example for
the experimentally proved continuous solid solution
between muscovite and zinnwaldite (Monier and
Robert, 19865).

Finally, we note that the X-axis variable [Mg-Li]
is a good parameter to use as a parameter for mica
composition when plotting other chemical variables
(e.g. Sn, Cs) or physical properties (e.g. optical
refraction). The full range of [Mg—Li] values from 6
to —4 encompasses the trioctahedral micas from
phlogopite to lepidolite, and the dioctahedral micas
are covered in the range from 1 to —1.4.
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Appendix
Sources of data on which the figures and regression equations are based
Author Fig. 3—4 Fig. 5a Fig. 5b Fig. 6a,b
Eq. tri 1-3 Eq. tri 4 Eq. tri 5 Eq.di 1-2
Foster, 19605 X
Miiller, 1966 X X X X
Heinrich, 1967 X
Némec, 1969 x X
Cerny et al., 1970 X X X
Rieder, 1970 X X
Rub et al., 1971 X X
Goeman, 1972 X
Bargar et al., 1973 X X
Chaudhry and Howie, 1973 X X X
Sun Shihua, 1974 X
Bokonbaev, 1976 X X
Fiala et al., 1976 X
Neiva, 1976, 1980, 19815 X X
Al-Saleh et al,, 1977 X X
Lapides et al., 1977 X
Pomarleanu and Movileanu, 1977/78 X
Barriére and Cotton, 1979 X X X
Bea, 1980 X X X
Volkov and Gorbacheva, 1980 X X
Luecke, 1981 X X X
Borodanov, 1983 X X
Némec, 1983 X
Rub et al., 1983 X X X
Skosyreva and Vlasova, 1983 X x
Cemny and Trueman, 1985 b
Edmunds e al., 1985 X X
Rub et al., 1986 X
Fonteilles, 1987 X X X
Jolliff et al., 1987 X X
Monier et al., 1987 X X X
Stone et al., 1988 X X X
Henderson et al., 1989 X X
Malyshonok, 1989 x x
Brigatti and Davoli, 1990 X
Grew et al., 1990 X
Schmidt and Pietzsch, 1990 X
Silva and Neiva, 1990 X X X X
Neiva and Gomes, 1991 X X X
Neiva, 1992 X
Pechar and Rykl, 1992 X X X
Uhlig, 1992 X X X X
Hecht, 1993 X X X
Bigi and Brigatti, 1994 X
du Bray, 1994 X X X
Cemy et al., 1995 X X X
Charoy et al., 1995 X X X
Grew et al., 1995 X
Rieder et al., 1995 X X X
Charoy and Noronha, 1996 x X X
Rieder et al., 1996 X X
Authors’ and Naumann’s data base X X X X




