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ABSTR,ACT

The Volta Grande gnaitic pegmatites are associated with Trar:samazonian granites @arly hoterozoic) hosted by the Archean
g&enstone belt of the Rio das Mortes Valley, which is situaled aJ the southem border of the Sio Francisco Craton, in Minas
Gerais, Brazil. The pegnatite bodies, which are usually large, show a dominant intermediate zone containing sp,odumene,
microcline, atbite and quartz, with an irregular border of an aplitic facies surrounded by an extensive metasomatic aureole with
zinnwaldite, phlogopite and hobnquistite. The spodumene-rich core zone is continuous or segmented, and also contains lenses of
lepidolite. These pegmatites are characterized chemically by their high Rb and Li content Rubidium is concentrated in the
potassic minerals: microcline, muscovite, lepidolite and zinnwaldite. These minerals show exceptionally low K/Rb weight ratios,
from 1.5 to 4.0. In micas, a positive linear correlation exists between fluorine and rubidium. The evolution of the concentrations
of Rb and Cs in the minerals, in the core of the pegmatite and in the metasomatic aureole, can be explained using experimentally
determined partition coeffi cients.

Keywords: rare-element-enriched granitic pegmatite, lithium, rubidium, cesium, K/Rb ratios, zinnwaldite, holmquistite, Volta
Grande, Minas Gerais, Brazil.

Somaenr

Irs pegnatites granitiques de Volta Grande sont assocides aux granites transamazoniens (hot6rozo'ique inf6rieur) intrusifs
dans la ceinture de roches vertes archdennes du Rio das Mortes et localis6s i la bordure m6ridionale du Craton du Sdo Francisco,
i Minas Gerais, Brdsil. I,es cotps pegmafitiques, g6ndralement de grandes dimensions, pr6sentent une zone interrn6diaire trbs
d6velopp6e I spodumBne, quarE et feldspaths, partiellement entourde d'une zone aplitique aux contours fureguliers. Ils d6velop-
pent une aureole €tendue de m6tasomatose l zinnwaldite, phlogopite et hotnquistite. Ic coeur riche en spodumdne est continu
ou segmentf, et contient des lentilles de ldpidolite. Chimiquemen! ces pegmatites sont caractiris6es par leurs teneurs trds 6levdes
en rubidium et lithium. Le rubidium est concentrd da:rs les min6raux potassiques: microcline, muscovite, l6pidolite et zinnwaldite
qui pr6sentent souvent des teneurs excqfionnelles, conespondant I des rapports pond6raux K/Rb trds bas" allant de 1,5 e 4,0.
Dans les micas, on note une corr6lation lin6aire entre le rubidium et le fluor. Les coefficients de partage d6termin6s exltsrimen-
talement permett€nt d'exptquer l'dvolution des concentrations en Rb et Cs dans le,s min6raux des pegmatites et de leur aur6ole
de m6tasomatose.

Mots-cl6s: pegmatite granitique I 6l6ments rares, lithium, rubidium, cdsium, rapport K/Rb, zinnwaldite, holmquistite, Volta
Grande, Minas Gerais, Brdsil.

INrRoDUc"noN

A field of large pegmatite bodies is associated with
Early Proterozoic granites (Iransamazonian, 1930 t
20 Ma; Qu6m6neur & Vidal 1989) of the 56o Jodo del
Rei area in southem Minas Gerais, Brazil. One of the
pegmatite swarms in this field, the Volta Grande
pegnatites, can be described as spodumene-rich bodies
displayng a very high degree of fractionation and

enrichment of the rare lithophile elements Li and Rb,
leading to the precipitation of spodumene and lepi-
dolite, and K-feldspar as well as muscovite rich in Rb.
These pegmatites were previously investigated by
Heinrich (L964), who was interested in the Sn-Ta
mineralization, for which they were being mined at that
time. Currently, some of the pegmatites are mined for
spodumene.

L E-mnil allress: mlagache@cristal.ens.ft
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Ftc. 1. Location map of tle Transamazonian granites at fhe southern border of the 56o Francisco Craton. The boxed area
corresponds to Figure 2.

The exceptional enrichment of the minerals in rubid-
ium motivated a detailed study of the mineralogy and
of the geochemisty of the Volta Grande pegmatitres, to
characterize the fractionation as well as to evaluate the
extent of metasomatic fransfonnations in the exocon-

tact aureole. In addition, the experiments performed by
several authors on the determination of partition coefn-
cients of alkali elements between minsmk or magrna
and aqueous fluid allow us to verify if a chemical
equilibrium among the solid phases is attained. It will

I x *
, *
BOM f,

t
I

.1 ,

.,1

E sgo Jgo Dat Rsi GBup

$ MinasSupercrcup

IlFl Pegmstts

m FinegninedgEnite

li-T'l cnnira

El tronotriomire

El Diortra-gabbD

E Archsan isotfopis gnnits

liEl Fotiated gmnite and t ondjhemie

EE niigmarite ano oiliogmisg

ffi uttmmatcpct

ffffll Greenstone bott

@l Undifierenriated greiss

/  t .  I  I t

7'r' ',' i t

fiki{+ttL
r TABUoES
I . R t ' 3 )

--'n = o )'

P;**a*\il
- + + + q
- + + +

+**-ffi
O 5 1 o | (

+
/- 7Zr.

Ftc. 2. Sketch map of the geological environment of the Volta Grande pegmatite field.
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also be possible to estimate the composition of the fluid
present during magmatic crystallization and to follow
the metasomatic processes in the exocontact aureole,

REGToNAL GBot octcal SErrD{G

The 56o Jodo del Rei area lies on the southern border
of the Precambrian (Iransamazonian) 56o Francisco
Craton (Fig. 1). This area consists of a series of
Archean terranes metamorphosed in the amphibolite
facies, and locally in the granulite facies toward the
west. The terranes form part of the Rio das Mortes
greenstone belt and are comprised of gneisses, amphi-
bolites and meta-ultrabasic rocks. The gneisses are
approximately granodioritic to trondhjemitic in compo-
sition. They cover large areas to the north and south and
represent tle oldest pre-greenstone formations.

The Archean terrane is cross-cut by late Archean
eranite (2700 Ma" Qu6m6neur & Vidal 1989) and by
plutons ofthe Transanazonian suite. They are aligned
in an east--west direction along the enthe southem border
of the craton, which is approrimately 250 km long from
the Quilombo ganite in the west to the Campotde
granite in the east. The Transamazonian plutons are

extremely variable in composition: relatively basic
rocls such as gabbro, diorite and trondhjemite seem to
form zoned intrusions; yonnger ganite, adamellite and
granitic pegmatite occur to the north and west of the
basic intrusive complexes.

Two large granitic massifs, the Tabu6es and the
Rit6polis massifs (Fig. 2), as well as two smaller and
apparently older basic intrusions, the 56o Sebastian da
Victoria gabbro and the lbitunga, Rosario and Fazenda
Martin diorites and tonalites, are found in the study
area. The Ritdpolis massif consists predominantly of
granite and albite-rich ada:nellite (Qu6m6neur & Garcia
1993), and may have been the source of the Volta
Grande pegmatites.

TIfi VoLTA GnANDS hcMATruEs

Pegmatites of the Volta Grande swarm were
emplaced as flat subhorizontal sills that form large
lenticular bodies elongated parallel to the foliation of
the metamorphic host rocks (Fig. 3).The largest intru-
sion (body A) measured 1000 x 150 x 20 m before
exploitation. Neighboring lenticular pegmatites (bodies
B, C...) typically had maximum dimensions of approxi-
matelv 700 x 120 X 10 m.
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Flc. 3. The pegmatite field of Volta Grande.
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Figure4 shows the distribution of internalpegmatite
zones in ttre remaining parts of pegmafite body A,
according to Qu6m6neur (1987). The subhorizontal
attitude of the pegmatites, subparallel to the erosional
surface, and the extensive mining activitieso render this
representation of intornal sfucture rather uninforma-
tive. Figure 5 shows a schematic vertical section
tbrough the A pegmatite, which can be taken as fairly
representative of the intemal structure, types of zones
and zonal succession in the pegmatites examined. Tbree
principal zones can be distinguished, from the contacts
c/ith the amphibolite wallrock inward: (1) wall zone,
lower and upper, with (a) apttic and (b) quartz-spotted
facies, (2) intermediate zone, lower and upper, and (3)
core zone, continuous or segmented and lenticular. The
disfribution of the zones is symmehical inprinciple, but
asymmetical in terms of dimensions and volumes. The
intermediate zone is volumetrically dqminanf, particu-
larly its lower part.

External to the pegmatite proper, an external metaso-
matic aureole is developed in the amphibolite wallrock
adjacent to the pegmatite contacts.

The wall zone

This zone shows a variable thickness from 0 to 4 m.
The main component is an aplitic facies consisting of
fine-grained, mm-sized albite with subordinate lenses
of quartz (1-2 cm). This aplitic facies is found mainly
along the footwall cortact, and locally at the roof of the
pegmatite. However, the upper wall-zone commonly
contains a greater variety ofmineral and textural facies
than the lower segment. In the A body, a quartz-spotted

facies is developed in this location, with rounded blebs
of quartz (5-10 cm) in a matrix of K-feldspar, albite
and muscovite. In the Minas Brasil body, the common
aplitic facies adjoins the upper contact with amphibo-
lite, followed inward by a layer of columnar spodumene
(0.8-1.2 m) and quartz.

The inner contact ofthe aplitic facies usually has a
thick border (1G-30 cm) of muscovite. In the C body,
this border also ca:ries rounded blebs (5-10 cm) of
K-feldspar and quartz in a matrix of spodumeneo quartz,
albite, K-feldspar and muscovite.

Thc intermcdiate zone

This zone, which constiortes 75-80Vo of the A pegma-
tite, has a coarse-grained granitic textwe (0.5-2 cm). It
is composed of. 2V30Vo qvafiz, 20-307o spodumene,
l5-2OVo albite, lU-LSVo K-feldspar, and3-5Vo musco-
vite. This zone commonly shows a porphyritic aspec!
as it contains fairly abundant crystals of spodumene
50 to 100 cm long. The lower segment of this zone is
distinctly thicker than the upper one. However, the
upper part tends to be texturally more diversifid as it
contains numerous lenticular pods of K-feldspar and
accessory quartz, L-5 m long and 0.3-5 m across.

The core zone

This zone is centrally situated in terms of the zonal
sequence, but is asymmetrically positioned in the upper
central part of the pegmatite, mainly because of the
asymmetry in volumes of the lower and upper interme-
diate zones. It consists of large flat prisms of
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spodumene, 30 to 100 cm long, which constitute
6O-80 vol.Vo of the core. The interstitial space is filled
by quartz and K-feldspar. In the past, lenticular bodies
of lepidolite were exposed in the core zone of the B
pegmatite. Lepidolite was fine-flaked and compact.
Although not currently available in the field, lepidolite
was preserved in laboratory samples and examined in
the present study.

The exocontact aureole

A metasomatic zone, a few meters across, is devel-
oped in the amphibolite wallrock. It consists of two
distinct facies. The lrner facies is G-l m vride: it
consists of a compact dark-colored ooglimmeriteo'

formed by a complete replacement of hornblende by

zinnwaldite and locally by zinnwaldite + holmquistite.
The outer facies is 2-3 m thick the extent of metaso-
matism of the amphibolite is 1afte1 limited, with
holmquistite, zinnwaldite and mainly U-bearing phlo-
gopite dispersed tbroughout the fairly well preserved
country-rock.

Comparison with other pegmatite occurrences

The mineralogy and internal structure of the Volta
Grande pegmatites resemble those of other occurrences
assembled by Cernf (1992) into the category ofalbite-
spodumene type, such as the V/einebene pegmatites of
the Koralpe (GOd 1989) and the Kings Mountain
pegmatites in the Appalachians (Kunasz 1982). They
are all characterized by predominance of a spodumene-
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Frc. 5. Schematic vertical cross-section of the pep.atite body A showing a typical sequence of intemal zones.
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rich zone and the presence of minor aplitic units.
However, the Volta Grande pegmatites are distinctly
more strongly zoned than the classic near-homogeneous
albite-spodumene pegmatites, and they also lack the
high degree ofprefened orientation of spodumene and
K-feldspar typical of most pegmatites in this category.
The albite-spodumene pegmatites tend to be steeply
dipping to subvertical, but the Volta Grande bodies are
subhorizontal; according to this feature, combined with
the aslmmetrical aspects of internal zoning, the Volta
Grande occunences have the characteristics of lavered
pegmatite (Cemf 1991).

DEscRrP'rroN oF TID MD[BRAr-s

Albite occuts in the aplite zone, mainly as mm-size
crystals. It is also present in the intermediate zone as
crystals up to a few cm across or as mm-size inclusions
in K-feldspar.

T\e K-feld.spar is a clear grey perthite-free micro-
cline. It is found in all pegmatite units except in the
aplitic zone and in lepidolite lenses. In the C body,
rounded blocks of K-feldspar (3 to 10 cm in diameter,
in a matrix of quartz, albite., spodumene and muscovite)
are present at the contacts with the aplitic zone. Micro-
cline also is found in lenses in association with quartz,
where crystals can reach several meters in length. This
microcline contains l0 to l1%o albite and approxi-
mately 5Vo quartz as discrete micro-inclusions. Al1 the
samples studied corespond to maximum microcline, as
indicated by the niclinic indicator 4(130) proposed by
MacKenzie (1954).

Spodumcne is present in all pegmatite units except in
the aplitic facies of the wall zone and in the lenses of
microcline and lepidolite. It is a major constituent of the
intermediate zone, where it occurs as acicular or pris-
matic crystals several centimeters in length. Superim-
posed on this texture are large rod-shape crystals up to
I m in length. Spodumene lenses consist of 60 to 80Eo
spodumene, as prisms 0.2 to I m longo with the space
between crystals filled by quartz and microcline.

Muscovite typically is found in the intermediate
zone, particularly at the contact with the aplitic facies
of the wall zone. It occurs as mm- to cm-size greenish
yellow flakes. It is also locally present (in the westem
part of bodies A and B) as plates a few centimeters
across in a muscovite - quartz - cassiterite assemblage
(crystals of cassiterite in this zone attain 10 cm across).
A second generation ofmuscovite is found in fractures
and microcavities in the intermediate zone, in the core
of the pegmatite, and associated with lepidolite.

Rose-mauve lepiblite is relatively rare. It is found
in bodies A and B, in lenses of a fine-grained mica
(0.1 to 1.0 mm) together with muscovite of the second
generation (5Vo) and scattered quartz.

Accessory minerals are cassiterite, tantalite, micro-
lite, monazite and gamet.

Ferromagnesian micas and holmquistite in the exo-
contact constitute the metasomatic aureole. As shown
below, magnesian zinnwaldite is the main mineral in
the inner facies of the aureole adjacent to the pegmatite
contacts, but it grades into a more or less lithian phlo-
gopite in the outer facies. Holmquistite (Qu6mdneur &
Lagache 1994) is restricted to the outer facies alone.

GEocHExv[srTrY

The chemical composition of minerals was deter-
mined by electron microprobe, using Camebax and SX
50 insruments at the Universit6 Pierre et Marie Curie
(Paris), by llductively Coupled Plasrya flCP) spec-
tromety at Ecole des Mines at Saint-Etienne, an! by
wet chemistry at the Laboratoire de G6ologie de l'Ecoie
Normale Sup'6rieure de Paris. Representative composi-
tions of each of the -ajor minerals of the pegmatite and
of its contact aureole are given in Tables I to 5.

Electron-microprobe analysis were performed with
the following standards: orthoclase for I! Si and A1,
albite for N4 synthetic MnTiO3 for Mn and Ti, syn-
thetic Fe2O3 for Fe, diopside for Ca and Mg, topaz for
F, synthetic RbCaF3 for Rb, and Cs-rich beryl for Cs.
The accelerating voltage was 15 kV, the sample
current, 10 nA, and the counting time was 10 seconds
for major elements and 20 seconds for minor elements.
Data reduction was done usine the PAP correction
procedure.

Who k -ro ck c ompositions

For reasons evident in Figure 5, it is virtually impos-
sible to collect a sample quantitatively representative of
the bulk composition of any of the pegmatites studied.
Howevero a few whole-rock analyses were performed
on the intermediate zone. It constitutes most of the
volume of the pegmatites; it cannot be considered
totally representative of the bulk composition, but its
modal composition shows good representation of all the
mineral components, and its chemistry should be faidy
representative of the degree of fractionation and rare-
element accumulation in the pegmatite as a whole.

Five samples (3 kg each) of the intermediats zone
were crushed, split and analyzed by ICP spectometry.
The results are consistent with the mineral modes and
relatively unifomr. They show a composition rich in
SiO2 (75 to 78 wt.Vo), roughly equal proportions of
K2O and Na2O (2 to 3 wLTo each), and low Fe/I\4n
weight ratio (between 2 and 3). The most prominent
characteristic of the whole-rock compositions is the
high Rb content, ranging from 0.7 to 1.2 wt.Eo R'b2O.
Accordingly, the K/Rb weightratio averages as low as
about 2.5. This is a value rarelv encountered even in
highly fractionated rare-element pegmatites (demf
et al. I985a), and it comes close to the values charac-
teriz;rng the most differentiated pegmatites analyzed to
date. The K/Rb ratio is slightly lower than the approxi-
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mate value derived for the Tanco pegmatite, in Mani-
toba (3.6: Cernf et at. 1996), but the range of Fe/Mn
values is higher (0.9 at Tanco). The Volta Grande data
are slightly surpassed only by the geochemical signa-
ture of the Red Cross Lake pegmatites, also in Manitoba
(Rb2O 0.63-1.55 wt.Vo,K/Rb 2.6-l; Cem! et al. 1994).

Mineral compositiow

Representative results of electon-microprobe and
wet-chemical analyses of microcline fromtwo different
pegmatite bodies are given in Table 1. Micl and
Mic2 samples come from lenses of microcline of
bodies A and C. and Mic3 comes from the intermediate
zone of body C. These compositions have been taken
from a batch of about 15 samples. Wet-chemical anal-
yses indicate that the abundance of albite inclusions in
microcline is on the order of l0 to 1.5Eo, which would
enhance the K and Rb abundances in pure microcline.
The chemical composition of microcline within indi-
vidual samples and among the pegmatite bodies is
rather unifonn. For example, in sample Mic2, K2O
varies from 14.18 to L4.58wt.Vo, andRbzO variesfrom
3.03 to 3.39 wt.%o. From one sample to another, the
variation is of the same order as indicated by the mean
values of the three samples chosen. The average K/Rb
weight rario is 4 t 0.5. This is the sa:ne order of magnitude
as cited for the Tanco pegmatite (Cen$ et aI. 1985a),
but is greater than the value of 1.9 reported for feldspar
in the lithian pegmatite at Red Cross Lake (Cem! et al.
L985b, L994). The average composition of microcline
corresponds to Or66Abe.9aRbfs.16.

Cesium values are more variable, between 500 and
1400 ppm, which is an average concentration for rare-
element granitic pegmatite (Cer$ 1992), but relatively
low compared to t}te rubidium concentrations. The
average Rb/Cs value ranges from 22 to 61, and the
average trVCs value, from 89 to250 16-37 and 42-508,
respectively, for Tanco; Cem! et al. (L996)). The IVCs
range is, howeveq far from the minimum value of
22.4 g1venby Cern! et aI. (1985b, 1996). These values
suggest a generally low abundance of Cs in the Volta
Grande pegmatites, and they may explain the absence
of polueite in these bodies, despite their otherwiss high
degree of fractionation.

Albite is found in all zones of the pegmatites except
in the core zone and lepidolite lenses. The data
presented in Table I represent the average composition
of albite micro-inclusions in microcline. Albite associ-
ated with muscovite has the same composition. Albite
is very pure and contains neither Ca, Rb nor Cs above
the limits of detection of the microprobe (100 ppm).

Analyses of muscovite were performed on samples
taken from different bodies of the pegmatite field,
representative of both types of muscovite described in
the preceding section. The fust coarsed-grained type is
distinguished by elevated contents of Fe (1 ta 3 wt.Vo
FeO: Table 2). Among the various samples analyzed

and in each sample, rubidium contents are more vari-
able than in microcline, 2.1 to 4.4 v,rt.Vo RbzO, but the
average content is 3.1 wtvo, which is of the same order
of magnitude as in microcline. The resulting K/Rb
weight ratios range from 5.3 to 2.0, with an average of
2.7. T\e second type of muscovite associated with
lepidolite is iron-free and, in comparison to the first
generation, has similar Rb but higher Cs contents
(0.24 compared to 0.09. vt.Vo'Cs2O). The Rb/Cs ratio
is conespondingly lower, from 33 to I 1. The RbzO and
K/Rb data match those for muscovite and lithian
muscovite from Tanco (Cem! et aI. 1996); however,
the Cs content of the Tanco micas is higher.

Compositions of two samples of Li-rich micas
LPl and LP2 (Table 3) have been deterrnined on
various flakes uken in two areas of the pegmatite field.
Extensive variations are evident from the microprobe
data for each individuat flake, which presents a random
mixture of compositions. The composition varies from
that of the muscovite of the second generation, with
which the lithian mica is associated, to that of a lepi-

TABI,E I. AVERAGE COMPOSMON OFALBITEAND OF MICROCUNE
INTIIRBBSAMPLES

ft1ds@ elbite Mlcl Micl Mic2 Mlcz Mlc3 Mic3- 
(4) (6) Glm) 02) (cbm) .(1? 

(c.B)

3d------rr-.65 e t-n o:.az 62,w 63,14 61.81 u.29
Alro3 19.58 18.25 18.18 18.21 18.00 18,18 17,72
FEO 0.00 o,o2 0.06 0.02 0.U 0.05 0.07
NarO 11.83 0.35 1.81 0.41 1.80 0.43 1,43
K:O 0.07 '14.41 12.83 14.31 l32a 14'14 13'11
CsO O.V2 0.00 0.00 0.00 0.00 0.00 0.00
Rho o,0o 3.n 2.87 3.14 2.97 326 2.6s
Cs:O 0.00 0.09 0.09 0.0J 0.05 0'14 0.10
LizO ad. rd. l54ppa n.d. l4EFpo o<L l34ppm
'total 100,33 98.07 99,26 98.23 w.29 98.01 9.37

C@citi@@dtsiledt@@lbdd€rd@'ni6opFb€ @dsetd@iel @lys (.e@}
lte@b{ofpoid @\zEdby el$t@8ic.Fobe b gi@ in psdhs* 4d: d d!ffiinod
Prcpod@ of 6id9 q#Fne apl*d id wigir 79 q.rpt I @bd

TABLE2. AVERAGE COMPOSIIION OF TI{REESAMPLES OF
FIRSTCENERA'NONAND ONE OF SFTOND4ENEMTION MUSCOITTE

mmvite Msl (rcP) Ms2 (5) MS3 03) Mgr (9) MSs (3)
lsf

AluOr
TiOz
FeO
MnO
Mgo
CaO
Na2O
Kzo
Rbro
Cs2O
Lbo
F
HrO
Total

33.89
0.05
2.59
nd.
0.00
0.00
0.34
9,13

0.09
nd.
0.84
Id.

35.12 34.30
0.07 0.01
2.75 0.00
0.40 0 08
0.o2 0.03
0.01 0.01
0.15 0.51
8,60 8.83
2.65 2.70
o.o7 0.24
n.d. n.d.
nd. 0.73
ld. nd.

30.72 39.97
0.04 0.06
2.35 1.87
0.52 n.d.
0.43 0.02
0.05 0.02
0.33 0.18
8.86 9.15
3.22 3.18
0.08 0.l l
0.29 nd.
rd. nd.

4.95 rd.
97.58

Cqosid@ (€6I(Kdinwight 7o)re obtabcd by ol!.amnisr'probq Thetwtlts
ofmICP-MS oabnir offtst€asdimMilg0CP) alrc relised
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TABLE 3. AVEMGE COMPOSITION OF TWO MUSCOVTTE.LEPIDOLM SAMPLES

Muscovite LPI LPI LPI LPt Lpl Lp2 LpZ Lpz Lp2
:lplidolite (c!gqr") _ G) (l t) (ln (2) (chenr") (sl (a) (il)
SiO2 49.90 43.32 44.91 a5.
Al:O: 26.14 34.89 28.92 26,02 22.52 26.09 31.03 29.gl 26.46
FeO 0.07 0.06 o.O2 0.01 O.O2 O.t2 0.1 I 0.09 0.t l
I,IIO rld. n.d. 0.38 0.50 O.O2 rt.d. rr.d. n.d. n-d.
MgO n d. n.d. 0.01 0.A2 0.01 n.d. n d. nd. rLd.
Na2O 0.38 0.53 0.38 0.29 0.18 0.48 0.34 0.27 o.2s
KzO 7.68 s.96 8.29 8.08 7.90 8.A 8.99 8.88 9.46
Rbo 4.65 3.24 4.?O 5.29 5.86 4.26 3.9s 4.1,9 4.92
cs:o 0.49 0.23 0.52 0.68 1.18 0.38 0.24 0.28 o.2g
LizO 3.30 rr"d, 3.34* 3.55* 4.08* 3,49 rr"d. 3.404 3.70*
F 5.41 1.15 4.56 6.05 8.19 5.62 2.68 4.tt 5.70
HrO 4.10 n.d. n.d. n.d. n.d. 4,26 n.d. n.d. n.d.
Total 102.12

c) indioatos lit!fum ooDlErs calculded by ths Esrhod of rindl€ & v{e}b 0990). Nore thd tne high€r silioa
co'tffiinthe results of tlewee{bmioal analyses reslt fiom thepresence of quirta hence all oft;el@S
ae relairely depleced" TLo oonrpositions ce quot€d in wsigfu o/o.

dolite. In the absence of data for lithium- fluorine is a
good indicator of this variation. The fluorine concenfta-
tion ranges, for example, from 0.7 vrt,Vo tn muscovite
of the second generation, to 2 wt.Eo in Li-poor areas of
sample LPl, and can attain 8 wt.7o. Representative
electron-microprobe data on sample LP1 are therefore
reported as averages of four gtoups, based on their
average fluorine concentation. The fust group has a
very low concenfration of F (4, wt.7o), the second
corresponds to F between 4 and 5.5 wt.7o, the third
between 5.5 and 7 wt.Vo, and fle last one to concentra-
tions of 8 wt.Vo. Members of the first and last groups
are rare. The compositions obtained on LP2 are
presented in three groups, which average at ^2.7,
4ard^5.7 wt%oF.

Wet-chemical analyses, performed on the two
samples of mica, show a higher concentration of silica
owing to the presence of small quantities of quartz.
Hence, all other elements are relatively depleted. It is
not possible to quantify a correction because the results
ofthe chemical analysis represent an average composi-
tion of intergrown mica aggregates, with unknown
proportions ofindividual phases. The chemical analyses
estabhsh an average lithium content at3.4wt.%oU2O.
Tindle & Webb (1990) proposed an equation to esti-
mate the Li contents of fiioctahedral micas based on
silica content. This equation was applied to the F-rich
mica compositions, yielding Li2O contents on the order
of3to4wt.Eo.

Rubidium contents of the F-poor mica (3.2 wt.Vo
Rb2O) are slightly greater than those in the second
generation of muscovite (2.7 tx't.Vo Rb2O), but the
most F-rich domains contain up to 6.0 wt.7o Rb2O.
Figure 6 illustates the concentation of Rb2O as afunc-
tion of fluorine. A positive linear relationship exists
between the two elements, and therefore also between

lithium and rubidium. The correlation is valid for
muscovite, lepidolite and zinnwaldite. The variation of
Cs is less consistent, but follows the same trend. The
K/Rb weight ratio in lepidolite is between 2.4 ar:d 1..2,
whereas the Rb/Cs value is about 10. The Rb content,
the K/Rb and Rb/Cs values of the Volta Grande lepi-
dolite are closely comparable to those of the Tanco
'lepidolite" (heterogeneous but so far analyzed in bulk:
Ce,m! et al. 7996). However, the Red Cros,s lepidolite
acains K/Rb and I(Cs values below O.l.'(Cem! et al.
1994\.

It is clear that lepidolite concenfrates the larger rare-
alkali elements in comparison to muscovite. This is due
to the decrease in the teftahedral rotation angle cr from
11.6" in muscovite (Giiven & Burnham L967) to 6" n
trilithionite or zinnwaldite (Guggenheim & Bailey
1977) and 3' in polylithionite Clakeda & Bumham
1969); tlis induces an increase in the K-O bond length
in lithium micas and promotes an easier incorporation
of Rb and Cs in the lithian micas in general, and
polylithionite in particular. The proportion of musco-
vite, trilithionite and polylithionite can be calculated for
each composition. For example, the average composi-
tion of samFle LPI corresponds to a mixture of 42Vo
muscovite, 32Vo trilifrriontte and 26Vo polylithionite,
wrth6 vtt.VoF. As the fluorine increases, the proportion
of muscovite decreases and that of polylithionite in-
creases, in accord with the increasing F content.

A greyish white specimen of spodumsrc from the core
zone was analyzed by wet chemistry. The composition
is close to the oxide contents calculafed from the ideal
formula: 64.9Vo SiO2,27.54Vo N2O3,7.L5Vo Li2O and
0.4Vo wt.VoNa2O. However, LizO is lower by 0 .9 wt.Vo,
and the deficit cannot be fully compensated by Na2O,
as determined by the analysis. Among the ftace ele-
ments, spodumene contains 1080 ppm K, 907 ppm Mn
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and 85 ppm Rb; Fe was not detected. This composition
is similar to those cited in the papers of Cernf &
Ferguson (lW2) nd Charoy et al. (1992), which also
arc characteized by a deficit in Li.

A few representative compositions of the exocontact
micas were determined as a function of distance from
the pegmatite contact CIable 4). One sample at the
contact was analyzed by both electon-microprobe and
wet-chemical methods; the results lead to an average
stru ctural formula (N a0.02Kn r&bo21Cq.eJx.6(Als.e
Mg6.a5Fe?+eaTMnns2litl:"es(Sl3.rAbB)O1s(Otl0rF15), cor-

to a Mg-rich zinnwaldite. Its composition
can be compared to those of the yellow and brown
micas observed by Semenov & Shmakin (1988) in the
outer contact of rare-metal pegmatites from the Bastar
area Qndia), and to synthetic Mg-rich zinnwaldite of
Monier & Robert (1986). Though we have no data on
the Li con0ents, we can assume that micas are richer in
lithium at the contact, as their contents of Mg and Fe
increase outward. The mica composition evolves to
phlogopite even at a distance of 0.2-O.5 m. Rubidium
concentralions also vary as a frrnction of distance, being
highest at the contact. Rb abundance decreases from 4
to 2 wt.Vo RbO within 1 meter, whereas Cs apparently
increases ftom 0.2 to I wt.Vo Cs2O, but in a rather
enatic pattem. Figure 6 shows tlat Rb and F contents
of zirinwaldite follow the same correlation as do those
of the micas from the core of the pegmatite. The K/Rb
weight ratio ranges from 1.5 to 4, and Rb/Cs values,
from 12 to 4. Zn waldite and phlogopite clearly
replace the primary hornblende by reaction ofthe rare-
alkali-rich pegmatitic fluid.

1 0
F wLolo

Ftc. 6. The RbrO wt.tlo versusF wt To contents of micas from the Volta Grande pepatites.

The exocontact micas of the Volta Grande pegma-
tites are distinctly more magnesian @e/I\49 weight ratio
2.2-1.4) rmtJnose af Tanco (3.12.2;Morgan & Iondon
1987) or Red Cross Lake (5.3-2.1, exceptionally 1.5; P.
Cernf, pers. comm. 1996). At Tanco, both the Rb and
Cs abundances decrease (from 2.0 to 0.4Vo RbzO, and
from 1.5 to 0.3Vo Cs2O, respectively) with increasing
distance from the contact over 3 meters. The K/Rb and
K/Cs weight ratios correspondingly increase (from
3.6 to L9.2 and from 4.7 to 25.3, respectively); the
Rb/Cs weight ratio oscillates irregularly between
1.2 and 1.5 (Morgan & London 1987). The behavior of
Cs is distincly different at Tanco from our observations

TABI,B4. AVERAGE COMPOSINON OF SD(MICA SAMPLES,
MNGINGFROMMgiRIGIaNNWAT.DITETOPHI'COPITE

deol Mg-nch Mg-rlch M€2 Ml€3 Nfr64 Ml@5 lv[@6
M zntu ze(22) (8) (2) (5) (O (8)
al@le (cb@) @m @lffi 2O.50q 5GE06 lm lG2m
sio, 44.39 4L6O 4t.54 40.78 4225 3927 38.56
Al:Q 20.92 20.90 16.0t 16.14 17.25 t6,U 16.34
Trq 0.83 0.8s t,49 0.56 0,72 1.01 l.r0
FeO 6.4 7.50 tt23 15.03 l2,ls l4S3 16.41
FqO: 1.49
MrO 0.37
MgO 3.91
CaO 023
Na,o 0./O
KrO 9.16
Rb:O 3,96
C&O 0,21
LirO 3.33
F 4.M
Hp r.t8
Totsl 100.86

0.30 0.2t 0.33 024 0.41 024
4.05 6.17 r2.ll 11,47 12,6t 11.15
o2t 0.01 0.07 0.07 0.00 0,a2
o.t2 0.10 0.00 0.06 0.19 0.06
t20 7.54 6,97 8.41 8.57 '1.94
4.4 4,82 3.21 1.97 1.91 226
0.35 0.47 0,51 0.54 0.36 t.U

L67(') Ld. rd. nd. a& trd.
496 qd &d. [d. rd. 2,79
od. ed. a<L &d. trd, nd.

fte8ql6@!@gCn@ll0tongh!i!ffi dtbeirdili@Fft@tt!p.rdgffi Th6
syebol . iidirarF [&i@ @ dhdd tu M9rirh ziEwsldib disg 6e e.rlod of ltndlo &
W6b (1990), irticn i! d valid fo t3o ligbs cd..ddi@ olMg Tl' @'Frift @ qs.@d h
wigbZd
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at Volta Grande. The chemisny of the exocontact mica
at Red Cross Lake was not examined in relation to
distance from the pegmatite, but tle biotite is invariably
strongly zoned and attains K/Rb and I?Cs weight ratios
as low as 0.18 and 0.05, respectively, in the ouler
zones (demf et at. 1994). The Rb/Cs ratio is extremely
variable.

Five different samples of haln4uistite Cfable 5)
were analyzed by electron microprobe, and one was
characterized by wet chemistry. The five compositions
obtained are very similar (Qu6m6neur & Lagache
1994), so that only an average composition is given in
Table 5. This composition yields the structural formula
(Lrr.O{ao.D@gr.+Fer.oXAlzSrs)Qz(OH,F)2, which matches
the theoretical formula given by London & Burt (1982).
Comparison with compositions published in the litera-
ture shows ttrat it is richer in Fe and poorer in Mg than
most of the samples snrdid butvery closeto holmquistite
from Tanco, Manitoba (Morgan & London 1987). It is
very poor in Na, K Rb and Cs.

As general observations, we have documented that
among the pegmatite minerals sensu stricto, Rb and Cs
are concenfrated in the potassic minerals, microcline,
muscovile and lepidolite. Li, which is one of the major
constituents of spodumene, is also concentrated in the
micas. In the metasomafic exocontact assemblage, fte
micas contain high abundances of Li, Rb and Cs, and
Li is also present in holmquistite.

In general, the Rb-rich potassic minerals of the
pegmatite have K/Rb weight ratios of approximately
1 to 4, depending on the mineral. As we have stated
beforg the structural features of zinnwaldite are similar
to those of trilithionite, so that the KlRb values for these
two minerals also are similar and close to 1.5-2. In the
exocontact aureole. this ratio is observed in the maene-

TABLE 5. AVEMGE COMPOSITION OF
IIOLMQUI$NE

sian zinnwaldite proper near the contact, but Rb
decreases as a function of distance from the contact, and
the K/Rb value increases accordingly. Concerning Cs,
the Rb/Cs weight ratio is signifieal6y lower in late
minerals such as lepidolite, and it also tends to decrease
q/ith distance from the pegmatite into the metasomatic
aureole.

DIScUSSION

In order to explain the above data, we next examine
the experimentally determined partition coefficients for
Rb and Cs between hydrothermal fluids and minerals,
which have been extensively studied for feldspars and
micas by several authors. Some experiments perfonned
on equilibria between melt and aqueous fluid have
shown that the partition coefficients of Rb and Cs are
close to unity for silicate melts ranging from
QtzaoAba to QtzaaOra (Carron &Lagache 1980). The
partitioning of elements betwe€n two solids depends on
T and P, but not on the environment (fluid or melt), that
led to the equilibration. Experimental data will then
provide information on the composition of pairs of
minerals in equilibrium and also on the composition of
the fluid coexisting with melt during magmatic crystal-
lization or of the fluid that induces re-equilibration of
the minerals in the core of the pegmatite or in the
exocotrtact.

Rubi.dium

The partition coefficient for rubidium between
sanidine and hydrothermal solution has been deter-
mined experimentally by several authors (.agache 1968,
Volfinger 1969, Beswick 1973, Lagache & Sabatier
1973). These authors have demonstrated that the parti-
tion coefficient Csrsq expressed as atomic ratios
(K/Rb)*(K/Rb)* is constant and equal to 2.22 at
600'C and 1 kbar for concentations \p Io 4 wt.Eo
rubidium, i.e., Rb is weakly partitioned in favor of the
solution. The potassic feldspars from the Volta Grande
pegmatites contain Rb concentrations similar to those
of the experimental studies.

In the case of muscovite, the partition coefficient,
expressed in the 6!svs manner, det€rmined experimentally
by Volfinger (1969), is 1.82 for the same experimental
conditions. For a given solution, rubidfum is thus more
concentrated in muscovite than in sanidine. The parti-
tion coefficient between muscovite and sanidine Cmusw
= (K/Rb)-J(K/Rb)* is 0.82. In the first-generation
muscovite of Volta Grande, the K/Rb atomic ratios
ranges from 11.6 to 4.4, with an average of 5.9,
whereas this ratio in the microcline is approximately
8.8 (Iable 6). The resulting partition coefficient is thus
1.3 to 0.5, values that bracket the experimentally deter-
mined value of 0.82. In another rare-element pegmatite
in the same area, the Urubu pegmatite, Qu6m6neur
et al. (1993) measured a partition coefficient of 1 be-

SiOz
Al:or
Tio?
FeO
FeaO:
lv1no
Mgo
CaO
Na?o
K:O
Rbo
Liro
F
Hzo
Total

59.05
12.29
0.t7

10.13
3.66
0.22
6.60
0.56
0.29
0.06

94ppm
2.66
0.10
2.49

98.28

58.66
12,75
0.04

15.08

0.28
6.40
0.07
0.46
0.05
nd.
lI.d.

0,29
rd.

'Ib nwgo ie mls'teted Am the mp*itim of
five sanples obtained by electm misoprobs. Ths
ccmposition of mo of the sampl€s ws 0st€(0ed
fo the pr€s€il$ ofquqtz Tle nerage bulk
compositim is Aned in w€igh %.
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@vitgl stg@,
@vlte2!dg@.
l€pldoltte

2.7 (5.3-2) 5.9 (11.6-4.4) 33
2.7 5,9 11
2.5-1.4 5.4-3.1 r5-7

TABIf 6. AVERAGEqEIGIIT (&RbANDRbrcs)ANDATOIdC(K1Rb) RAnOS
FORPEG{ATITBFORMINGMINERAUIRICIIINRARBAIXALIEIAMENTS

&Rbrcigtr KlRbaton Rtr/Cswelgh
oi@Ine 4 8.8 32

illustates the decrease of rubidium contents in the
ex@ontact.

Cesium

The partition coefficients for cesium between sanidine
or muscovite and an aqueous solution have been experi-
mentally determined (Lagache 1969, Volfinger L969,
Ca:ron & Lagache 1980) for the same conditions as for
rubidium. In the case of sanidine, the partition coeffr-
cient is constant for the concentations observed in the
K-feldspar of the pegmatites, and Cs is concentratedby
a factor of40 in the fluid. In others words, the hydro-
thermal fluid will be sfiongly enriched in Cs with
progressive crystallization.

For muscovite, the partition coefflcient varies vrith
cesium concenhation, from 11 at 10 ppm to 28 at
3 wt.Vo Cs (Volfinger 1969). The muscovite in the
Volta Grande pegmatites generally contains 0.1 to
O.2wt.Vo Cs; thus we can estimaJethatCs concenfration
in the fluid was approximately 25 times higher.

The increase in Cs concentration in the fluid during
tle course of crystallization is more pronounced,
compared to the modest increases expected for Rb,
discussed above. The Rb/Cs value CIable 6) decreases
from the first generation of pegmatite-forming minerals
(microcline and muscovite) to tle lepidolite and musco-
vite of the second generation, as well as with distance
from the contact in the minerals of the metasomatic
aureole. It is apparent that the micas most remote from
the contact are the most Cs-rich. The Rb/Cs weight ratio
attains very low values, down to 4, indicating a gradual
depletion of Rb in the fluid due to zinnwaldite crystal-
lization, and an enrichment of Cs, since this element is
invariably partitioned in favor ofthe fluid.

Lithium

Rubidium and cesium never form end-member
mineral phases in the Volta Grande pegmatite, but
occur in potassic minerals. In contrast lithium is a
major constituent ef imFortant minerals in the pegma-
tite (spodumene and lepidolite) and contact aureole
(Mg-rich zinnwaldite and holmquistite). The original
magrna was very rich in lithium, which resulted in the
crystallization of the large mass of spodumene. The
fluids that were generated also were Li-rich, which
resulted in the crystallization of lithian muscovite and
lepidolite in the fractures, and in the transfomation of
minerals in the contact aureole to lithian micas and
holmquistite (Wood & Williams-Jones 1993, Qu6m6-
neur & Lagache L994).

Concr-ustoNs

The Volta Grande pegmatites are fractionated to a
degree rarely observed in rare-element granitic pegma-
tites. The K/Rb weight ratio in potassic minerals ranges

Mg-rtch zimmldtte (c!mact) 1.5
pblosopite (20@-1m) 24 4,5-9 4-2

tween muscovite and K-feldspar. Considering all the
simplifications inherent to the experimental results
(ressure and temperature of equilibration not precisely
known in the natural pegmatites, the fact that experi-
ments were performed with sanidine, whereas the peg-
matite contains microcline, for example) as well as the
heterogeneous disribution of Rb in muscovite, there is
good agreement betwecn the experimentally deter-
mined partition coefficients and those measured between
the minerals of the pegmafite.

In conclusion, a large preferential partitioning of Rb
into one speciflc potassic mineral is not observed. This
observation fits well with an equilibrium between the
compositions of the two minerals. In contast, the fluid
coexisfing in equilibrium with these minerals should be
weakly enriched in Rb. An estimation of the composi-
tion of this fluid can be calculated by:

(K/Rb),q = (K/Rb).h,,/C.io".vuc

which results in a K/Rb value of 4.0 (atomic) for the
fluid in equilibrium with the minerals during crystal-
lization.

There are no experimental partition data for lepi-
dolite. However, using the K/Rb ratio measured in the
most F-rich compositions of lepidolite from the pegma-
tite, and the ratio estimated for the fluid above, the
partition coefflcient for rubidium between lepidolite
and solution can be calculated by:

CW,. = (K/Rb)h/6/Rb)uq = 3.114 = 0j8

Lepidolite thus weakly concenftates rubidium, more
than miqocline and muscovite. The value calculated is
close the coefftcient of 0.65 obtained experimentally by
Volfinger (1974) tor Rb partition between fluid and
another trioctahedral mica, phlogopite. Once more, we
must recall that the structue of lithian micas is more
favorable to the infroduction of large nlkali cations.
Lepidolite and zinnwaldiie are among the few minerals
which concentrate Rb from aqueous fluid.

The metasomatic aureole is rich in micas. As the
partition coefficient favors the micas, the Rb content of
the metasomatic fluid must decrease progressively
during its flow across the exocontact zone. Table 4
presents the compositions of exocontact micas
(zinnwaldite and phlogopite) as a function of distance
from the pegmatite contact, from 0.1 to 1.0 m, and
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from 4.0 to 1.5, both in the pegmatite and in the contact
aureole. The partition coefficients for Rb and Cs deter-
mined from experimental studies have been success-
fully used to account for the observed dishibution of
these elements. In the core of the pegmatites bodies,
there is no preferential partitioning of Rb in the potassic
minerals. Crystal/melt or crystal./vapor partitioning can
explain the emichment of cesium in the residual fluid
and, as a consequence, in the minerals ofthe aureole of
metasomatism. In any event the total concentration of
cesi 'm is too low to permit the crystallization of pollu-
cite, as described in some rare-element pegmatites. In
the aureole of metasomatism, rapid decrease of rubid-
ium and relative increase of cesium with increasing
distance from the contact depend on the same processes.
Finally, the high concentration of Li resulted in the
crystallization of spodumene and lepidolite, as well as
in the widespread occurrence of magnesium-rich
zinnwaldite and holmquistite in the metasomatic
aureole.
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