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Abstract

The evolved high-silica Tabuleiro granites within the Early Paleozoic Santa Catarina Composite Massif, Pelotas
Batholith, southern Brazil are characterized by the presence of euhedral to subeuhedral accessory fluorite and geochemical
features typical of topaz–rhyolites and related A-type granites. Sr isotopes and REE data of the Tabuleiro granites and their
accessory fluorite are used to constrain fluid–melt relations, crystallization time span and bulk crystal–melt Sr partition
coefficient DSr.Correlations involving REE, EurEuU, RbrSr, Sr and 87Srr86Sr in fluorite and fluorite-host granites show
that fluorite records the differentiation trend of the host Tabuleiro granites. REE-normalized patterns and EurEuU relations
in fluorite-bearing granites indicate that fluorite forms after the crystallization of the quartzo-feldspathic framework in
residual melts. The Tabuleiro accessory fluorites yield high and variable 87Srr86Sr ratios between 0.72334 and 0.8192.
These ratios are neither the result of fluorite precipitation from a fluid nor Sr isotopic resetting. They result from 87Rb decay
in fluorine-rich high-RbrSr melts evolved by fractional crystallization in a magmatic system with a long crystallization
time-span. Melt residence times of 300 to 700 ka and DSr of 4.7 to 6.0 are necessary to yield the high fluorite 87Srr86Sr
ratios. These results are compatible with those deduced elsewhere from high-silica rhyolitic volcanic equivalents. q 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Fluorine-rich high-silica topaz rhyolites and their
corresponding A-type granites have fluorite as a

Žcharacteristic accessory phase Burt et al., 1982;
Collins et al., 1982; Christiansen et al., 1983; Whalen

.et al., 1987 . In this setting, fluorite is believed to

) Corresponding author. Fax: q55-84-215-3806; E-mail:
sallet@geologia.ufrn.br

precipitate during magmatic andror magmatic–hy-
Ždrothermal stages Huspeni et al., 1984; Congdon

and Nash, 1988; Johnston and Chappel, 1992; Price
et al., 1992; Nash, 1993; Webster and Duffield,

.1994 . Despite the relatively abundant petrological
data on fluorine-rich high-silica rhyolites and gran-
ites, the stability conditions and genesis of the acces-
sory fluorite are poorly constrained.

The main question concerning the fluorite forma-
tion within evolved high-silica rhyolites and granites
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is whether it formed under supersolidus conditions
from a silicate melt or from a magmatic–hydrother-
mal fluid, or under subsolidus conditions from a
post-magmatic fluid. Experimental data on fluorite-
bearing topaz rhyolite vitrophyre from the Spor
Mountain, UT, USA, has shown that fluorite is

Žstable under supersolidus conditions Webster et al.,
.1987; Tsareva et al., 1992 and that, with low water

contents, fluorite and biotite are late-stage phases
Ž .Webster et al., 1987 .

Fluorite may be used to trace magmatic to mag-
matic–hydrothermal processes as REE and Sr substi-
tute for Ca in fluorite. It is well known that fluorite
may concentrate REE from the melt or fluid from

Žwhich it crystallizes Mineyev, 1969; Marchand et
.al., 1976; Tsareva et al., 1992 . On the other hand,

fluorite has very low RbrSr ratios which allows us
to determine the 87Srr86Sr ratios of the melt or fluid
from which it precipitated.

The Tabuleiro high-silica granite, Santa Catarina,
Brazil, is a favorable rock to study the geochemistry
of accessory fluorite because medium-grained and
relatively abundant purple fluorite is present. In this
study, we use for the first time the Sr isotope and
REE geochemistry of accessory fluorites and of their
host granites to understand the formation of the
accessory fluorite. Our new data allow us to set
tighter constraints on fluid–melt relations, the crys-
tallization time span and the bulk distribution coeffi-
cient DSr of evolved high-silica magmatic systems.

2. Geologic setting

The Early Paleozoic Santa Catarina Composite
Massif is located along the northeastern extremity of
the Pelotas Batholith in the Dom Feliciano Orogenic

ŽBelt of southern Brazil Fragoso Cesar et al., 1986;
. Ž .Sallet et al., 1989 Fig. 1a . Regional mapping has

defined three plutonic associations in the massif,
namely: the Valssungana, the Pedras Grandes and

Žthe Tabuleiro associations Horbach and Marimon,
.1982; Kirchner and Morgental, 1983 .

In the southernmost sector of the massif, there are
two well-defined major granitoid associations, based
on distinctive textural, mineralogical and geochemi-
cal features: the subalkaline-monzonitic Pedras
Grandes granitoids and the alkaline high-silica Tab-

Žuleiro granites Sallet, 1988; Sallet et al., 1990,
. Ž .1997 Fig. 1b . The Pedras Grandes association

comprises essentially coarse to medium-grained bi-
Ž .otite-bearing seldom hornblende granites with con-

siderable textural variation. Small dioritic to granodi-
oritic interior bodies as well as fine-grained mafic
enclaves are typically observed. The Tabuleiro asso-
ciation comprises medium to fine-grained, equigran-
ular leucocratic biotite-bearing granites. Interstitial
purple fluorite is usually observed with naked eye.
These granites are devoid of mafic encalves.

Precise field and isotopic age relations between
these two associations are still unknown. Neverthe-
less, regional mapping suggests a fault-controled em-
placement of Tabuleiro granites within the Pedras

ŽGrandes granites Horbach and Marimon, 1982;
. ŽKirchner and Morgental, 1983; Sallet, 1988 Fig.

.1b . Chemical trends of the two associations also
suggest that the Tabuleiro granites are younger than

Žthe Pedras Grandes granites Sallet et al., 1990,
.1997 . In fact, the alkaline high-silica association is

related to late to post-tectonic processes whereas the
subalkaline-monzonitic association is usually related

Žto late-tectonic magmatic processes Batchelor and
.Bowden, 1985

Permo-Carboniferous siliciclastic sedimentary se-
quences and Early Cretaceous continental basalt
flows from the Parana Basin cover the massif on its
western edge and crop out within the massif. Post-
Jurassic fluorite-chalcedony veins of the Santa Cata-
rina Mining District are hosted by faults affecting the

Ž . Ž .granitoids Sallet et al., 1996 Fig. 1b .

3. Analytical methods

Tabuleiro granite samples with visible purple flu-
orite and weighing 10 to 20 kg were collected from

Ž .Fig. 1. a Geotectonic setting of the Pelotas Batholith with the Santa Catarina Composite Massif located along its northeastern extremity
Ž . Ž . ŽSallet et al., 1990 . b Geological map of the southernmost sector of the Santa Catarina Composite Massif adapted from Horbach and

.Marimon, 1982, Kirchner and Morgental, 1983 and Sallet, 1988 . Numbers are sample locations.



( )R. Sallet et al.rChemical Geology 164 2000 81–9284

road cuts. Granite analyses were performed at the
University of Lausanne, Switzerland, by X-ray fluo-

Ž .rescence XRF for major and trace elements and by
inductively coupled plasma-atomic emission spec-

Ž .trometry ICP-AES for REE. F was determined by
specific ion electrode at the C.R.P.G, Nancy, France.
Li was analyzed by atomic absorption spectrometry
Ž .AAS and Sn by inductively coupled plasma-mass

Ž .spectrometry ICP-MS at XRAL Laboratories, On-
tario, Canada.

Accessory fluorite grains were separated from
five samples. After crushing, the y0.25q0.63 mm
granulometric fraction was selected. Felsic concen-
trates were obtained using an electromagnetic separa-
tor. Fluorite was separated from the felsic concen-
trates using bromoform, and thereafter, purified care-
fully by handpicking under a binocular microscope.
The final concentrates weighed between 100 and 150
mg. REE and trace elements analyses were per-
formed at the C.R.P.G. by ICP-MS. Additional ma-

Ž . Ž .jor elements ICP-AES and F specific ion analysis
on two concentrates were carried out to estimate

Ž .their purity Table 1 . Assuming that all Ca is pre-
sent as fluorite, stoichiometric calculations point to
91.5 a 94.1% fluorite in the two analyzed concen-
trates. The main impurities are SiO , Al O , Fe O ,2 2 3 2 3

Table 1
Ž .Major elements composition wt.% for the fluorite concentrates

ICP-AES precisions for majors elements are better than: 2% for
CaO; 5% for Fe O ; 10% for SiO , Al O , Na O and K O; 20%2 3 2 2 3 2 2

for P O .2 5

Specific ion electrode precision for F is better than 2%.

T616 T623b

SiO 4.07 3.752

Al O 1.36 1.122 3

Fe O 1.58 0.352 3

MnO 0.04 n.d.
MgO 0.20 0.15
CaO 65.81 67.62
Na O 0.19 0.182

K O 0.18 0.272

TiO 0.13 0.052

P O 0.37 0.992 5

ÝREE O 1.29 0.812 3

F 42.82 42.78
F5O 18.03 18.01
Total 100.01 100.06

Fig. 2. Microphotograph overlay drawing of typical fluorite crys-
tals in Tabuleiro granites. The white area in each sketch represents
the quartzo-feldspathic framework. The bottom sketch shows fluo-
rite–biotite association.

P O and ÝREE O . Considering that a fraction of2 5 2 3

these elements may be present in fluorite as di-
adochic substitution, the stoichiometric amount of
calculated fluorite should be considered as the mini-
mum percent of fluorite present in the concentrates.
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Granites were dissolved in HF and fluorites were
leached with HCl. Sr was separated by standard HCl
ion-exchange columns, and Sr isotope ratios were
measured at the University of Geneva, Switzerland,
on a 7-collector Finnigan Mat 262 thermal ionisation
mass spectrometer. 87Srr86Sr ratios were measured
in static mode and are mass fractionation corrected
to an 87Srr86Sr ratio of 8.375209 and normalized to
the Eimer and Amend SrCO standards0.7080193

Ž ."6 2SE during the period the analyses of these
samples were performed.

4. Petrography and geochemistry of the Tabuleiro
granites

The Tabuleiro granites are chemically and miner-
Žalogically very similar to topaz rhyolites Burt et al.,

.1982; Christiansen et al., 1983 and some A-type

Ž .granites Collins et al., 1982; Whalen et al., 1987 .
Sodic plagioclase, strongly perthitic alkali feldspar
and quartz form an equigranular texture, locally por-
phyritic. Interstitial biotite almost completely trans-
formed to chlorite and purple fluorite are late-stage
phases. Fluorite occurs mainly as purple interstitial
grains and occasionally as inclusions in feldspars
Ž .Fig. 2 . Interstitial fluorite, locally associated with
biotite, forms euhedral to subeuhedral crystals within
the quartzo-feldspathic framework. Minute mineral

Ž .inclusions -50 mm are sporadically observed in
the fluorites. Among these, xenotime, fergusonite
and bastnaesite-like fluorocarbonates could be identi-

Ž .fied by scanning electronic microscope SEM
equipped with a X-ray detector working in energy

Ž . Ždispersive spectrometry EDS J.M. Montel, per-
.sonal communication . Muscovite are seldom pre-

sent, associate to feldspars and to chlorite. Topaz,
molibdenite and zircon are local accessory phases.

Table 2
Whole rock chemical analyses of Tabuleiro granites. Oxydes in wt.%, trace elements in ppm
XRF precisions for trace elements are better than: 2.5% for Sr and U; 4% for Rb; 5% for Ga; 8% for Nb and Zr; 10% for Pb and Zn; 18%
for Th. Specific ion electrode precision for F is better than 4%. AAS precision for Li is better than 5%. ICP-MS precision for Sn is better
than 7%. nd — not detected; na — not analyzed.

T317 T316 T623b T301 T323 T219 T616 T324 T611a T623a T7 T315

SiO 74.83 75.56 75.59 75.8 76.29 76.5 76.72 77.07 77.11 77.14 77.68 77.772

TiO 0.05 0.06 0.11 0.04 0.04 0.04 0.06 0.05 0.05 0.04 0.04 0.072

Al O 11.97 12.23 12.51 12.88 12.15 13.18 12.54 12.88 12.56 12.51 12.94 12.572 3

Fe O 1.17 1.22 1.15 1.06 1.08 0.78 1.03 0.93 0.67 0.72 0.98 1.142 3

MnO 0.04 0.04 0.03 0.02 0.04 0.02 0.03 0.03 0.01 0.02 0.01 0.03
MgO 0.01 0.01 0.07 nd nd nd 0.04 nd 0.02 0.03 nd 0.07
CaO 0.44 0.58 0.63 0.6 0.44 0.54 0.57 0.59 0.41 0.43 0.46 0.43
Na O 3.86 3.51 3.28 4.03 3.69 3.98 3.69 3.78 4.2 4.12 4.23 3.522

K O 4.36 4.54 5.23 4.45 4.18 4.64 4.68 4.62 4.4 4.42 4.39 4.82

P O nd 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.012 5

LOI 1.2 2.04 0.73 0.81 2.75 1.01 0.55 0.65 0.45 0.35 0.62 0.4
Total 97.93 99.8 99.54 99.7 100.67 100.7 99.92 100.61 99.89 99.78 101.36 100.81
Nb 5 3 30 26 5 37 46 21 35 27 23 nd
Zr 105 110 186 118 97 124 129 100 113 105 99 81
Y 70 123 105 200 69 119 135 125 92 77 138 65
Sr 9.2 7 20 4.4 1 8.7 11 7.5 3 5 2 22.6
U nd 15 24 13 2 12 20 33 7 9 15 4
Rb 345 597 521 666 314 938 642 526 377 349 421 344
Th 33 47 54 45 19 50 50 48 40 39 41 26
Pb 24 37 48 56 2 62 59 51 24 33 58 nd
Ga 18 22 21 28 11 30 22 21 20 18 28 7
Zn 55 64 57 59 33 60 51 26 26 49 83 nd
F 2300 3700 3900 3800 2400 4600 3500 3200 2000 2400 1700 1300
Li 18 7 39 112 15 na 9 19 12 12 19 11
Sn 11 25 38 27 14 na 33 18 11 11 12 9
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Chemical analyses of Tabuleiro granites are pre-
sented in Table 2. These granites, have SiO increas-2

ing from 75 to 78% and the alkalinity index
Ž .log CaOrNa OqK O varying from y1.30 to2 2

y1.0. They have a typically high-silica alkaline
Žaffinity of A-type granites and topaz rhyolites Sallet

.et al., 1997 . The aluminium saturation index, ASIs

Ž .Fig. 3. a REE chondrite-normalized patterns of Tabuleiro gran-
ites and their accessory fluorite. Normalization values from

Ž . Ž .Evensen et al. 1978 b REE pattern of accessory fluorite
Ž . Žnormalized to their host granites. c RbrSr vs. ÝLREEr

.ÝLHREE diagram showing the Tabuleiro granites magmaticN

fractionation trend. Samples from which accessory fluorite and
Ž .host granite were analyzed are labeled. The shaded area in a and

Ž .b links the two more evolved granite samples T7 and T611A.

Ž .Alr KqNaqCa , varies from 1.04 and 1.11 im-
plying a slight peraluminous character for these gran-
ites. As commonly observed in evolved high-silica

Žalkaline magmas Christiansen et al., 1983; Webster
and Duffield, 1991; Charoy and Raimbault, 1994;

.Sallet et al., 1997 , major elements show narrow
variations and low to very low Ca, Mg, Ti and P
contents whereas trace elements span over an ex-
tended range with pronounced enrichments in Rb, Y,
U, Th and Nb and very low Sr content. The ubiqui-
tous presence of fluorite explains the high fluorine
contents of the whole-rock analyses, between 1300
and 4900 ppm. The high F and Rb contents of these
granites are characteristic of high-silica crustal-de-

Ž .rived magmas Sallet, 1999; Sallet et al., 1997 . REE
patterns are flat with strong negative Eu anomalies
Ž .Fig. 3a .

Rb–Sr isotope systematics of the Tabuleiro gran-
ites yield whole-rock errorchrons as is usually ex-

Žpected with very high RbrSr magmas Mahood and
.Halliday, 1988; Gerstenberger, 1989 . The ages de-

termined for the Tabuleiro association are younger
than the Rb–Sr age of 523 Ma yielded by the Pedras

Ž .Grandes association Sallet et al., 1996, 1997 and
the initial 87Srr86Sr ratios are abnormally high with

Ž .values above 0.80. An errorchron not shown based
on combined Rb–Sr data from accessory fluorite and
the host granite gives an age of 442"27 Ma, within
the range of the whole-rock errorchron, with an
initial 87Srr86Sr ratio of 0.70"0.07.

5. Tabuleiro granitic fluorites

5.1. REE and other lithophile elements

Other than REE, trace elements Be, Nb, Ta, U,
Th and Zr are present in fluorite in significant

Ž .amounts, between 75 and 1100 ppm Table 3 . This
element association, probably accounted for by
minute mineral inclusions in fluorite, is typically
enriched in F-rich high-silica magmas forming topaz

Žrhyolithes and A-type granites Christiansen et al.,
1983; Congdon and Nash, 1988; Webster and

.Duffield, 1991; Charoy and Raimbault, 1994 .
Chief minerals carrying REE in granites are phos-

Žphates, niobotantalates, carbonates and zircon Bea,
.1996 . Zircon and carbonates may be discarded as
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significant mineral inclusions in the fluorite concen-
trates inasmuch as Zr is low and CO is absent, as2

suggest by the 100% closure of the concentrate
Ž .analyses Tables 1 and 3 . Maximum theoretical

ŽREE contributions from phosphates monazite and
. Ž .xenotime and niobotantalate fergusonite are esti-

mated to be negligible and thus reported REE con-
Ž .tents are accounted for only by fluorite Table 4 .

The REE data given in Table 3 are plotted in Fig.
3. The fluorites from the Tabuleiro association dis-
play higher REE concentrations than the whole rocks
from which they were separated, but they have chon-
drite-normalized patterns that are very similar to

Ž .those of their host granites Fig. 3a . However, the
granites have more dispersed LREE contents than
the fluorites. This feature is also represented by the

Žfluorite-host granite normalized REE patterns Fig.
.3b . With advancing melt fractionation, recorded by

an increase in the RbrSr ratio, the granites display a
Ž .decrease in the LREErHREE ratio Fig. 3a and c .

However, an inverse relation is observed for the
fluorite-to-host granite REE normalized pattern,
namely an increase in LREErHREE ratios as melt

Table 4
Maximum theoretical REE contribution for the fluorite concen-
trates from phosphate and niobotantalate mineral inclusions
Ž .X smass fraction of mineral inclusion. Mass fractions aremin

calculated by allocating maximum P O and Nb contents of2 5
Ž .concentrates Table 1, Table 3 to phosphates and niobotantalates,

respectively.
Ž .X smaximum REE fraction of the concentrate carried byREE

the inclusion minerals. Nd, Dy and Ce chosen for calculations as
they are the most enriched REE in each of the minerals.
Typical mineral compositions used in calculations taken from Bea
Ž .1996 .

Ž . Ž . Ž . Ž .X , % X , % X , % X , %min Nd Dy Ce

Fergusonite 0.29 0.02
Xenotime 3.30 0.17
Monazite 3.30 0.6

Ž .fractionation progresses Fig. 3b . It means that fluo-
rite is a late-stage phase and records the REE pattern
of the feldspar-fractionated residual melt or mag-
matic fluid from which it crystallizes. As for other
calcic phases, fluorite should have a higher Eu parti-
tion coefficient compared to the other REE. The
more negative Eu anomalies in fluorite compared to

Table 3
Ž .REE and other trace element compositions ppm for Tabuleiro granites and fluorites

gr — granite, fl — fluorite. ICP-AES precisions for granites are 5–10%.
ICP-MS precisions for fluorites are: better than 5% for La, Ce, Nd, Sm, Ho, Tb, Yb, Lu; 5–12% for Eu; better than 6% for Gd; better than
7% for Dy. For other trace elements, precisions are better than 5%, excepted 7% for Th. na — not analyzed.

T611A T616 T623a T623b T7

gr fl gr fl gr fl gr fl gr fl

La 15.9 1525 24.5 624 16.3 783.3 40.6 1074 6.3 241
Ce 38.1 3142 60.3 1511 39.5 1896 88.1 2125 17 820
Nd 22.3 2926 29.6 955.7 24 1589 39.8 1680 14.65 684
Sm 7.7 896.2 9 290.1 8.2 552.7 10 527.5 7.33 337
Eu 0.11 2.99 0.19 1.83 0.16 2.54 0.49 7.66 0.14 0.66
Gd 8.6 834.4 9.8 356.8 8.7 596.1 9.4 656.5 10.85 332
Dy 12 699 16.2 512.8 11.4 621.4 12.8 860.5 18 475
Ho 2.49 165.3 3.55 133.2 2.33 150 2.71 235.6 3.92 119
Er 7.9 418.2 11.6 369.4 7.1 383.4 8.8 711.1 11.88 327
Yb 8.3 377.5 12.9 408 7.2 364 9.4 805.1 12.66 400
Lu 1.22 59.43 1.87 62.52 1.06 58.2 1.36 130.8 1.68 70.63

UEurEu 0.05 0.01 0.07 0.02 0.07 0.02 0.18 0.05 0.06 0.01
Be 86.2 75 52.9 117 42.51
Nb 493.6 176 414.8 458 224.96
Ta 49.01 42.76 34.35 74 na
Th 1094 562 967.8 890 597.8
U 111 87 100.7 134 42.85
Zr 286 185 327 365 130.95
Sn 34.2 15.22 23.4 15.22 na
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Ž .those of the host granites Fig. 3a and Table 3
means that feldspar crystallization depleted an al-
ready severely Eu-depleted magma or related fluid.

It has been shown experimentally that fluorine
and REE enter the melt rather than the fluid in
magmas which are not excessively fluorine rich
Ž .Webster, 1990; Keppler and Wyllie, 1991 . These
data agree with a crystallization from the melt. In
this case, the matching granite and fluorite REE
patterns within the Tabuleiro association can be ex-
plained by high and similar fluorite-magma REE
partition coefficients. On the other hand, experimen-
tal data indicate that fluorine partitions preferentially
into the fluid with increasing fluorine contents lead-
ing to fluorine-rich magmatic-hydrothermal systems
Ž .Webster, 1990; Keppler and Wyllie, 1991 . Under
such conditions, REE solubilities in hydrothermal

Žfluids increase Flynn and Burham, 1978; Webster,
.1990 and the REE-fluid composition should ap-

proach the REE-melt composition. In this case, the
matching fluorite and granite REE patterns of the
Tabuleiro association may also be explained. Al-

Ž .though experimental data Flynn and Burham, 1978
indicate very low REE fluid–melt partition coeffi-
cients, extremely high fluorite–fluid REE partition
coefficients may explain the elevated fluorite REE
contents.

5.2. Sr isotopes

The Tabuleiro granitic fluorite has variable and
high present day 87Srr86Sr ratios between 0.7233

and 0.8192, and low 87Rbr86Sr ratios between 0.611
Ž .and 2.866 Table 5 . To reach such high values by

87Rbydecay, time spans greater than 2 Ga would be
necessary. The geological context of the Santa Cata-

Žrina District clearly excludes this possibility Horbach
and Marimon, 1982; Kirchner and Morgental, 1983;

.Fragoso Cesar et al., 1986 and present-day high
87Srr86Sr fluorite ratios cannot be taken as a homo-
geneous initial ratio for the Tabuleiro granites.

The influence of minute mineral inclusions ob-
served in the granitic Tabuleiro fluorites on the
measured isotopic ratios is minor since their 87Rbr
86Sr ratios are very low. Low 87Rbr86Sr values may
only be explained if occasional high-RbrSr included
phases were present in very small fractions, implying
a negligible contribution of radiogenic Sr. Thus, the
time-evolution of a radiogenic mineral inclusion can-
not explain the high 87Srr86Sr ratios of the Tabuleiro
fluorites.

Two main processes may account for the high
87Srr86Sr fluorite ratios and their variations. The
first one is 87Sr growth by 87Rb decay in high RbrSr
residual melts during a long crystallization time-span.
In such a scenario the residual melts are continu-
ously enriched with 87Sr during fractional crystalliza-
tion and 87Sr is retained in residual melt because the
melt is not in isotopic equilibrium with the cumulat-

Žing crystalline framework Mahood and Halliday,
1988; Halliday et al., 1989, 1991; Christensen and

.DePaolo, 1993; Cavazzini, 1994 . The second pro-
cess could be fluorite formation from an exsolved
high-RbrSr fluid phase or a resetting of the fluorite

Table 5
Rb, Sr and 87Srr86 Rb data for Tabuleiro granites and fluorites
gr — granite, fl — fluorite. XRF precisions for granites are better than: 4.0% for Rb; 2.5% for Sr. ICP-MS precisions for fluorites are better
than: 8% for Rb; 5–10% for Sr.

86 8687 87Ž . Ž . Ž .Rb ppm Sr ppm Rbr Sr Srr Sr Error "2SE

T7 gr 421 4.42 888.15 4.332 2
fl 13.34 14.54 2.69 0.8192 1

T611a gr 377 3 475.73 3.8604 2
fl 29.56 42.20 2.03 0.7943 2

T616 gr 642 11 182.77 1.5505 1
fl 40.18 79.10 1.48 0.7533 3

T623a gr 349 5 227.77 2.0147 8
fl 14.14 50.70 0.81 0.7717 3

T623b gr 521 20 79.49 1.2672 1
fl 35.85 170 0.61 0.7233 8
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87Srr86Sr ratio recorded at the magmatic stage by
this fluid.

6. Fluid–melt relations

Fluorine-rich high-silica melts forming topaz rhy-
olites and their A-type granitic equivalents are con-
sidered to be relatively dry. The low water contents

Žof these melts are related to their source rocks Burt
et al., 1982; Collins et al., 1982; Christiansen et al.,

.1983; Clemens et al., 1986; Creaser et al., 1991 .
Since water solubility is strongly enhanced by in-
creasing fluorine contents in haplogranitic melts
Ž .Holtz et al., 1993 , it is suggested that fluorine-rich
high-silica melts are water undersaturated rather than
saturated. The low water and high fluorine contents
of these melts suggest that exsolution of a fluid

Ž . Ž . U Ž . UFig. 4. a fluorite vs. host Tabuleiro granite RbrSr ratios. b fluorite vs. host Tabuleiro granite EurEu ratios. c EurEu vs. Sr diagram
Ž . 87 86 U Ž .showing fluorite and host granites evolution. d Tabuleiro fluorite Srr Sr vs. EurEu evolution. e fluorite and host Tabuleiro granites

87 86 Ž . 87 86 2evolution in the Srr Sry1rSr diagram. f fluorite vs. host Tabuleiro granite Srr Sr. r Values are squared correlations coefficients.
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phase could have occurred during late stage near
solidus crystallization processes with low fluid–melt
Ž .crystalsqmelt ratios. According to the experimen-

Ž .tal data of Clemens et al. 1986 and Webster et al.
Ž .1987 , the low water content of the Tabuleiro melts
is indicated by the biotite textural position suggest-

Ž .ing a late crystallization stage Fig. 2 .
The fluorite and fluorite-host granite RbrSr, Sr,

87Srr86Sr, and EurEuU relations show that fluorite
clearly records the compositional evolution of the

Ž .host granite Fig. 4a,b,c,d . The good correlations
shown in Fig. 4 may be explained by fluorite crystal-
lizing from evolving silicate melts or, at least, from
F-rich related fluids that would approach melt com-

Žposition Koster Van Gross and Wyllie, 1969; Kep-
.pler and Wyllie, 1991 . However, if fluorite forms

from, or reacts with, a chemically and isotopically
single homogeneous hydrothermal fluid, it should
record constant elemental and isotopic ratios. As
fluid compositions in fluid–melt systems are still
poorly constrained, the observed trends in Fig. 4 are
thus better explained by considering that the Tab-
uleiro fluorite crystallized from a silicate melt.

The evolution of melt 87Srr86Sr ratios and Sr
contents during the fractional crystalization is de-

Ž .scribed by a hyperbolic curve Cavazzini, 1994 .
87 86 Ž .Thus, in a Srr Sr–1rSr diagram Fig. 4e the

Tabuleiro fluorites display a positive linear correla-
tion. As this trend is coherent with the whole REE,
EurEuU , RbrSr, Sr and 87Srr86Sr correlations, in-
terpreted as the result of melt fractionation, it should
not be related to fluid mixing processes. Therefore,
this trend is best interpreted as the result of succes-
sively more fractionated and more radiogenic resid-
ual melts from which fluorite was formed, recording
progressively higher 87Srr86Sr ratios.

7. Crystallization time span and bulk DSr con-
strains

The magmatic origin of the recorded 87Srr86Sr
ratios in fluorite is the only mechanism to explain all
the observed chemical correlations. Formulations by

Ž .Cavazzini 1994 indicate that to reach the high
87Srr86Sr values recorded by the granitic fluorites by
means of fractional crystallization, it is required that
the Tabuleiro granites represent very low fractions of

residual magmas evolved during long crystallization
time spans. Using the following equation from

Ž .Cavazzini 1994 :
87Srr86Srs 87Srr86Sr qlR 87Srr86SrŽ . Ž .00 0

=T 1yF bq1 r bq1Ž . Ž .
y11 y1 Ž87 86 .where ls1.42 10 a ; R s Rrr Sr ; Ts0 0

time; Fs remaining melt fraction; bsDRb yDSr;
we can graphically represent the relationships be-
tween crystallization time spans, and the bulk distri-

Rb Sr Ž .bution coefficients D and D Fig. 5 . The more
radiogenic fluorite with 87Srr86Srs0.8192 is taken
to constrain the upper crystallization time span limit.
It is reasonable to assume that the initial melt has a
low 87Rbr86Sr ratio of 10 and that crystallization
leads to a low remaining melt fraction F of 0.1. The
initial Sr isotopic ratio varies between 0.70 and 0.75.
It can be noted from the Cavazzini equation that the
bulk DSr values strongly determine the growth rate
of 87Srr86Sr. With bulk DRb values varying be-

Ž . Srtween 0.1 and 1.0 e.g., Halliday et al., 1991 D
values change between 6.75 and 7.75 and the melt
reaches a 87Srr86Sr ratio of 0.819 in 10 ka, which is
the smallest crystallization time for silicic plutons

Fig. 5. Crystallization time spans, bulk partition coefficients DRb

and DSr and 87Srr86Sr evolution relations for fluorite. This
Ž . Ždiagram is constructed from the equation of Cavazzini 1994 see

.text for explanation . Shaded areas show time spans derived from
Ž .Sr isotopic data by Halliday et al. 1991 at the Long Valley silicic

Ž .system 1 and from conductive heat loss and silicic pluton
Ž . Ž .crystallization 2 Lachenbruch et al., 1976; Spera, 1979 .
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Žcooling by conductive heat loss Lachenbruch et al.,
.1976; Spera, 1979 . Taking the calculated minimum

time scales between 300 and 700 ka of the Long
ŽValley silicic magmatic system Halliday et al., 1989;
. SrChristensen and DePaolo, 1993 , D values betwen

4.7 and 6.0 are required to explain the more radio-
genic fluorite Sr isotope ratio. These values are
consistent with the ones inferred for some high-silica

Ž .systems by Halliday et al. 1991 . Although the
crystallization time span is poorly constrained, the
high thermal gradient of the batholithic environment
of the Tabuleiro granitic association precludes a
simple cooling regime by conductive heat loss.
Hence, the minimum crystallization time span of the

Ž .Long Valley system Halliday et al., 1989 is taken
as a reference.

8. Conclusions

87Srr86Sr and REE ratios associated with textural
features of the Tabuleiro granitic fluorite, indicate
that the fluorites crystallized from late stage melts at
near solidus temperatures. REE patterns and EurEuU ,
RbrSr and 87Srr86Sr ratios of fluorite are directly
inherited from melts with evolving differentiation
degrees.

High and variable Tabuleiro granitic fluorite
87Srr86Sr ratios are explained by decay of 87Rb
during fractional crystallization of high-RbrSr silicic
systems with long crystallization time span. Using
Cavazzini’s equation we have shown that the more
radiogenic value recorded by fluorite is consistent
with the constrained residence time of the high-silica

ŽLong Valley magmatic system Mahood and Halli-
day, 1988; Halliday et al., 1989; Christensen and

.DePaolo, 1993 . It permits us to approach the Sr
bulk partition coefficients prevailing during the evo-
lution of Tabuleiro granites. The obtained values
between 4.7 and 6.0 are consistent with those de-
rived from other evolved high-silica systems by Hall-

Ž .iday et al. 1991 .
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