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Abstract

Most fluorite deposits in southernmost Brazil are hosted by Neoproterozoic granitic associations.
Fluorite deposits are, nevertheless, much younger than granitic magmatism, and the only probable
role of granitic rocks in fluorite genesis was as a source of F. This paper characterizes granitic-dior-
itic associations in which these fluorite lodes and veins are localized. The granitic suite includes
quartz diorites, tonalites, biotite-bearing syenogranites, monzogranites, and rhyolite dikes. It is
interpreted as formed by partial mixing of basic and granitic melts, generating hybrid products, such
as the tonalitic rocks. The granitic magmatism is correlated with the late-transcurrent magmatism
that characterizes the post-collisonal stages of the Brasiliano-Pan-African orogenic cycle in south-
ernmost Brazil. Basic rocks have mildly alkaline or continental tholeiitic affinities. The associated
granitic magmatism was probably produced by crustal melting or, alternatively, as a reaction product
of mantle-derived basic melts with quartz-feldspathic gneissic crustal sequences. Trace-element
and REE patterns of the basic rocks are consistent with melts produced from a mantle previously
modified by subduction-related metasomatism. The granitic rocks show trace-element compositions
compatible with comagmatic products derived from the basic magmatism, which can also be inter-
preted as an effect of mixing between two non cogenetic magmas. Hydrothermally altered granites
exhibit HREE-enriched patterns that can be used as a prospective tool for fluorite deposits.

Introduction

THE MOST IMPORTANT fluorite deposits in South
America are in Santa Catarina State, southern Bra-
zil (Fig. 1). Fluorite ores are post-Cretaceous in age
and their host rocks are mainly Neoproterozoic gra-
nitic rocks of the so-called Pedras Grandes suite
(Sallet, 1988). The age of fluorite mineralization
was estimated from K-Ar data in hydrothermally
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altered host rocks (Tassinari and Flores, 1992) and
from fission tracks on apatites from the host grani-
toids (Jelinek, 2002), producing ages that range
from 130 to 45 Ma. Most genetic studies have con-
cluded that the fluorine source for hydrothermal
solutions was fluorite disseminated in older hydro-
thermally modified zones in the Neoproterozoic gra-
nitic rocks (Sallet, 1988; Bastos Neto et al. 1996;
Jelinek, 2002; Flores, 1998). The Rio dos Bugres
fluorite mine is an example of such deposits in
these fertile granites. A subsolidus hydrothermal
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FIG. 1. Main geological features of southernmost Brazil and the studied area of Rio dos Bugres Mine region (modified

from Bitencourt and Nardi, 2004).

event is registered in the granitic rocks, leading graphic, and geochemical features of Rio dos
mainly to sodic and potassic alterations (Flores, Bugres Mine magmatic rocks are presented and
1998). In this paper, the main geological, petro-  discussed.
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The rock section of the Rio dos Bugres mine is
part of the Dom Feliciano belt, which encompasses
deformed granitoids, migmatites, metassedimentary
rocks, molassic sedimentary and volcanic acid
rocks, and a large amount of late and post-tectonic
granitoids (Fragoso-César et al., 1982). Most grani-
toids have ages in the range 640-590 Ma, and were
emplaced during the development of the Southern
Brazilian shear belt (Bitencourt and Nardi, 1993), a
major translithospheric transcurrent belt composed
of several anastomosing, km-wide shear zones,
related to the post-collisional period of the Brasil-
iano-Pan African cycle. The early stages of the tran-
scurrent event are associated with basic magmatism
of continental tholeiitic affinity, coeval granitoids
compositionally similar to high-K calc-alkaline
rocks. This magmatism was followed by a shosho-
nitic one and eventually, the late-stages of transcur-
rence were associated with basic magmatism of
mildly alkaline affinity and coeval sodic alkaline
metaluminous granitic rocks (Bitencourt and Nardi,
1993, 2000). Except for the leucogranites, basic
magmatism is associated with all kinds of granite
associations as mafic microgranular enclaves, dikes,
and small intrusions. Comingling and composite
dikes, involving basic and acid rocks, are particu-
larly abundant in the latest magmatism.

The magmatism related to the early stages of
transcurrence (~640 Ma) shows geochemical signa-
tures similar to those of mature magmatic arc rocks,
whereas the late-transcurrence rocks (~590 Ma)
show compositions closer to rocks of within-plate
settings, probably derived from OIB mantle sources
(Bitencourt and Nardi, 2000; Sommer et al., 2005).

Leucogranites, biotite granites, tonalites, and
quartz diorites are the dominant lithologies in the
Rio dos Bugres mine region. Some of them exhibit
effects of the late stages of transcurrent deformation,
locally resulting in mylonite formation. According to
structural evidence, these granitoids are late-tran-
scurrent, and deformation is confined to shear zones
of a few meters width. The presence of comingling
features, similar structural patterns, and abundant
diffuse contacts suggest that dioritic and granitic
rocks were probably coeval. Both parental magmas
interacted in different ways, generating homoge-
neous and heterogeneous mixing products. Tonalitic
rocks were probably produced by homogeneous
mixing, whereas mafic microgranular enclaves in
granitoids and synplutonic dikes are evidence of
heterogeneous mixing. Rhyolite dikes crosscut
these granitoids, but are probably related to the

same magmatic event. Subsolidus hydrothermal
alteration led to the formation of apogranites and
albitites with secondary albite and lower proportions
of muscovite, at temperatures of about 400-450°C
(Flores, 1998). Albitization was followed by propyl-
itization at lower temperatures. According to apatite
fission track age determinations for the host grani-
toids (Jelinek, 2002), fluorite deposits formed a long
time (about 500 m.y.) afterwards, by percolation of
hydrothermal fluids through reactived fractures
along older shear zones (Flores, 1998).

Petrography and Mineral Chemistry

Fifteen samples were selected from rocks least
affected by deformational or hydrothermal pro-
cesses, and modal values were plotted in the QAP
diagram. Major minerals were analysed by micro-
probe—Cameca SX 50 (15 kV, 4 nA) in the Univer-
sité Pierre et Marie Curie, Paris. Two groups were
identified, a more mafic one with quartz diorites and
tonalites, and a felsic one with monzogranites and
syenogranites.

Tonalites and quartz diorites show an oriented
fabric controlled by magmatic flow defined by
plagioclases, amphiboles, and biotites. Textures are
medium to coarse grained, granitic, and locally sub-
graphic. The primary mineralogy is composed of
zoned plagioclase and amphibole, late crystallized
alkali feldspar with inclusions of biotite, quartz,
ilmenite, magnetite, apatite, and zircon. Imbrica-
tions of plagioclase, amphibole, and biotite are the
most evident deformational features. Simplectitic
intergrowths of amphibole and quartz are inter-
preted as a result of magmatic reactions, probably
on primary pyroxenes. Secondary minerals are wide-
spread in the tonalitic and quartz dioritic rocks; they
include chlorite, corrensite, actinolite, epidote,
albite, white mica, carbonates, and alkali feldspar.

The felsic rocks are monzo- and syenogranites
with an oriented fabric parallel to that of tonalitic
and quartz dioritic rocks, which is more intense
close to mylonitic zones. The foliation of monzo-
granites is generally defined by biotite orientation.
Along high-stress zones a few meters wide, feldspar
is replaced by white mica, quartz ribbons
are formed, and a mylonitic fabric is developed par-
allel to the host granite foliation. Primary textures
are generally granitic, medium to coarse grained,
and the major minerals are oligoclase, microcline,
quartz, and biotite. Chlorite, white mica, carbonate,
and epidote are the most abundant secondary
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FIG. 2. Amphibole classification (Leake et al., 1997) shows two groups of amphiboles with distinct FeO /FeO, + MgO

ratios in the Mina Rio dos Bugres granitoids.

minerals in the monzogranites. Syenogranites are
leucocratic, with medium- to coarse-grained gra-
nitic texture, and with an isotropic to moderately
oriented fabric, defined by orientation of micas.
Pegmatitic and graphic textures are abundant. They
are constituted mostly by euhedral to subhedral
microcline, albitic plagioclase, biotite, generally
replaced by white mica, and late crystallized quartz.
The secondary mineralogy is mainly white mica,
chlorite, epidote, and carbonate. Mylonitic textures
are similar to those observed in monzogranites. Rhy-
olite dikes crosscut the mafic and felsic rocks.
Magmatic amphibole composition was deter-
mined by microprobe in five samples of quartz dior-
ite and tonalite and their classification was based on
Leake et al. (1997). Fe™* was calculated according
to the procedure of Droop (1987). Two groups of
amphiboles, with different proportions of Mg/Fe**,
were observed (Fig. 2): magnesiohornblende to
tschermakite and ferrohornblende-magnesiohorn-
blende to ferrotschermakite. The former group
occurs in the less differentiated diorites and is typi-
cally composed of poikilitic grains with biotite
inclusions, whereas the second occurs in the more
differentiated tonalites, generally as euhedral grains
with sharp contacts with biotite. Magnesiohorn-
blende is mostly altered to biotite or secondary acti-
nolite. Mg/(Mg+Fe**) ratio varies in each group from
0.57 t0 0.75 and from 0.42 to 0.56, respectively. The
presence of these distinct groups of amphiboles
(Fig. 2) suggests that quartz diorites and tonalites

crystallized from different liquids, under different
oxidation conditions, and do not represent the single
evolution in a closed system. The Al content in
magnesian and ferrohornblende is relatively high,
and suggests they were crystallized under pressures
close to 2-3 kbar according to the curves suggested
by Anderson and Smith (1995) for temperatures
about 700°C.

Biotite is present in tonalite as subhedral grains,
generally associated with amphiboles, and in places
altered to chlorite. In monzogranites and syenogran-
ites, biotite is generally transformed to white mica
and presents greenish plechroism, and its composi-
tion reflects these transformations. MR3 2R3 3R?2
diagram (Velde, 1985) shows three compositional
groups of micas and different alteration trends of
biotite from tonalites and biotites from monzo- and
syenogranites. Fe/(Fe+Mg) ratios in the biotite from
tonalites vary from 0.4 to 0.6 and are equivalent to
those of amphibole, confirming their simultaneous
crystallization under magmatic conditions. Mg and
Al contents are comparable to those found in biotites
of biotite + amphibole + pyroxene granites of sub-
alkaline series according to Nachit et al. (1985).

Plagioclase of tonalites shows euhedral to subhe-
dral forms and varies from An,, to An,; in the
monzonites it is in the range An, ,q, and in the
syenogranites it has a composition close to albite.
Alkali feldspar is compositionally very close to the
Or apex in the An-Ab-Or diagram, with Ab contents
under 20% and An lower than 5%.
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Bulk-Rock Geochemistry

Forty-two samples of granitic and quartz dioritic
rocks of the Rio dos Bugres mine region were
selected for major- and trace-element determina-
tions (Table 1). Mylonitic granitoids and albitized
granites were included among the selected samples
in order to control the compositional variations
caused by mylonitization and hydrothermalism.

The granitic samples were plotted in the cationic
diagram P (K-(Na+Ca)) versus Q (Si/3-(K+Na+2Ca/
3)) suggested by Debon et al. (1988), and were clas-
sified mostly as syenogranites and monzogranites,
including also granodiorites and quartz diorites. The
results are very similar to those obtained through
modal determinations plotted in the QAP diagram.
These same parameters also discriminate mylonitic
and hydrothermally altered rocks, plotted in the
right superior corner of this diagram. On the other
hand, albitized samples plot in the lower part of the
Q versus P diagram. This effect of albitization is
reflected in increased contents of normative albite.

The R1 (4Si-11(Na+K)-2(Fe+Ti)) versus R2
(6Ca + 2Mg + Al) cationic diagram, with the fields
suggested by Batchelor and Bowden (1985), shows
the studied samples assembled in three distinct

groups (Fig. 3). Quartz dioritic rocks have higher
values of R2, some granitoid samples plot in a field
typical of high-potassium granitoids, and the others
are localized close to the border of the anorogenic
granite field, which is considered the field of meta-
luminous granites of alkaline association by Nardi
(1991).

The studied samples plot close to the boundary
of subalkaline and silica-saturated alkaline rocks in
the TAS diagram (Fig. 4), for plutonic rocks (Mid-
dlemost, 1994). Intermediate rocks are subalkaline,
high-K rocks evolving to more alkaline acid compo-
sitions, in some cases with K,0/Na,O ratios reach-
ing values higher than 2.

Molecular proportions of alkalis and alumina
indicate that these granitoids are mostly metalumi-
nous, with peraluminous types among the two-mica
bearing granites and the leucocratic syenogranites.
Albitized rhyolites and albitites have (Na,O + K,0)
about 12 wt% and show peraluminous to metalumi-
nous natures. Mylonite generation along shear
zones, increase the peraluminous character of pro-
toliths, and cause Na and Ca depletion.

The distribution of samples in the diagrams
FeO,/MgO or (K,0 + Na,0)/CaO versus (Zr + Nb +
Ce + Y ppm) proposed by Whalen et al. (1987)
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FIG. 4. Samples of Rio dos Bugres Mine granitoids in the TAS diagram (Le Maitre, 1989).

suggests the relationship of this magmatism with
sources affected by subduction, such as those of
magmatic-arc or post-collisional associations,
evolving to alkaline with within-plate compositional
features. The same trend is observed in the Nb ver-
sus Y and (Nb + Y) versus Rb diagrams (Fig. 5;
Pearce et al., 1984; Pearce, 1996), where the post-
collisional character of this magmatism is indicated.
Rhyolite dike samples plot as typical products of
within-plate magmatism.

Chondrite-normalized REE patterns (Sun, 1982)
(Figs. 6 and 7) are similar for the major part of this
magmatism, except for the more alkaline composi-
tions, which show higher Yb values (Yby ~20-40)
and more intense negative-Eu anomalies (Smy/Euy
~10). Positive Eu anomalies are observed in some
samples with cumulatic feldspar. Quartz-dioritic
rocks present patterns with slight LREE to HREE
fractionation (Cey/Yby ~7) and small negative
Eu-anomalies (Smy/Euy ~2), which are similar to
those of high-K calc-alkaline magmas from evolved
continental arcs or from post-collisonal settings.
Similar REE patterns are also found in continental
tholeiitic rocks related to post-collisional settings,
where the magma sources still preserve the effects
of subduction-related metasomatism. In the more
differentiated monzogranites, the REE patterns pre-
serve the same characteristics, with slight LREE
enrichments and increase in the negative Eu anom-
alies. Syenogranites, locally with secondary musco-
vite, have REE patterns resembling those of

monzogranites, although with lesser amounts of
REE. The syenogranite samples from Rio dos
Bugres mine region show significant depletion of
LREE. Rhyolite dikes are REE enriched relative to
the previously described rocks, with intense nega-
tive Eu anomalies and slight fractionation of LREE
to HREE. Such REE patterns have been described
in acid alkaline volcanic or plutonic rocks with high
fluorine contents or from within-plate settings
(Bowden and Kinnaird, 1984).

The geochemical features of basic and acid rocks
are common in the post-collisional silica-saturated
alkaline magmatism, referred by several authors in
the southern Brazil region (Nardi and Bonin, 1991;
Bittencourt and Nardi, 1993). Albitization leads to
REE patterns with no fractionation of LREE to
HREE, with CeN and YbN values varying from 10 to
100, and very deep negative Eu anomalies.

Spidergrams with incompatible elements nor-
malized against the theoretical ocean-ridge granite
(Pearce et al., 1984) also illustrate the similarity of
granitic rocks from Rio dos Bugres mine region and
granitoids from mature continental arcs or from
post-collisional settings (Fig. 8). The low LREE/Nb
ratios of these magmatic rocks indicate their deriva-
tion from sources affected by previous subduction
(Thompson et al., 1984). .

The representation of major-element oxides
against Si0, shows linear trends for compatible ele-
ments such as Ca0, MgO and FeO, whereas ALO,,
Na,0, and P,0. show patterns that indicate strong



Downloaded by [134.117.10.200] at 21:04 30 December 2014

FLUORITE DEPOSITS, BRAZIL 73

2000 i

1000 Syn-COLG

100

Rb

10

- S
®

ORG

1 10

1000 e —

100 1000

100

Nb

OSEoLe
10

1 Ll

WPG

o

Py

®
vl

1 10

B Qz-diorites to tonalites @
+ Regional granitoids 4

100 1000
Y

Monzogranites and syenogranites
Rhyolites

FIG. 5. Samples of Rio dos Bugres Mine granitoids in the Rb x Y + Nb and Y x Nb diagrams of Pearce et al. (1984)

and Pearce (1996).

enrichment in the more contaminated mafic rocks,
like those observed in contaminated mafic micro-
granular enclaves (Nardi and Lima, 2000) produced
by mingling of compositionally contrasting magmas.
Quartz-diorites and tonalites have geochemical fea-
tures that suggest they represent hybridized dioritic
magmas, probably due to partial mixing with
granitic melts.

The distinct geochemical features of rhyolite
dikes, mainly the higher HREE, Nb, Y, and alkali-
element contents, result in a more prominent alka-
line and within-plate character, observed in the lat-
est magmatism associated with the transcurrent
post-collisonal tectonics in southern Brazil (Nardi
and Bonin, 1991; Bitencourt and Nardi 1993).

Final Considerations

Basic and acidic magmas, presently represented
by quartz-diorite-tonalite and granite-pegma-
tite-aplite associations, were simultaneously
emplaced during the late stages of transcurrent
events, related with the post-collisional stages
(Liégeois, 1998) of the Brasiliano-Pan-African
cycle, in the Rio dos Bugres mine region, southern
Brazil. Partial mixing produced mainly hybrid tonal-
itic to quartz dioritic rocks. Structural patterns are
consistent with late-transcurrent magmatism, where
most fabrics were formed by magmatic flow con-
trolled by transcurrent tectonic, and solid-state
deformation is mostly localized along narrow shear
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FIG. 6. REE chondrite-normalized patterns of dioritic
(A) and tonalitic granitoids (B) from Rio dos Bugres Mine
granitoids.

zones. Mylonites were produced along these narrow
high-stress zones with thickness of up to a few
meters.

The less differentiated rocks of this region are
diorites and quartz diorites, whose trace-element
compositions are similar to those of mildly alkaline
basic rocks from the postcollisional Zimbros Intru-
sive Suite ( Bitencourt and Nardi, 1993) and to
low-TiO, basalts from the Parand Basin (Peate et al.,
1988).

The basic magmatism in the Rio dos Bugres
mine region shows a mildly alkaline silica-saturated
affinity, also comparable to continental tholeiitic
(CFB-type) magmatism, with a variable contamina-
tion by granite melts, which modified their miner-
alogical and chemical composition. The
compositional similarity of the studied quartz dior-
itic rocks with low-TiO, basalts from Parand Basin
magmatism is interpreted as evidence that both were

200
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Fi6. 7. REE chondrite-normalized patterns of granites
(A) and albitized granites (B) from Rio dos Bugres Mine gran-
itoids.

derived from similar mantle sources, as previously
suggested by Bitencourt and Nardi (1993) for
Neoproterozoic basic rocks from the Zimbros Intru-
sive Suite in the Porto Belo region. Granite melts
have compositions consistent with melts derived
from orthogneissic sequences, or may have been
generated from reaction of mildly alkaline basic
magmas with the metamorphic basement. Such a
petrogenetic model was suggested by Patifio Douce
(1995) and seems particularly suitable for high-K
granites of tholeiitic affinity. Intermediate rocks
were interpreted as produced from hybrid magmas
generated by mixing.

The consistency of trace-element and REE pat-
terns of basic and granitic rocks suggests that they
can have a genetic relationship, which could be
explained by the model of reaction between mantle
basic melts and crustal metamorphic sequences
developed by Patifio-Douce (1995, 1999).
Geochemical patterns for major and trace elements
are distinct for relatively unaltered and albitized
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granites with fluorite, which can be used as criteria Acknowledgments
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