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Abstract

2 The southern sector of Uruguay was intruded by numerous granitic plutons during the Brasiliano Cycle. The granites
and granodiorites of the Carapé Complex comprise a large part of the Neoproterozoic terrain exposed in southern
x® Uruguay. Typological and age relationships show that the characteristic of the granitic rocks changed during the Brasiliano
SONBWANA gr-_s?—"?‘ Cycle. Four groups of granitoids can be distinguished according to their emplacement. The first group corresponds to the
Campanero Unit, interpreted as a pre-Brasiliano basement, which includes mainly preorogenic granites. The second
group, Pan de Azticar and related granitoids, includes synorogenic granites and granodiorites. The third granitoid group,
Dos Hermanos Granite and related plutons, is classified as late- to postorogenic granites. Finally, the fourth group,
consisting of the Aguila Granite and related plutons, is represented by alkaline amphibole-biotite granites and are
considered as post-collisional alkaline granites, which we assign to an extensional event associated with post-collisional
slab-break off marking the end of the late Proterozoic Brasiliano orogenic cycle. Most of the granitic plutons in this area
(2,300 km?) are relatively well exposed and have well-defined intrusive relationships with the metamorphic country-
rocks. These granitic rocks are the result of successive magma pulses from similar magma chambers through the late

Proterozoic to early Paleozoic times.

Key words: Granitoids, geochemistry, Brasiliano Cycle, Uruguay, petrography

Introduction

The first reference to the granitoids of the Sierra de
Carapé area was made by Walther (1927) who described
the region as composed of Archean protomylonitic granites
and gneisses. Bossi (1983) defined the Carapé Group as
a medium- to high-grade metamorphic unit, represented
lithologically by mica-schists, amphibolites, marbles and
gneisses. This group had its evolution coeval with that of
the Lavalleja Group and was considered part of the
crystalline basement of the latter (Bossi, 1983). Preciozzi
et al. (1985) redefined the Carapé Group as a gneissic-
migmatitic complex with granitic intrusions developed
between the Lavalleja and Rocha Groups, with ortho- and
para-gneisses, amphibolites and migmatites as the main
lithotypes.

The Carapé Group as defined by Preciozzi et al. (1985)
and Bossi (1983) among others, presents an intricate
lithological association comprising medium- to high-grade
para-metamorphic rocks (amphibolites and gneisses) and
pre- to postorogenic granites. Sanchez-Bettucci (1998)

proposed to include the supracrustal metamorphic rocks
in the Lavalleja Group and reunited the granitic lithologies
into a single unit, the Carapé Complex, based on
international stratigraphic criteria (ISG, 1994). On the
other hand, due to the great compositional variation and
to the scarce geologic, geochronological, and geochemical
studies in the area, it is suggested, in this study, to redefine
the Carapé Group as the Carapé Granitic Complex. This
Complex comprises the syn-, and late- to postorogenic
granitoids, emplaced in a pre-Brasiliano Basement
(Campanero Unit) composed of preorogenic granites,
migmatites and mylonites, and in Brasiliano supracrustals
of the Lavalleja Group. In this study we propose that the
post-collisional alkaline granites are related to a
magmatism that can be linked to the eruptive rocks of
the Sierra de Las Animas Complex.

This paper is a preliminary attempt to establish the
relationships between the different granitic plutons and
granitoid types of southeastern Uruguay, exposed along
a belt of about 300 km in a northeast-southwest direction,
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and 5 to 40 km in width (Fig. 1). The aim is also to present
the regional distribution of different granitoid types
related to the main geological structures and to propose
a geodynamic evolution for the Brasiliano magmatic belt
at these latitudes. In this study, petrographic and
geochemical data of 18 granitic plutons are presented.
The petrogenesis of these rocks is discussed using all
available geochemical data.

Geologic Setting

The Carapé Granitic Complex is exposed between
34°18' and 34°35'S latitude and between 56°09' and
56°23' W longitude in southeastern Uruguay (Fig. 1). It
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is bounded in the study area by the Lavalleja Group
towards the west, and by the Sierra Ballena Shear Zone
to the east (Fig. 2).

The Lavalleja Group consists of a late Proterozoic
volcano-sedimentary sequence affected by a regional
prograde metamorphism developed during the Brasiliano
orogeny. Based on petrology, geochemistry and
metamorphic grade, a back-arc basin tectonic setting
is suggested for the Lavalleja Group (Sdnchez-Bettucci
et al., 2001).

The Sierra Ballena Shear Zone is a regional NE-trending
sinistral strike-slip mega-shear. Fragoso-Cesar et al. (1987)
considered it as an intraplate shear zone related to an
oblique collision. Fernande et al. (1992) suggested that
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Fig. 1. Location of the study area in a simplified geological map of Uruguay showing the most important Proterozoic units (modified from Sdnchez-

Bettucci, 1998).
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Fig. 2. Geological map of the study area showing the major Neoproterozoic units (simplified from Sanchez-Bettucci, 1998).

this shear zone, known as Dorsal Canguct in southern
Brazil, is the result of late Brasiliano deformation with an
important longitudinal transport. Mantovani et al. (1995)
pointed out that this unit continues through the Major
Gercino Shear Zone. Basei and Teixeira (1987) considered
the Major Gercino Shear Zone a crustal discontinuity, and
proposed that it represents a suture zone. This shear zone
is also characterized by negative gravity anomalies
(Mantovani et al., 1995).

The studied plutons are emplaced in low- to medium-
grade metamorphosed supracrustals of the Lavalleja
Group and in gneisses, protomylonites and mylonites of
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the Campanero Unit. The plutons have a great variety of
exposures, from a few kilometers to 160 km?. Some of
them have oval-shapes, from 0.5 to 1.5 km wide and
concordant with the regional foliation, while others are
elliptically shaped and discordant with the host-rock.
Chilled margins or metamorphic aureoles are not a
common feature in the host-rocks. The most frequent
colors are light pink to grey and the textures are usually
medium-grained and non-porphyric. Textural variations
enhanced by deformation are indicated by the local
development of mylonitic foliation. Stretching lineations
and breccias are frequent structural features due to the
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reactivation of the Sierra Ballena Shear Zone. In some
cases, the buckling and twinning in plagioclases and
biotite sheets, as well as breccia formation and localized
foliation development within some plutons can be linked
with the activity of this shear zone. The geometry of the
original intrusive contacts is obliterated by intense non-
coaxial deformation.

The granitoids exposed in the study area can be divided
into four main groups based on their field relations,
petrography, geochemistry, and structural features. The
first group corresponds to the Campanero Unit, interpreted
as a pre-Brasiliano basement which includes mainly
preorogenic granites characterized by plutons with highly
variable composition and little to intense deformation.
The second group, Pan de Aztcar and related granitoids,
includes synorogenic granites and granodiorites
(following Paterson et al., 1989) characterized mainly by
their emplacement during the regional deformation
period. They exhibit foliation associated with a magmatic
flow stage and tectonic foliation related to solid-state
deformation as well. The foliation and the stretching
lineation, marked by the orientation of biotite and/or
amphibole, is normally consistent with that of the host
rock. The presence of foliation triple points is a common
feature. The third granitoid group, Dos Hermanos Granite
and related plutons, is classified as late- to postorogenic
granites. Finally, the fourth group, consisting of the Aguila
Granite and related plutons, is represented by alkaline
amphibole-biotite granites, characterized by small plutons
discordant with the foliation of the host rock. This group
was included in the Carapé Complex as anorogenic
granites by Sanchez-Bettucci (1998), but in this work
these granites are considered as post-collisional alkaline
granites and linked to the genesis of the magma of the
Sierra de Las Animas Complex. This Complex,
characterized by a bimodal volcanic and subvolcanic suite
(Fig. 2), has been assigned to an extensional event
associated with post-collisional slab-break off which marks
the end of the late Proterozoic Brasiliano orogenic cycle
(Oyhantcabal et al., 1993; Sanchez-Bettucci, 1998). It is
represented by syenites, granites, trachytes, rhyolites,
ignimbrites, basalts and intercalated sediments.
Radiometric ages by different methods on different
lithologies range from 615 to 500 Ma (Linares and
Sanchez-Bettucci, 1997).

The ages of the granitoids can be divided into three
groups, the first one includes ages between 540-500 Ma,
the second group ranges from 600 to 540 Ma, and the
ages of the third group vary between 850 and 750 Ma.
The geochronological data from Brazil presented by
Soliani (1986), Basei et al. (1997), among others,
corroborates these three magmatic stages.

Petrography
Preorogenic granitoids: The Campanero Unit

This unit is represented by a group of heterogeneous
and ductile-deformed granitic plutons showing distinct
mylonitization and recrystallization. The main
petrographic-structural feature is a mylonitic foliation with
recrystallization processes (blastesis). The most frequent
textures are gneissic, mylonitic, and protomylonitic. The
azimuth of the mylonitic foliation is highly variable but
the regional trend is 030°. The mylonitic lineation is
oriented in a NE trend and subhorizontal plunge sub-
parallel to the displacement directions (Fig. 2) of the
Pan de Azucar thrust fault.

The granites of the Campanero Unit are composed of
various lithotypes (e.g., fine-grained equigranular biotite
granite, medium-grained inequigranular biotite granite,
and medium-grained inequigranular biotite leucogranite).
These granitoids have undergone grain-scale penetrative
deformation. Plagioclase with tabular shape usually shows
flexured twins, whereas the perthitic K-feldspars crystals
are anhedral. The mafic minerals are biotite and
amphibole. The main accessory minerals are sphene,
apatite, tourmaline, allanite, garnet (spessartine) and
zircon, while sericite, epidote, iron oxides and epidote
represent the secondary minerals. Migmatite-like rocks
are also included in the Campanero Unit. They are
composed of biotite, K-feldspar and quartz, and
characterized by distinct segregations of leucocratic and
melanocratic domains.

Synorogenic granitoids: Pan de Agzticar and related
granitoids

The general characteristic of these synorogenic
granites in the area is their emplacement concordant
with the regional structures of the host rock (Campanero
Unit). The Puntas del Pan de Azdcar Granite and the
Penitente Granite are emplaced in tectonic contact
with the Lavalleja Group, while the Guayabo Granite is
located immediately to the west of the Sierra Ballena
Shear Zone. The Buey Muerto Granite {(Sdnchez-Bettucci,
1998) is located to the southeast of the Penitente Granite
(Fig. 2).

The Rb/Sr age of the Penitente Granite is 779+24 Ma
(Preciozzi et al., 1993).

They generally present pink to light grey-whitish colors,
and vary from fine-grained heterogranular granites with
protomylonitic textures to porphyritic leucogranites of
shallow emplacements. The accessory minerals are
epidote, zircon, and large euhedral garnet crystals
(Table 1). The emplacement appears to be closely related
to thrusting, resulting in the continuous deformation of
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the granites since the magmatic stage and down into sub-
solidus conditions. Two small klippes of the Puntas del
Pan de Azdcar Granite with an area of 10 km? (Fig. 2)
were also recognized. Shear-sense indicators include the
following: S-C fabrics, asymmetrical extensional shear
bands, rotated porphyroclasts and strain-insensitive
foliations. These shear-sense indicators consistently record
a sinistral NE-trending sense of shear. Transitions into syn-
deformational migmatites are locally observed.

Late to postorogenic granites: Dos Hermanos Granite and
related plutons

These granites are epizonal plutons that show
discordant contacts with a thermally perturbed host-rock.
Two distinct groups of granites have been recognized
according to their field characteristics and petrographic
and geochemical data: late- and postorogenic granites.
The Dos Hermanos, La Calera, and Sierra de Carapé are
lateorogenic granites, whereas the Minas, Mateo, El
Renegado, Perdido Chico, Cerros Mozos, Piedra del
Sombrero and Bombero are classified as postorogenic
granites. The general features of these plutons are given
in table 2.

The most important feature of the postorogenic granites
is that they crosscut all previous structures.

Post-collisional alkaline granites: Aguila Granite and related
plutons

Post-collisional alkaline granites are usually related to
extension and/or shearing following collision (Sylvester,
1989). It is widely recognized that extension plays an
important role in the late stages of orogen evolution,
especially during the extensional collapse of orogens
(Dewey, 1988). In the study area, these type of plutons
are represented by equant-rounded geometries, showing
sharp contacts with the host rocks and lacking any
deformation. Petrographically, they are characterized by

hypidiomorphic textures constituted by coarse-grained K-
feldspars (perthitic orthoclase), anhedral quartz
occupying interstitial positions, scarce plagioclase, alkaline
amphiboles and biotite. The most common accessory
minerals are opaques (pyrite), zircon, apatite and sphene.
In some samples, myrmekitic intergrowths are observed.
The alteration minerals are sericite, calcite, chlorite and
epidote.

These plutons were included in the Carapé Complex
as anorogenic granites by Sanchez-Bettucci (1998), but
are considered in this work as part of Sierra de Las Animas
Complex. Small intrusive plutons had been previously
recognized and defined as alkaline syenogranites
(Oyhantgabal et al., 1993; Sanchez-Bettucci, 1998). The
general features of these plutons are given in table 3.

Geochemistry

Analytical techniques

Electron microprobe analysis for major elements and
Instrumental Neutron Activation Analyses (INAA) for trace
elements were performed at Cornell University. Typical
20-precision and 1-5% of accuracy are estimated for major
elements (e.g., >1 wt. %) and ~5-10% for minor elements
(e.g., <1 wt.%) based on replicate analysis of glass
standards. Trace elements analysis by INAA were done
on 0.5 g of sample powder packed in ultrapure Suprasil
quartz tubing. Ten samples were packed along with three
internal standards and irradiated in a TRIGA reactor (Ward
Laboratory, Cornell University) at a power level of
~400 kW for 3-4 hours. Samples and standards were
counted for 4—10 hours on an Ortec Intrinsic Ge detector;
6 and ~40 days after irradiation. Precision and accuracy
(20) based on replicate standards analysis is 2—-5% for all
elements except U, Sr, and Nd which are ~8%. Eight
analyses were carried out by Activation Laboratories LTD.,

Table 3. Petrographical features of post-collisional alkaline granitoids: Aguila Granite and related plutons.

Granite Aguila Alkaline syenogranites Cafiada de los Sauces
(undifferentiated)

Area 22 km? 5 to 15 km? 8 km?

Color Red Gray Pink

Grain size Medium- to coarse-grained Medium to coarse-grained Medium-grained

Texture Equigranular Equigranular Equigranular

Mineralogy Qz mosaic textures, Ab with antiperthites, Perthitic KF, Qz, Ab, Fa Ab, KF, euhedral

perthitic (vermiform and patches)

KF, Bt, Ab, Fa (iddingsite),

CPx (Au and Aeg-Au), zoned,

scarce alk-Am (Arf)

Zr, Ap, All, Ep, Om

Rectangular with subrounded borders

Accessory minerals
Shape of pluton

(iddingsite), Cpx
(subehuedral Au, Aeg-Au),
zoned Cpx, Am (Arf)

alkaline Am; Qz (<5%)

Ep, Zr, Om
Subrounded

Sp, Ep
Subrounded

Abbreviations see table 1.
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Canada (samples 2058, 6127, 6190, 6191, 6192, 6194,
6195 and 6198). The analytical methods were fusion-ICP
for the determination of major elements, and digestion-
ICP total and XRF for trace and rare earth elements.
Eighteen whole-rock analyses of representative granitoids
are given in tables 4a and b.

Results

Major elements: The analyzed samples range from 62.1
to 74.8 wt.% SiO,.

The data distribution in the Na,O + K,0O v. SiO, (Irvine
and Baragar, 1971) diagram shows that 17 samples are
subalkaline and only one alkaline (Fig. 3). Further
subdivisions were made using the AFM diagram (Fig. 4).
The diagram shows a common trend with the granites
plotting in the calc-alkaline field.

In the Ab-An-Or diagram (O’Connor, 1965), the
samples fall mainly in the granite, granodiorite and
trondhjemite fields (Fig. 5). The mobility of certain elements
(e.g., Na,0) and the albitization observed commonly in
some samples may explain the shifts towards the
trondhjemite field.

On the other hand, the relationships of K,0 v. SiO,
(Le Maitre, 1989) show a distribution in the medium to
high potassium calc-alkaline fields (Fig. 6).

Further attempts to classify the granitoid rocks were
made using the diagrams of Maniar and Piccoli (1989).
According to this classification (Fig. 7a) the granitoids of
the Carapé Complex plot as follows: six samples in the
peraluminous field, seven in the metaluminous field, one
in the peralkaline (M20c) field and two in the limit
metaluminous—peraluminous fields. The peralkaline

20 r . . . . . . . .

18 |- i
16 | g
14 .
£ 12t * J
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Q 3
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8 6 F 4
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Fig. 3. SiO, v. Na,0 + K,O plot showing the position of the granitoid
rocks of the Carapé Complex. Fields after Irvine and Baragar
(1971). Symbols: filled circles represent late- to postorogenic
granites, triangles represent synorogenic granites, stars represent
post-collisional alkaline granites.
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Calc-Alkaline

¥ Y.

Na,0 + K,0 MgO

Fig. 4. AFM diagram ([Na,O + K,0] - FeO - MgO) for samples of the
Carapé Complex. Curved line is the division of Irvine and
Baragar (1971) into calc-alkaline (below) and tholeiitic (above)
fields. Symbols: filled circles represent late- to postorogenic
granites, triangles represent synorogenic granites, stars represent
post-collisional alkaline granites.

Anorthite

A: Tonalite

B: Granodiorite
C: Adamellite
D:Trondhjemite
E: Granite

Albite Orthoclase

Fig. 5. O’Connor (1965) ternary diagram for the classification of
granitic rocks. The granitoids of the Carapé Complex plot in the
trondhjemite and granite fields. Symbols: filled circles represent
late- to postorogenic granites, triangles represent synorogenic
granites, stars represent post-collisional alkaline granites.

granite (M20c) is characterized by the presence of olivine
(fayalite), pyroxene (aegirine), and alkaline amphibole,
while the peraluminous granites are characterized by the
presence of garnet, tourmaline, biotite, muscovite, apatite
and zircon. Mineralogically, the metaluminous granite
contains hornblende, epidote, biotite, and subordinate
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Fig. 6. Diagram of SiO, v. K,0 showing the distribution of the high-,
medium- and low-K fields (Le Maitre, 1989). The granitoids of
the Carapé Complex plot in the medium- and high-K fields.
Symbols: filled circles represent late- to postorogenic granites,
triangles represent synorogenic granites, stars represent post-
collisional alkaline granites.

muscovite, magnetite, apatite and zircon. When the
samples are plotted in the Maniar and Piccoli (1989)
diagram, they show an erratic distribution (Fig. 7b),
although most of them plot in the postorogenic and
IAG + CAG + CCG fields.

In the R1/R2 diagram of La Roche et al. (1980) most
of the samples plot in the lateorogenic and syn-collisional
fields, indicating that their distribution according to
different environments (proposed by Batchelor and
Bowden, 1985) (Fig. 8), and partially corroborates the
petrographic descriptions. The resolution of the diagram
in this area is low because it corresponds with a minimum
melt composition where all granitoids evolve (Batchelor
and Bowden, 1985).

Brown (1982) proposed the arc-maturity using a
Si0, v. log [CaO/(Na,O + K,0)] diagram. The samples of
the Carapé Complex plotted in this diagram (Fig. 9) show
a relative maturity which corresponds to a normal calc-
alkaline magmatism with an extrapolated Peacock’s index
near 60 wt.% SiO,,.

Minor elements: The concentrations of Sr and Ba show
a distribution that could indicate participation of crustal
materials (Fig. 10). Bonin (1990) suggested that the
relatively high concentrations of Ba and Sr separate the
postorogenic from the anorogenic granites, attributing
Ba enrichment to the fractionation of alkali feldspar in
magmas with low pH,0. The gradual increase of Ba in
relationship to Sr shows that K-feldspar and plagioclase
were removed in the differentiation sequence.

Pearce et al. (1984, 1998) proposed that the variation
in the content of Ba in within-plate granites is related to
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Fig. 7. (a) Shand index for the analyzed samples. (b) Different tectonic
settings (Maniar and Piccoli, 1989) based on FeO* /(FeO* +
MgO) v. SiO, diagram. RRG (rift-related granitoids), CEUG
(continental epiorogenic uplift granitoids), IAG (island arc
granitoids), CAG (continental arc granitoids), CCG (continental
collision granitoids), POG (postorogenic granitoids). Symbols:
filled circles represent late- to postorogenic granites, triangle
represents synorogenic granites, stars represent post-collisional
alkaline granites.

the degree of mantle source enrichment. Figure 10 shows
three potential trends; one high in Ba related to Sr, a
second trend low in Ba related to Sr and the last one,
with low Ba and Sr.

The Nb v. Ba relationship (Fig. 11a) suggests an important
crustal influence. Crustal melting under conditions of low
pH,0, related with biotite desequilibrium can generate
Ba rich liquids. Ba contents (Fig. 11b) are relatively high
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Fig. 8. R1/R2 diagram (La Roche et al., 1980) depicting the different
tectonic domains of Batchelor and Bowden (1985) for the
granitic rocks of the Carapé Complex. See text for discussion.
Symbols: filled circles represent late- to postorogenic granites,
triangles represent synorogenic granites, stars represent post-
collisional alkaline granites.
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Fig. 9. Plot of the Carapé Complex samples in Brown’s (1982) diagram
showing relative maturity. Alkali ratio-silica trends for: 1-Tonga
S. Sandwich, 2-New Zealand, 3-Field of normal calc-alkaline
andesites, 4—Western Americas, Aleutians, Japan, etc., 5-New
Guinea. Symbols: filled circles represent late- to postorogenic
granites, triangles represent synorogenic granites, stars represent
post-collisional alkaline granites.
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Fig. 10. Sr v. Ba diagram of the Carapé Complex samples showing
three different trends. Symbols: filled circles represent late- to
postorogenic granites, triangles represent synorogenic granites,
stars represent post-collisional alkaline granites.

(>740 ppm except in sample M20c). The Ba behaviour is
controlled by several factors, such as the magma alkalinity,
source, and the evolutionary history.

Data for Y, Nb, Rb, and Zr are available on eight samples.
These samples plotted in the Y + Nb v. Rb diagram (Pearce
et al., 1984) show a well-defined cluster in the VAG field
and another cluster in the post-COLG field (Fig. 12a). On
the other hand, the Y v. Nb diagram (Pearce et al., 1984)
illustrates a cluster in the VAG + syn-COLG field and
another cluster in the transition between VAG + syn-COLG
and anomalous ridge ORG fields (Fig. 12b).

Brown et al. (1984) proposed that the ratios
(Ta, Nb)/(K, Rb, La) are not significantly affected by
crystal fractionation and can be used to evaluate the arc-
maturity. When the granites typified as VAG in figure 12a
are plotted in the Rb/Zr v. Y and Rb/Zr v. Nb diagrams
(Brown et al., 1984), the samples fall in the intermediate
maturity arc region (Fig. 13a and b).

The trivariate plot of Hf-Rb/30-Ta x 3 (Harris et al.,
1986) discriminates collisional setting, separated into syn-
collisional and late- and post-collisional, within-plate, and
volcanic arc. The granites of the Carapé Complex plot in
the volcanic arc field (Fig. 14). The post-collisional
alkaline granite plot into the within-plate field.

Rare earth elements:The chondrite-normalized patterns
of REE for the selected rocks of the Carapé Complex are
shown in figure 15. The REE patterns suggest a moderate
fractionation and in general, they present small negative
Eu anomalies except the M20d sample that shows a small
Eu positive anomaly. A prominent negative anomaly can
be observed in two samples (Fig. 15a).

Three kinds of REE patterns can be recognized. The
first type (Fig. 15a) is characterized by REE abundances
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Fig. 11. (a) Nbv. Ba diagram for the analyzed samples. (b) SiO, v. Ba
diagram. See text for discussion. Symbols: filled circles represent
late- to postorogenic granites, triangles represent synorogenic
granites stars represent post-collisional alkaline granites.

between 20 and 400 related to chondrite composition
(Sun, 1982), low H-REE to L-REE fractionation, and
prominent negative Eu anomalies. These samples
correspond to the post-collisional alkaline granites
(following Sylvester, 1989). The second pattern is
characterized by abundances between 1 and 800 related to
chondrite composition (Sun, 1982), medium H-REE to L-REE
fractionation, and very small or lack of Eu negative anomalies
(Fig. 15b), therefore corresponding to post-collisional
subalkaline granites. The third pattern, with 0.4 to 110
REE abundances related to chondrite (Sun, 1982), low
to medium H-REE to L-REE fractionation, and lack of
negative Eu anomalies correspond to volcanic arc granites.
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Fig. 12. (a) Analyzed samples in Pearce et al. (1984) diagram, showing a
cluster in VAG (Volcanic arc granites) field and another cluster
in post-COLG (post-collisional granites). WPG (within - plate
granites). (b) Analyzed samples in Pearce et al. (1984) diagram,
showing a cluster in VAG + Syn-COLG (Volcanic arc granites +
syn-collisional granites) field and another cluster in ORG anom.
ridge (Ocean ridge anomalous granites). Symbols: filled circles
represent late- to postorogenic granites, triangle represents
synorogenic granites.

Cullers and Graf (1984) pointed out that positive Eu
anomalies could indicate a crustal source with melting of
rocks like amphibolites, eclogites or garnet-amphibolites.
The crystallization of garnet and amphibole from low
differentiated melts can produce positive Eu anomalies
and marked fractionation of L-REE relative to H-REE.
Lithologies like trondhjemites, tonalities, quartz diorites
and granodiorites with negative Eu anomalies commonly
present a low absolute content in REE (10.5-144 ppm),
and similar L-REE/H-REE ratios (La/Lu, = 5.0-77.5)

Gondwana Research, V. 6, No. 1, 2003
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Fig. 13. (a) Rb/Zr v. Y, and (b) Rb/Zr v. Nb diagrams after Brown et al.
(1984) showing a normal maturity arc for the Carapé Granitic
Complex. In both plots Rb/Zr is higher and Y or Nb lower for
late- to postorogenic granites. Symbols: filled circles represent
late- to postorogenic granites, triangles represent synorogenic
granites, stars represent post-collisional alkaline granites.

to that of an island arc (Cullers and Graf, 1984). Rocks
with small or without Eu anomaly present moderate to
low amounts of REE (between 12 and 273 ppm) and
variable L-REE/H-REE ratios. Monzogranites and
syenogranites (granites) show REE abundances between
8 and 1997 ppm, while the relationship La /Lu, varies
between 0.54 and 137 and Eu/Sm, ratios range from
0.0009 to 1.07 (Cullers and Graf, 1984).

The samples of the Carapé Complex display a La /Lu
ratio between 5.1 and 83.4 except one sample with a

Gondwana Research, V. 6, No. 1, 2003
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Fig. 14. Triangular Hf-Rb-Ta diagram (Harris et al., 1986) showing the
distribution of the Carapé Complex in the Volcanic arc and
Within - plate fields. Symbols: filled circles represent late- to
postorogenic granites, triangles represent synorogenic granites,
stars represent post-collisional alkaline granites.

value of 311.8, while the Eu,/Sm, ratio range from 0.12
to 0.79. The REE abundances range between 0.03 and
428. These features are compatible with monzogranite
and syenogranite series.

Age and Correlations

The temporal and geographical distribution of the
different types of Brasiliano granitoids provide insights
into possible tectono-thermal processes that may have
operated in the crust throughout the evolution of the
Brasiliano Cycle. In the past, many geologists have
speculated that the bulk of the Carapé Granitic Complex
could have been related to a magmatic arc, associated
with a subduction system and its successive stages
(Fragoso-Cesar, 1991; Fernandes et al., 1992). However,
new geological and petrologic data have shown that
the closure of a back-arc basin is also involved in a
more complex history (Sdnchez-Bettucci, 1998;
Sanchez-Bettucci et al., 2001). The Brasiliano granitic belt
in Uruguay has not been studied in detail based on
geochemical and geochronological grounds. The
geochronological data presented here (Table 5)
corresponds to a small portion of the granitoid rocks of
the Carapé Complex and only in some cases it is possible
to extrapolate. Radiometric ages were determined at the
Instituto de Geocronologia y Geologia Isotdpica (INGEIS),
using the K/Ar (whole-rock) method. Although the data
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Fig. 15. (a) Chondrite normalized REE variation diagram for the post
collisional alkaline granitoids (Sierra de Las Animas Complex)
showing very low fractionation and negative Eu anomalies.
(b) Chondrite normalized REE variation diagram for the Carapé
Granitic Complex, showing medium fractionation and small
or absent Eu anomalies. (¢) Chondrite normalized REE variation
diagram for the Carapé Granitic Complex, showing low fract-
ionation and small or absent Eu anomalies. Sample references
are ordered from low to high La content. Normalization constant
from Sun {1982). Symbols: filled circles represent late- to
postorogenic granites, triangles represent synorogenic granites,
stars represent post-collisional alkaline granites.

are limited, they allow distinguishing different magmatic
events.

The granitic rocks of the Carapé Complex are correlated
with those located in the south of Brazil, which are also
part of the Dom Feliciano Belt (following Fragoso-Cesar,
1980). Most of the granitic rocks formed in the Brasiliano
Cycle in Brazil are of calc-alkaline affinity with
subordinate alkaline occurrences and their compositional
evolution can be related to different tectonic episodes
associated with the Brasiliano collisional event (Fernandes
et al., 1992). The more evolved metaluminous terms
were grouped as the Dom Feliciano Granitic Suite
(Fragoso-Cesar, 1980). Gastal et al. (1995) suggested that
the shoshonitic and alkaline nature is transitional related
to postorogenic granites.

The ages of the Carapé Complex granitoids are
discriminated into three groups. The first one yields ages
from 500 to 540 Ma, while the second gives values of
600-540 Ma. The third group comprises rocks ranging
from 750 to 850 Ma. Although the geochronological data
are scarce in Uruguay, the granitic rocks in Rio Grande do
Sul, southern Brazil, have been extensively dated. The
geochronological data from Brazil (Soliani, 1986;
Tommasi and Fernandes, 1990; Fernandes et al., 1992;
Basei et al., 1997) are consistent with these three groups
of ages and, requires the development of significant
volumes of granitic magma. Fragoso-Cesar (1991)
presented evidences for the existence of Andean-type arc-
magmatism in the Pinheiro Machado’s calc-alkaline
Complex. These calc-alkaline granitic rocks were dated
by Rb~Sr method at 770 to 890 Ma (Soliani, 1986;
Fragoso-Cesar, 1991). They correlate in Uruguay with the
Penitente Granite with a Rb/Sr age of 779+24 Ma, the
Aigud Granite with an age of 582+31 Ma, and the
Florencia Granite of 591+95 Ma (Preciozzi et al., 1993).

Preciozzi et al. (1993) outlined the evolution for the
Dom Feliciano Belt characterized by four major events.
The first one would be represented by low- to high-grade
metamorphism of the supracrustal Lavalleja Group
responsible for the origin of orthogneisses and migmatites.
In this event, the synorogenic granites would have been
generated around 880-770 Ma. Shear zones with
associated granitoids of ca. 650 Ma represent the second
event, The regional framework of the supracrustal rocks
was established during this event. The third event is
characterized by late-wrenching and postorogenic
granitoids with ages varying from 630 to 550 Ma. This
event also generated a highly strained zone involving
imbricated units. Finally, the fourth event generated late-
thrust and post-wrenching granitoids. The existence of a
pre-Brasiliano basement is represented by the Campanero
Unit, which was recently dated by U/Pb zircon method at
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Table 5. K/Ar age of Carapé Granitic Complex.

Sample/Lithology K “K AL, “CAr-Atm Age***
Y% x10¢ mol/g x10° mol/g % Ma

749: Perdido Chico Granite* 1.78 5.313 22.367 8.80 609 + 25
579: Cda. de los Sauces Granite* 2.42 7.224 24.076 14.20 498 x 37
517: Aguila Granite* 3.20 9.552 37.366 9.40 572 = 12
M20c: Cuchillita Granite* 3.56 10.627 41.503 18.10 571 =10
767: Campanero Granite* 4.22 12.597 49.278 5.70 572 = 30
791: Guayabo Granite** 2.20 6.567 24.334 18.5 546 + 30

Sanchez-Bettucci and Linares (1999); **this paper; *** Average of two extractions or more appropriate value according to the best isotopic

relationships obtained.

around 1.7 Ga (Preciozzi, personal communication, 2002).

The post-collisional alkaline granites may correspond
to the same magmatic event as the one that generated
the Sierra de Las Animas Complex. This Complex was
extruded in late Neoproterozoic to Cambrian times,
apparently during a period of about 30-40 Ma, according
to available radiometric data (Sanchez-Bettucci, 1998;
Preciozzi et al., 1993; Linares and Sanchez-Bettucci,
1997). This data suggests the presence of at least two
main phases of magmatism (Sanchez-Bettucci, 1998). One
comprises syenites, granites and basalts with an age
around 560 Ma and the other includes basaltic flows with
a mean age of 547+12 Ma. Therefore, it is interpreted
that this phase was erupted approximately between 560
and 540 Ma. Trachytes, rhyolites and dykes represent the
younger phase. It is interpreted that this phase of the Sierra
de Las Animas magmatism took place at around 520-
500 Ma. This long period of magmatism represented by
the Sierra de Las Animas Complex is also supported
by paleomagnetic results (Sdnchez-Bettucci and Rapalini,
in press).

Conclusions

The Carapé Complex is an example of felsic magma
production through different magma pulses. This Complex
has been divided in two groups based on field data such
as relationships with the country rock, and petrographic
features, as syn- and late- to postorogenic granites. The
synorogenic granites display metamorphic penetrative fabrics,
whereas the postorogenic and post-collisional alkaline
granites crosscut or inherit the structures of the host rock.
In most cases, evidence of contact metamorphism was
not observed in the host rock, probably because host rock
mineralogy was not very sensitive to thermal effects.

The pre-Brasiliano basement (Campanero Unit) is
represented by preorogenic granites, migmatites, and
mylonites probably of Paleoproterozoic age.

The geochemical characteristics of the different plutons
analyzed suggest a transitional setting from volcanic arc

Gondwana Research, V. 6, No. 1, 2003

to within-plate environments. The granites of the
Carapé Complex, characterized geochemically as
metaluminous-peraluminous granites with low CaO
contents (0.3—-4.6 wt.%), high alkalis (7.13-12.27 wt.%)
and low to moderate Ba/Sr ratios (0.9-3.2), suggest a
calc-alkaline to alkaline tendency with medium- to high-
potassium content. The relationships between CaO, Na,O
and K,0 and (Ta, Nb)/(K, Rb, La) show a normal
matured arc. The relationship between Nb and Ba
suggests a crustal influence probably due to contamination
with a pre-Brasiliano basement. Concentratios of Nb, Y,
Rb and Zr provide evidence for an evolution from
synorogenic through a post-collisional magmatism
tectonic setting. The marked depletion in Ba, indicating
high K and Sr contents — particularly in one of the samples
— is common in arc-related rocks that evolve towards a
more alkaline environment in a within-plate continental
setting. The chondrite normalized REE diagram shows a
moderate fractionation. The negative Eu anomaly is
virtually absent in these rocks and the fractionation
shown by La,/Lu, ratios is moderate to high. The
relationship La, /Yb,, > 20 would suggest an emplacement
in a thick crust.

Perthitic textures, quartz intergrowths in feldspars,
recrystallization of primary phases and neominearali-
zation, present in some of the samples, are interpreted as
metamorphic effects during the emplacement and
deformation of the plutons.

The post-collisional alkaline granites are related to
the magmatism of the Sierra de Las Animas Complex.
The REE diagrams of the rocks corresponding to this
magmatism show moderate fractionation and a
prominent Eu anomaly. This magmatism, characterized
as alkaline metaluminous-peralkaline and oversaturated
in silica, could have a mantle source, evidenced by
the presence of partial melting and crustal assimilation
in the evolution of the alkaline basaltic magmas. This
process can lead to trachytic liquid and granitic magmas,
whereas high Hf contents would also reflect crustal
contamination.
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