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Cerro Pord Batholith: post-orogenic A-type
granite from the Amoguija Magmatic Arc — Rio
Apa Terrane — South of the Amazonian Craton

Batdlito Cerro Pord: granito tipo-A pds-orogénico do arco
magmadtico Amoguija - terreno Rio Apa - sul do Craton Amazénico

Dalila PexePlens!?**, Amarildo Salina Ruiz!?**, Maria Zélia Aguiar de Sousa'?33,
Maria Elisa Frées Batata?, Jean-Michel Lafon3®, Ana Flavia Nunes Brittes?3

ABSTRACT: The Cerro Pora Batholith has an approximately area
of 30 km by 4 km, situated at the region of Porto Murtinho, Mato
Grosso do Sul. It is located in Rio Apa Terrane, at the southern por-
tion of the Amazonian Craton. It consists of Pink Syenogranitic Facies
and Gray Monzogranitic Facies. The first facies is characterized by xe-
nomorphic equigranular texture to essentially inequigranular texture
with graphic and granophiric intergrowths. Both facies are composed
of alkali feldspar, quartz, and plagioclase with biotite as the only pri-
mary mafic mineral. The Gray Monzogranitic Facies has porphyritic
texture with graphic to granophiric fine-grained groundmass. It con-
sists of quartz, plagioclase, alkali feldspar, and mafic aggregates (bio-
tite and amphibole). Both facies were metamorphosed at greenschist
facies and the Pink Syenogranitic Facies, which is milonytic in nature
when it is in shear zones. One event of ductilebrittle deformation
was identified, originated in a compressive system. It was responsible
for the schistosity and mineral-stretching lineation. The development
of the Esperanca shear zone is related to this deformational phase and
reflects the cinematic history of the reverse convergent system with
top transport to NWW. Chemically, these rock types are classified as
A2-type granitoids of range alkaline potassium saturated on silica. Ge-
ochronological data obtained by U-Pb (Sensitive High Resolution Ion
Microprobe) method in zircon resulted in an age of 1749 + 45 Ma,
interpreted as crystallization age of the batholith. From the geotecto-
nic point, the Cerro Pora Granite is considered to be the product of
a magmatism associated with a magmatic arc developed in Statherian
and emplaced in late-orogenic to post-orogenic stage.

KEYWORDS: Cerro Pora Granite; A-type Granite; geochemistry;
geochronology U-Pb.

RESUMO: O Buatilito Cerro Pori é um corpo de aproximadamente
30 por 4 km de extensio, localizado na regiio de Porto Murtinho,
Mato Grosso do Sul. Situa-se nos dominios do Terreno Rio Apa, por¢ido
sul do Crdton Amazénico. Constitui-se pela Ficies sienogranitica rosa
e Ficies monzogranitica cinza. A primeira é caracterizada por textura
equi a, essencialmente, inequigranular xenomdrfica e pela presenca
constante de intercrescimentos grdfico e granofiric; constitui-se por
feldspatos alcalinos, quartzo e plagiocldsio, tendo biotita como tinico
mdfico primdrio. A Ficies monzogranitica cinza apresenta textura
porfiritica, com uma matriz de granulagdo fina grdfica a granofirica e
consiste de quartzo, plagiocldsio, feldspatos alcalinos e agregados mf-
icos (biotita e anfibélio). Ambas foram metamorfizadas na ficies xisto
verde e a Ficies sienogranitica rosa mostra-se milonitizada quando
em zonas de cisalhamento. Foi identificado um evento deformacio-
nal dictil-riptil originado em regime compressivo, responsdvel pela
geragdo de xistosidade e lineagio de estiramento mineral. A Zona de
Cisalhamento Esperanca relaciona-se a esta fase e reflete a histdria
cinemdtica convergente, reversa a de cavalgamento, com transporte
de topo para NWW. Quimicamente, esses litotipos classificam-se como
granitoides do tipo A2 da série alcalina potdssica saturada em silica.
Determinagdo geocronoldgica obtida pelo método U-Pb (SHRIMP)
em zircdo, forneceu idade de 1749 * 45 Ma para sua cristalizagio.
Do ponto vista geotectonico, admite-se que o Granito Cerro Pori cor-
responda a um magmatismo associado a um arco vulcinico desen-
volvido no Estateriano e que sua colocagio se deu no estdgio tardi a
pds-orogénico.

PALAVRAS CHAVES: Gianito Cerro Pori; Granito tipo A; geoquimica;
geocronologia U-Pb.
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Cerro Pora Batholith - Rio Apa Terrane

INTRODUCTION

The pioneering studies by Hussak (1894 apud Lisboa
1909) revealed the existence of an acidic voluminous
magmatism in the present SW region of MatoGrosso do
Sul. Correia Filho ez al. (1981), Aratjo et al. (1982), and
Godoi er al. (2001) grouped these intrusions within the
Alumiador Intrusive Suite. Lacerda Filho ez 4/ (20006)
positioned them as part of the Amoguijd Magmatic Arc
with U-Pb in zircon (Sensitive High Resolution Ion
Microprobe, SHRIMP) aged around 1867 Ma. Cordani
et al. (2010) established ages of 1839 + 33 Ma, which were
obtained by using the same method for these rocks.

The purpose of this study is to contribute to the under-
standing of the magmatic history of the Alumiador Intrusive
Suite and, as a consequence, the Amoguijéd Magmatic Arc,
through geological and petrographic characterization of
the Cerro Pori Granite (CPG). Geochemical and geochro-
nological analyses (U-Pb/SHRIMP in zircon) were em-
ployed to define the age of the intrusion, the petrogenesis
of the magma, and the probable tectonic environment in
which it was generated.

REGIONAL TECTONIC CONTEXT

The Amazonian Craton constitutes the largest
Precambrian geotectonic entity of South America and
is divided by the Amazonas Syneclise into two shields:
Central Brazil and the Guianas shields. Since the study of
Cordani et al. (1979), the evolution of this craton has been
interpreted as a succession of magmatic arcs that added to
the margin of an Archean core, the Central Amazonian
Province. According to the studies (Cordani & Brito Neves
1982; Teixeira et al. 1989; Tassinari 1996; Tassinari &
Macambira 1999; Cordani & Teixeira 2007; Santos ¢t al.
2000, 2008; Ruiz 2005; Bettencourt ez /. 2010; Cordani
et al. 2010), accretion of juvenile crust and crustal rework-
ing acted on successive orogenic and traphogenic events
from the Paleozoic to the Neoproterozoic. Recovering the
idea by Almeida (1967) and Amaral (1974), Ruiz (2005),
and Cordani ez al. (2010) positioned the Rio Apa Terrane
as part of the Amazonian Craton (Fig. 1), based on geolog-
ical and geochronological considerations; and this propos-
al was adopted in this study.

Lacerda Filho et a4l (2006) subdivided the Rio
Apa Terrane into three distinct geotectonic compartments
as follows: (a) a remnant of oceanic crust, with Rhyacian
age, represented by the Alto Tereré Metamorphic Complex;
(b) the Orosian Rio Apa Magmatic Arc, represented by
Gneisses of the Rio Apa Complex; and (c) the Statherian
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Amoguijd Magmatic Arc, consisting of the Serra da Bocaina
Formation and the granitoids of the Alumiador Intrusive
Suite. Mafic bodies in the form of batholiths and dykes are
grouped as part of the Continental Mafic Magmatism, most
likely from the Statherian or Tonian periods.

The initial descriptions referring to the rocks of the
Alumiador Granite were made by Hussak (1894 apud
Lisboa 1909) and Oliveira and Moura (1944). Corréa et al.
(1976) used the term Basal Complex to refer to the acid in-
trusive granitic and microgranitic rocks from the Lower to
Middle Pre-Cambrian. Schobbenhaus and Soares (1979)
described massifs composed of granites, graphic granites,
porphyritic biotite microgranites, aplites, granitic gneisses,
and acidic volcanics, which were grouped under the name
of the Amoguijd Complex. Nogueira ez al. (1978) called
the three granitic bodies along the eastern border of the
Serra da Bodoquena the acid intrusives.

Correia Filho ez al. (1981) adopted the name Amoguijd
Group to designate the rocks from the complex with the same
name, and later, Aratjo ez a/. (1982) used the term Alumiador
Intrusive Suite to designate the granitoids that support the
hills of the Alumiador, exposed as granitic, granodioritic, and
(Iess commonly) sub-volcanic bodies consisting of various gra-
nophyres, including the porphyritic and microgranular types.

Godoi et al (1999) restricted the term Alumiador
Intrusive Suite to describe microgranites, granophyres,
granites, granodiorites, and monzogranites, whereas Godoy
et al. (2007, 2009) used the term Alumiador Batholith to
describe the isotropic to weakly anisotropic, leucocratic,
with color gray, and predominantly pink rocks.

The U-Pb data (SHRIMP) shown by Lacerda Filho
et al. (2006) and Cordani ez 2/ (2010) indicate values of
1867 Ma and 1839 + 33 Ma, respectively, for the rocks
from the Alumiador Granite. The latter authors report-
ed Rb-Sr reference isochron for these rocks varying from
1630 to 1740 Ma, with an initial isotropic ratio of 0.705.

Lacerda Filho et al. (2006) present Sm-Nd (whole rock)
results with a model age (T ) of 2.17 Ga for the Alumiador
(D) values of -0.68.

Ar-Ar and K-Ar results for the granitic rocks vary be-
tween 1300 and 1315 Ma (Aradjo ez al. 1982; Cordani et al.
2010). Table 1 summarizes the geochronological data from

Granite and slightly negative €

the Alumiador Intrusive Suite available in the literature.

FIELD AND PETROGRAPHIC
ASPECTS OF THE CERRO PORA GRANITE

The CPG, individualized in this study, is a batholith
stretching approximately 120 km?* along the NNE di-
rection. The southern portion of the intrusion has NS
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Table 1. Analyses performed on the granitic rocks of the Alumiador Intrusive Suite using the U-Pb (SHRIMP) on

zircons, K-Ar, Ar-Ar, Rb-Sr, and Sm-Nd methods

AGES
Ar-Ar (biotita) Ma Sm-Nd
U-Pb SHRIMP Ga K-Ar Ma Rb-Sr Ma
Plateau Age Integrated Age TDM Ga
1867* 1630* a 1740*
1314 +19* 1302 + 3* 1296 + 2% 2,49*
1839 + 33* 1600 * 40***
References: *Cordani et al. (2010); **Lacerda Filho et al. (2006); ***Araujo et al. (1982).
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Figure 1. (A) Compartmentation of the Amazonian Craton (after Ruiz 2005), highlighting the Rio Apa Terrane;
(B) Geological outline of the Rio Apa Terrane (after Cordani et al. 2010).

direction, whereas the north portion is oriented follow-
ing N30° E, conferring a curvilinear form to the Serra da
Esperanca mountain range. The intrusion maintains tec-
tonic contacts with the Amolar Group and the Serra da
Bocaina Formation and is largely covered by sediments
from the Pantanal Formation (Fig. 2).

On the basis of field and petrographic characteristics,
rocks from the CPG were grouped into two petrograph-
ic facies: (a) Pink Syenogranitic Facies (PSF) and (b) Gray
Monzogranitic Facies (GMF).

The PSF constitutes approximately 95% of the in-
trusion, occurs in the form of blocks and flagstones, and
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defines the landscape of the Serra da Esperanca (Figs. 3A
and B). The PSF is formed by pink rocks with equigran-
ular to essentially inequigranular texture medium to fine
inequigranular, phaneritic, slightly foliated to massifs, hav-
ing biotite as the only essential mafic, sometimes, at a per-
centage that does not reach 5%, characterizing some sam-
ples as hololeucocratic (Fig. 3C). The GMF is observed
only in the southern portion of the batholiths. Outcrops
in blocks and flagstones, making abrupt contact with the
PSE The GMF consists of the dark gray lithotypes that
have a medium to fine or even porphyritic inequigranu-
lar texture, locally rapakivi (Fig. 3D), isotropic to slightly
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Figure 2. Geological map of the region of the Serra da Esperanca, highlighting the Cerro Pora Granite and adjacent
units. Location of the samples for geochemical and geochronological analysis.
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Figure 3. Photographs of the Cerro Pora Granite, illustrating the following: (A) the geomorphological aspect of the
Serra da Esperanca; (B) form of occurrence in blocks; (C) the macroscopic aspect of Pink Syenogranitic Facies; (D)
the macroscopic aspect of Gray Monzogranitic Facies with porphyritic texture, locally rapakivi.

oriented, leucocratic, where phenocrysts of quartz, pla-
gioclase, alkali feldspar, and mafic aggregates are empha-
sized (biotite, amphibole, and opaque).

Optically, PSF rocks exhibit a xenomorphic inequi-
granular to equigranular texture and are characterized by
the constant presence of graphic and granophyric inter-
growths, besides the low quantity of mafics, sometimes
less than 5%. PSF rocks consist essentially of alkali feld-
spars, quartz, and plagioclase with biotite as the only es-
sential primary mafic phase. The primary accessory par-
agenesis consists of titanite, allanite, apatite, zircon, and
opaques, whereas the products of hydrothermal alteration
associated with the stages of low-grade metamorphism of
green schist facies are represented by chlorite, sericite, epi-
dote, calcite, clay-minerals, fluorite, rutile, and opaques.
PSF rocks may exhibit fractures filled by chlorite and oth-
er alteration minerals. When in shear zones, these rocks
are classified as mylonites based on the criteria of Sibson
(1977), displaying a typical texture with the predomi-

nance of matrix.
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Microscopically, the GMF displays a porphyritic tex-
ture with a matrix of graphic to granophyric fine granula-
tion in which larger crystals of intensely altered plagioclase
are highlighted, with alkali feldspars and quartz. GMF
rocks consist of a primary paragenesis formed by quartz,
plagioclase, alkaline feldspars, and mafic aggregates (am-
phibole, biotite, and opaques) with apatite, titanite, and
opaques as accessory minerals and sericite, muscovite,
clay-minerals, epidote/clinozoisite, calcite, and opaques
as products of alteration. In contrast with PSE the maf-
ic minerals always occur in aggregates and account for ap-
proximately 30% of the modal composition of these rocks.

The alkali feldspars occur as embayed phenocrysts
with corrosion gulfs or in inter-grown grains with quartz,
forming a graphic to fine granophyric matrix (Fig. 4A).
They are perthitic and correspond predominantly to mi-
crocline with grid twinning (Fig. 4B) and to the orthoclase
with Carlsbad twinning (Fig. 4C). Alkali feldspars occur in
subhedral crystals of tabular habit to anhedral grains, with
variable dimensions, and are generally turbid due to the
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0,4(mm)

Figure 4. Photomicrographs of the rocks from the Cerro Pora Granite illustrating the following: (A) graphic and
granophyric intergrowths in xenomorphic texture in the Pink Syenogranitic Facies; (B) crystal from the perthitic
microcline with grid twinning, with an exsolved phase in grains of the Pink Syenogranitic Facies; (C) alkali
feldspar phenocryst in a fine inequigranular matrix in the Gray Monzogranitic Facies; (D) grano-lepidoblastic
texture where the crystals from the microcline of two generations in the shear zone are highlighted; (E) rapakivi
texture with a core of alkali feldspar with a fine halo of saussuritized plagioclase in the Gray Monzogranitic Facies;
(F) clear phenocryst of embayed quartz and with corrosion gulfs filled by the matrix in the Gray Monzogranitic
Facies; and (G) crossed polarizers in A, B, C, D, and F; parallel to the left and crossed to the right in E.
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alteration to clay minerals and sericite, which sometimes
display comminuted edges. Principallu in the lithotypes in
the shear zone, beyond the porphyroclasts, they constitute
a phase of the matrix representing a second generation of
microcline, in smaller unaltered grains (Fig. 4D). Locally,
in the GMF rocks, the rapakivi-type texture may be ob-
served, in which the alkaline feldspar core is surrounded by
a fine layer of intensely saussuritized plagioclase (Fig. 4E).

Quartz is found in interstitial subhedral crystals and
anhedral grains. It also has a graphic to granophyric in-
tergrowth with a microcline exhibiting vermicular, cune-
iform, or lobed habits, mainly on the edges of the alkali
feldspars; sometimes, the vermiculae are connected to the
interstitial quartz, representing the last crystallized phase.
In the GME quartz also consists of clear phenocrysts com-
monly embayed and with gulfs caused by the magmatic
corrosion processes (Fig. 4F). In the mylonitized litho-
types, quartz occurs in recrystallized grains on the edges
of the porphyroclasts and in polygonal crystals forming a
mosaic texture. The intracrystalline deformation of quartz
is marked by undulating extinction, lamellae, and bands of
deformation, as well as by the presence of subgrains.

Plagioclase from both facies corresponds to albite and to
oligoclase and occurs in subhedral to anhedral phenocrysts
or in small crystals of the matrix, with albite and/or pericline
and/or Carlsbad twinning, sometimes displaying a bending
of its lamellae, which suggests ductile deformation (Fig. 4G).
It is also a host phase for perthitic intergrowth, arranged in
strands, films, or grains. It is also found with a myrmekitic
texture and can be turbid, displaying advanced post-mag-
matic stages, such as saussurization and argilization. In the
GME tabular, subhedral, intensely argilized, and/or sauss-
uritized phenocrysts are exhibited, in which polysynthetic
twinning is identified only in a reliquary manner.

Biotite represents the only primary essential mafic
phase of the PSF rocks and occurs in anhedral to subhedral
veins and plates, with light brown to brown pleochroism,
partially to totally substituted by chlorite or muscovite and
sometimes deformed into a kink-band. In the deformed
lithotypes, biotite occurs in veins arranged according to
mylonitic foliation. In the GME biotite consists of aggre-
gates of veins of yellow-brown to light-brown pleochroism,
which are randomly arranged and are associated with the
amphibole, epidote, titanite, and opaques. It sometimes
includes euhedral to subhedral crystals of zircon that de-
velop pleochroic halos.

Amphibole is found only in the GME, comprising maf-
ic aggregates, in grains of blue-green to dark-green pleo-
chroism almost totally pseudomorphized to a set of fine
veins of biotite and, mainly, opaques that fill their traces

of cleavages.
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Allanite occurs as a primary accessory mineral in mi-
nuscule metamictic grains with a yellow color associated
with epidote. Other minerals of the group of epidote, in
addition to allanite, are found as products of saussuritiza-
tion, generally in miniscule grains of plagioclase, amphi-
bole, and biotite. Apatite represents a primary accessory
phase and has an acicular habit that is indiscriminately
enclosed in feldspars and biotite. Titanite is also primary
and occurs in subhedral crystals that constitute up to 2%
of the modal composition of some lithotypes. Zircon ap-
pears as small euhedral to subhedral bipyramidal crystals
or in minuscule grains that are dispersed in the matrix or
enclosed in biotite.

Fluorite occurs as a product of metasomatism, in min-
iscule crystals that commonly have its characteristic purple
coloration. Rutile is found in miniscule fibrous or acicu-
lar crystals that are associated with titanite and with an
opaque, possibly ilmenite. Opaque minerals are recognized
as primary phases in euhedral crystals or alterations in an-
hedral grains, sometimes being dendritic or skeletal, with
black or brown and red tones, and occur isolated in the

matrix or in mafic aggregates.

STRUCTURAL
CHARACTERIZATION OF THE CERRO
PORA GRANITE

To facilitate the organization and presentation of the
dara, the following abbreviations were adopted: (Fn) to
designate the ductile deformation phase, (Sn) for foliation,
(Ln) for lineation, and (Mn) for the metamorphic episode;
the letter n represents the deformation phase to which it is
related and, when accompanied by the letter m, refers to
mylonitic rock.

The data obtained indicate that the CPG shows defor-
mational records compatible with the action of a ductile
deformation phase (F,) characterized by tenuous, penetra-
tive foliation (S,) and by the Esperanga Shear Zone, when
the S, mylonitic foliation and L,  stretching lineation
are highlighted. A shallow deformation event with a brit-
tle character is also observed, evidenced by the expressive
number of fractures that section the intrusion orthogonally.

The first deformation phase (F)) is characterized by
the development of penetrative foliation S,, represented
by tenuous preferential orientation of the felsic minerals
and of the biotite aggregates (Fig. 5A). Optically, the S,
penetrative foliation displays little orientation of the con-
stituent minerals (Fig. 5B). The grains of alkali feldspar
exhibit a tabular to prismatic habit with incipient orien-
tation. The quartz occurs in subhedral to anhedral grains
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Figure 5. (A) S, penetrative foliation outside the Esperanca Shear Zone, represented by thin and discrete
preferential reorientation of the felsic minerals; (B) photomicrograph of the S, foliation outside the Esperanca
Shear Zone, showing little or no orientation of felsics and aggregates of biotite; (C) S, foliation in the mylonitic
rocks, represented by orientation, flattening, and rotation of the felsics of the matrix (alkali feldspar and quartz);
(D) photomicrograph of the mylonitic rocks, displaying microcline and quartz crystals and slightly stretched and

biotite-oriented plates.

with intracrystalline deformation marked by undulating
extinction, lamellae, and bands of deformation, recrystal-
lization, and formation of subgrains. The plagioclase oc-
curs in tabular crystals and displays curving twin lamel-
la from the brittle-ductile deformation. The biotite forms
aggregates with chlorite, epidote, and opaque dispersed
by the blade with a slight preferred orientation. The few
measurements of S foliation are concentrated between
90°/70° and 70°/80°.

The Esperanca Shear Zone, defined in this study, sur-
rounds the eastern edge of the batholith and places it in
contact with the metasediments of the Amolar Group, be-
ing mostly covered by the sediments from the Pantanal
Formation. The structural elements related to this zone
comprise the S, foliation and the L, lineation, the first
being defined by mineral orientation, flattening, and rota-
tion of porphyroclasts (Fig. 5C).
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In the microscope, the mylonitic rocks of the Esperanca
Shear Zone show well-oriented and slightly stretched min-
erals (Fig. 5D). The microcline crystals evidence intracrys-
talline deformation marked by recrystallization, as well as
orientation and stretching. The quartz displays intense re-
crystallization, formation of subgrains, and undulating ex-
tinctions and lamellae of deformation. The biotite appears
in strongly oriented veins according to the mylonitic foli-
ation plane. The mylonitic rocks show an average attitude
of 1100/45°, with variation between 100° and 130° in the
direction of the dive, and dives between 55° and 84°.

The L, lineation of stretching, is defined by the
elongation of felsic minerals according to the orienta-
tion of the x-axis of the ellipsoid of deformation, as it
is slightly oblique relative to the mylonitic foliation,
shown falling to approximately 50° between the 100°
and 80° azimuths.
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Table 2. Results from the chemical analysis of the Cerro Pora Granite rocks. Major oxides were recalculated on an
anhydrous basis (oxides in weight %, trace elements in ppm)

Elem. DP-26B = DP-90A DP-88 DP-90 1 DP-70 DP-23 DP-22A DP-72 DP-22B DP-80
Sio, 70.14 70.79 71.17 71.69 73.32 74.72 74.86 74.87 74.88 74.90
TiO, 0.57 0.60 0.56 0.56 0.32 0.32 0.32 0.33 0.34 0.33
AlLO, 14.49 14.10 14.00 13.64 13.78 12.94 12.84 12.53 12.83 12.87
Fe,O, 4.16 3.75 3.59 3.76 2.02 1.76 1.66 2.32 1.71 1.72
MnO 0.07 0.07 0.06 0.07 0.05 0.04 0.05 0.08 0.05 0.05
MgO 0.58 0.58 0.58 0.59 0.20 0.17 0.20 0.15 0.17 0.18
Ca0 1.40 1.29 1.36 1.32 0.91 0.69 0.61 0.60 0.72 0.73
Na,0 3.26 3.18 3.15 2.85 3.94 341 3.48 3.69 3.44 351
K,0 5.09 5.27 5.19 5.12 511 561 561 5.01 5.43 5.38
PO, 0.09 0.12 011 0.12 0.05 0.04 0.04 0.04 0.06 0.03
Cr,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.85 99.74 99.76 99.72 99.71 99.70 99.67 99.62 99.63 99.71
LOI 12 15 12 31 0.6 12 0.8 0.5 0.7 0.4
Ba 566 601 604 619 1229 1079 1084 1272 1162 1184
Cs 6.40 6.60 6.40 6.00 2.00 2.50 1.90 1.20 2.80 1.50
Ga 20.30 20.00 20.40 19.20 16.30 15.70 15.70 17.10 15.50 15.30
Hf 11.40 12.60 13.30 13.40 10.50 9.00 8.70 11.50 9.30 9.90
Nb 20.80 21.70 21.50 19.10 16.90 17.90 18.80 16.40 20.00 19.10
Rb 298.90 315.80 308.70 276.90 178.20 203.70 202.60 164.50 201.70 183.80
Sr 77.50 82.40 81.30 79.60 90.10 66.20 55.80 75.10 68.70 72.70
Ta 1.40 1.60 1.90 1.90 1.20 1.50 1.60 1.40 1.60 1.40
Th 39.00 36.80 37.30 41.00 17.80 19.00 19.10 16.50 19.60 18.60
U 8.00 8.40 9.20 9.10 3.70 3.90 3.80 3.80 4.10 3.90
Zr 436.20 472.40 455.00 437.70 372.10 306.20 307.40 422.70 326.80 341.30
Y 65.90 76.60 78.90 76.50 52.10 66.60 54.70 91.40 66.10 60.80
La 73.40 70.40 73.80 80.80 54.30 65.80 56.20 87.00 66.60 60.90
Ce 149.00 147.80 152.50 162.50 113.90 132.80 119.00 186.20 140.60 129.30
Pr 17.08 16.91 17.35 18.65 12.29 15.10 13.58 21.39 16.13 14.78
Nd 62.70 64.30 61.70 70.90 46.10 57.30 52.40 85.60 60.90 56.70
Sm 11.39 11.69 12.32 13.23 8.49 10.34 9.47 16.26 11.35 10.57
Eu 141 1.34 1.40 1.42 1.20 123 1.16 2.33 1.33 1.26
Gd 10.31 11.28 11.65 12.74 7.43 9.29 8.58 15.55 10.64 9.48
Tb 1.98 1.97 2.05 1.97 1.32 1.60 1.51 2.62 1.85 1.66
Dy 11.73 12.04 12.40 13.31 7.99 9.69 9.12 1511 11.01 9.94
Ho 2.38 2.65 2.61 2.46 1.70 2.08 1.92 3.16 2.34 213
Er 7.28 7.66 7.99 7.97 5.08 6.44 5.90 9.10 7.08 6.54
Tm 1.15 1.17 1.27 113 0.86 1.03 0.94 1.39 111 1.01
Yb 7.15 7.78 8.08 7.77 5.62 6.89 6.24 8.55 7.03 6.56
Lu 1.09 1.18 1.26 1.16 0.87 1.06 0.95 1.26 1.09 1.03
Eu/Eu” 0.4 0.36 0.36 0.33 0.46 0.38 0.39 0.45 0.37 0.38
(La/Yb)N 7.36 6.49 6.55 7.46 6.93 6.85 6.46 7.3 6.8 6.66
523
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Figure 6. Harker variation diagrams for major elements expressed in oxides (% weight) of rocks from the Cerro

Pora Granite.

Analysis of the kinematic indicators suggests that the
Esperanca Shear Zone is classified as reverse, frontal to
slightly oblique, and with transport from the top preferen-
tially to N70°-90°W.

The F, deformational phase is accompanied by M|
regional metamorphism, and the metamorphic con-
ditions given by the quartz+biotite+chlorite+epidote
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paragenesis point to a low degree compatible with green
schist facies.

The brittle tectonic is represented by sets of fractures
and small faults observed in all of the intrusions with an av-
erage attitude of 230°/80°. These structures are oriented or-
thogonally to the length of the batholith, are shown with di-
rections correlatable to the S, foliation of the volcanoclastic
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respectively, SiO, versus Zr/TiO, andZr/TiO, versus Nb/Y, proposed by Winchester and Floyd (1977) and (D) R1-R2

(La Roche 1980).

rocks of the Serra da Bocaina Formation, and are probably
associated with the regional lineaments of the NW direc-
tion observed in the CPG (Fig. 2). Microscopically, these
fractures are displayed with veins filled by alteration miner-
als represented by a large quantity of sericite, with epidote
and a concentration of iron oxide/hydroxide.

GEOCHEMICAL CHARACTERIZATION

For the geochemical study of rocks from the CPG, 19
of the most representative samples from this unit were an-
alyzed, considering their distribution in the study area and
their textural and mineralogical diversity — 15 samples were
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from the PSF and 4 samples were from the GME After being
crushed and pulverized in the Sample Preparation Laboratory
of the Department of Mineral Resources of the Universidade
Federal do Mato Grosso, these samples were sent to the
Acme  Analytical Laboratories (Acmelab) — Vancouver/
Canada for analyses by Inductively Couple Plasma Emission
Spectrometry (ICP-ES) and Inductively Couple Plasma
Mass Spectrometry (ICP-MS) for major and minor elements
(Si0,, TiO,, Alzos’ FCZOS’ MnO, MgO, CaO, Na,0, K,0O,
and P,0,) and for trace elements, including rare earth ele-
ments. For statistical analysis, the major elements were recal-
culated on an anhydrous basis as recommended by the TUGS
(Le Maitre 2002), and these results, associated with the other
findings, are presented in Table 2.
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Figure 8. Distribution of the representative points of the Cerro Pord Granite granite rocks in the diagrams: (A)
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CPG rocks have a slightly expanded acidic na- samples from the GMF and 73.32% and 76.35% for the
ture, with concentrations of SiO, between 70.14% and PSF. The Harker diagrams (Fig. 6) indicate negative lin-
76.35%, with values between 70.14% and 71.69% for the ear correlations between silica and TiO,, ALO,, (Fe,O,),
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MgO, CaO, and P,O, that must reflect the depletion in
plagioclase and in primary mafic materials, such as bio-
tite, titanite, Fe-Ti oxides, and apatite during magmat-
ic evolution. Samples from less-evolved facies (GMF) do
not show variations in the TiO, and MgO elements with
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the index used, and P,O, shows a discrete positive cor-
relation. The diagrams that involve the alkalis do not ex-
hibit a correlation with the silica, most likely caused by
the greater mobility of these elements in the post-mag-
matic processes.
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By using the diagrams proposed for volcanic rocks,
the CPG samples coincide with the domain of rhyolites
in the diagram of alkalis versus silica of Le Bas ez a/. (1986;
Fig. 7A). In a similar manner, they are plotted in the field of
rhyodacites/dacites and rhyolites in those from Winchester
and Floyd (1977) that use, in addition to SiO,, ratios of el-
ements considered to be less mobile in the post-magmat-
ic processes, such as Zr/TiO, and Nb/Y (Figs. 7B and C).
Corroborating the petrographic study, the points that rep-
resent the GMF lithotypes coincide with the domains of
the monzogranites and those of the PSF with those of the
syenogranites and alkali granites, in the R1-R2 diagram
(La Roche 1980; Fig. 7D).

The total diagrams of alkalis versus SiO, and AFM
from Irvine and Baragar (1971), which are illustrat-
ed, respectively, in Figs. 7A and 8A, indicate that the
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magmatism that produced the studied rocks is character-
ized as sub-alkaline of the calcium-alkaline type with en-
richment in alkalis from the more evolved terms. In the
Peacock diagram (1931; Fig. 8B), the intersection of the
trends of the total alkalis and CaO versus SiO, coincides
with the alkaline domain with an Alkali-Calcic Index
around 45. This classification is corroborated by the silica
versus Whright Index (RA; Fig. 8C), which also considers
alumina and where the samples from both of the facies are
plotted on the field of the alkaline rocks. The high-K na-
ture of this magmatism is shown in the K O versus SiO,
diagram (Le Maitre 2002; Fig. 8D), whereas in relation to
the Shand indices, which are used in the A/CNK versus
A/NK diagram (Maniar & Piccoli 1989; Fig. 8E), the dis-
tribution of the representative points of the CPG classifies

this magmatism as peraluminous.
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The values of the ratio 10,000*Ga/Al of the CPG
rocks used as discriminants, as proposed by Whalen ¢t al.
(1987), classify them as A-type granitoids, characterized by
this parameter being higher than 2.6 (Fig. 9).

Regarding the geotectonic environment, the repre-
sentative points of the studied rocks coincide with the
domain proposed for the Magmatic Arc in the Hf-Rb-Ta
diagram of Harris ez al. (1986; Fig. 10A) and with the
post-orogenic granitoids in the diagram by Pearce (1996;
Fig. 10B). When the graphs Rb/Nb versus Y/Nb and
Y-Nb-3*Ga, proposed by Eby (1992; Figs. 10C and D)
are used, these points are plotted in the field of group
A2 granitoids that, according to this author, encompass
some tectonic environments, including the post-colli-
sional ones.
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The pattern of trace elements associated with the KO
data from the studied rocks, normalized with the values
from granites from the Mid-Ocean Ridge (Pearce ef al. 1984;
Fig. 11A), shows enrichment of the large ionic lithophyllic
elements in relation to the high field strength elements. The
large ionic lithophyllic elements show positive anomalies of
Rb and Th, suggesting an important crustal component, and
the high field strength elements display a sub-horizontal trace,
with the exception of Ce, which exhibits a positive anomaly
relative to the neighboring elements (Nb and Hf).

The concentrations of rare earth elements in the CPG
rocks normalized to the lower crust values (Taylor &
McLennan 1985), illustrated in Fig. 11B, display a configu-
ration similar to that found in alkaline suites with a negative
Eu anomaly and with Eu/Eu* ratios between 0.19 and 0.46,
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Figure 12. CL image of zircon crystals (A) DP22B 1.1, (B) DP22B 2.1, (C) DP22B 3.1, (D) DP22B 4.1, (E) DP22B 5.1,
(F) DP22B 6.1, (G) DP22B 7.1, (H) DP22B 8.1, (I) DP22B 9.1, (J) DP22B 10.1, and (L) DP22B 11.1. The image also
illustrates the application sites of the primary ionizing beam.

which corroborates the hypothesis of magmatic differentia-
tion with fractioning of plagioclase. When normalized using
chondritic values (C1; Sun & Mac Donough 1989; Fig. 11C)
fractioning of the HREE in relation to the LREE is observed,
with (La/Yb)n ratios between 5.07 and 7.30 for the samples
from the PSF and 6.49 and 7.46 for the GMF (Table 2), be-
sides sub-horizontalized disposition of the ETRD

U-PB GEOCHRONOLOGY (SHRIMP)

The CPG geochronological study was performed
through the DP 22 B sample, which was collected near
the Milénio Farm (FazendaMilénio). The analyzed sample
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is located on the southern portion of the body (relatively
close to the contact with the Amolar Group) and belongs
to the PSE

The collected sample was treated in the Sample
Preparation Laboratory of the Department of Mineral
Resources of the Federal University of MatoGrosso.
Initially, the sample was crushed in a jaw crusher, ground
in a disc mill, and sifted in 250, 210, 177, 125, 90, and
63 mesh fractions, using a set of sieves. The concentrate
from the 90 mesh was used for analysis, and the remain-
ing intervals were kept for later uses. Magnetic minerals
such as magnetite and pyrrhotite were removed using a
hand magnet. Subsequently, a processing stage occurred
in a dense bromoform liquid (4 = 2.85 g/cm?), which
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Table 3. Synthesis of the data obtained through U/Pb (SHR

IMP) analysis in zircons for the DP 22 B sample

Grain’s U Th | 22Th/ “*Pb Rj,a son o Reason % Correted  Age o
Simbol (ppm) (ppm) Z%U con‘:}:tom 2353/ %o error 205Pb/ *8U | error Error Ma 1s | %disc
11 3093 | 3966 1.32 4.89 1.09 8.6 0.108 21 0.246 6524 142 56
21 382 238 0.65 3.17 3.48 5.2 0.247 2.2 0.418 14119 304 17
31 206 123 0.62 11.00 2.62 19.8 0.210 2.7 0.136 12316 339 17
41 206 184 0.92 9.17 4.69 15.8 0.326 2.6 0.164 1868.0 47.8 -6
51 521 525 1.04 3.63 3.09 5.6 0.215 2.2 0.396 1232.0 274 35
6.1 129 104 0.83 2.04 4.52 4.8 0.315 24 0.496 17785 411 -4
7.1 150 66 0.45 9.28 3.69 15.0 0.254 2.7 0.180 14564 389 18
8.1 54 42 0.81 401 479 9.4 0.296 41 0.437 1657.0 651 15
9.1 221 123 0.58 6.76 3.36 125 0.262 2.5 0.198 15183  36.1 -1
10.1 153 106 0.71 2.30 465 4.8 0.308 2.3 0.487 17340 39.6 3
111 193 124 0.66 4.70 2.78 8.1 0.185 2.5 0.305 1058.7 264 63
data-point error ellipses are 68.3% data-ppint error ellipses are 68.3% Conf.
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Figure 13. U/Pb (SHIRIMP) Concordia diagram for the
DP 22 B sample from the Cerro Pora Granite granite,
showing the concordant age in the superior intercept
at 1770 + 98 Ma, which is interpreted as the age of
crystallization of the granitic body.

yielded the zircon concentrate. Next, the minerals with
different magnetic susceptibilities were concentrated in
a Frantz-type magnetic separator, varying the slope and
the intensity of the electromagnetic field to eliminate the
majority of the magnetic minerals, such as biotite, pyrox-
ene, and amphibole. Of the resulting material, 100 zir-
cons were separated manually under an Olympus BX50
binocular microscope in the Microscope Laboratory of
the DRM/UFMT.

The SHRIMP equipment is a high-resolution mass
spectrometer coupled to an ionic microprobe. It allows
for the performance of isotopic analyses of U and Pb
of zircon “in sitw” and, therefore, the dating of zircon

531

Figure 14. Concordia diagram U/Pb (SHIRIMP) from
the DP 22 B sample, revealing a concordant age by the
superior intercept of 1749 + 45 Ma, elaborated with
four crystals of zircons to reduce the error of common
lead correction.

crystals that shows multiple phases of growth. To this
end, a previous study of cathodoluminescence is neces-
sary (Sato et al. 2008).

Isotopic U-Pb (SHIRIMP) data in zircon were ob-
tained in the laboratory of the Center of Geochronological
Research of the Universidade de Sio Paulo, using a
30-pm-diameter beam of O,. Details of the analytical pro-
cedures and calibration of the equipment are described
in Stern (1998) and Williams (1998). The error on the
206pb/?38U ratio is between 1.5% and 2.0% of the cal-
ibration of the measurements when standard zircons are
used. The concentration of U was calibrated in relation to
a standard SL13 crystal with 238 ppm U (< £10%), and
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the Pb/U ratio was calibrated relative to an AS57 standard
multi-crystal of 1100 Ma (Paces & Miller 1993). All of the
errors take into consideration the non-linear fluctuations
in the rates of ionic counting, in addition to those expect-
ed by statistical counting (Stern 1998).

The decay constants and current ratio of 2*U/?5U used
in the calculations are those provided by Steiger and Jiger
(1977). For the calculation of the integrated age, weight-
ed averages were made having as a basis the interpretation
of the cathodoluminescence images belonging to the same
generation of zircon. The ages were calculated using the
Isoplot/EX program from Ludwig (1998) and are repre-
sented in the Concordia diagram.

Of the manually selected zircon crystals, 11 grains were
used to obtain scanning electron microscope photographs
and the subsequent analysis. The zircon crystals was charac-
terized morphologically as shirt prismatic crystals, with ap-
proximate dimensions between 80 and 130 pm, where the
length versus width relationship was 2/1, and a minority of
the grains displayed this relationship as 1/1. The grains had
prismatic, light yellow, smoky, whitish, and orange colors,
varying from transparent to opaque, and some of the crys-
tals were fractured and broken.

The cathodoluminescence images used to delineate the
most appropriate area for applying the primary ionizing
beam revealed that crystals 1.1, 2.1, 3.1, 4.1, 5.1, 6.1, 9.1,
10.1, and 11.1 exhibited relatively regular bands of light
and dark zoning that were interpreted as variations of the
chemical concentrations of U (Sato ez /. 2008). Crystal
7.1 displayed two phases of growth, with the core and the
edge highlighted with homogeneous overgrowth and not
showing bands of chemical zoning, and crystal 8.1 was ho-
mogeneous and clear and lacked internal zoning (Fig. 12).

The results obtained are presented in Table 3, and the values
vary from 652.4 % 14.2 to 1868.0 £ 47.8 Ma. In the Concordia
diagram (Fig. 13), the analyzed zircons provide a concordant
age of 1770 £ 98 Ma (between 1672 and 1868 Ma).

To reduce the error caused by the large amount of
common lead from the zircons analyzed, a new age cal-
culation was determined from the values of concordant
ages, corresponding to crystals 4.1, 6.1, 8.1, and 10.1. In
the Concordia diagram the analytical points provide age
of 1749 £ 45 Ma (between 1704 and 1794 Ma; Fig. 14),
which is interpreted as the best estimate of the age of crys-
tallization of the granitic body.

FINAL CONSIDERATIONS

The Rio Apa Terrane comprises a Paleoproterozoic
crustal segment corresponding to the southern portion
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of the Amazonian Craton and is characterized by crustal
evolution processes marked by accretions of juvenile crust.
The CPG belongs to the Alumiador Intrusive Suite and
most likely constitutes one of the last late igneous-tectonic
events related to the Amoguijé Magmatic Arc.

The CPG defines a batholith elongated in the NNE di-
rection, with an approximate area of 30 km by 4 km, and
consists of PSF and GME which are both metamorphosed
into green schist facies. The PSF is characterized by a tex-
ture that is essentially equal to xenomorphic inequigranu-
lar and the constant presence of graphic and granophyric
intergrowths and that consists of alkali feldspars, quartz,
and plagioclase, with biotite as the only primary mafic. The
monzogranitic facies are composed of quartz, plagioclase,
alkali feldspar, and mafic aggregates (amphibole, biotite,
and opaques). When in shear zones, they show a porphy-
roclastic texture formed by alkali feldspars, quartz, and pla-
gioclase with a well-defined mylonitic foliation.

The structural data indicate that the CPG displays
deformational records from a phase of ductile deforma-
tion (F,) represented by incipient foliation (S) and in-
tense mylonitization along the Esperanca Shear Zone and
a reverse character with top transportation to the NWW.
Geochemical treatment allowed for classification of the
rocks studied as monzogranites to syenogranites and al-
kaline granites, from the alkaline potassium silica-saturat-
ed series, with characteristics of A-type granitoids, alkaline
to peraluminous, similar to that found in alkaline suites.
Regarding the characterization of the tectonic setting of
the studied rocks, representative points coincide with the
field proposed for the magmatic arc and post-orogenic
granites. Radiometric dating using the U-Pb (SHRIMP)
zircon method provided an age of 1749 + 45 Ma for its
crystallization. Younger values between 1440 and 1230 Ma
were interpreted as resulting from an adjustment of the
U-Pb isotopic system due to superimposed tectonic and
metamorphic events.

From the geotectonic standpoint, the geological, geo-
chemical, and isotopic (U-Pb) data obtained for the CPG
suggest that the investigated intrusion was generated in a
convergent tectonic setting that is typical of a continental
magmatic arc during an orogenic collapse, as indicated by
the slight records of penetrative deformation, the younger
age compared with the other granitoids of the Alumiador
Intrusive Suite, and finally, the geochemical signature; for
example, the Rb/Nb versus Y/Nb diagram of Eby (1992)
indicates that the CPG samples coincide with the field of
post-orogenic, A2-type granites.

The GCP participated in a plutonic-volcanic ig-
neous event that affected the southern end of the
Amazonian Craton during the Statherian, and to
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date, there is no evidence of magmatism correlated to
the Paragua, Jauru, and Rio Alegre Terranes located
in the SW Amazonian Craton.

The Ar-Ar and K-Ar ages of approximately 1.3 Ga
(Cordani et al. 2010), which were obtained for the rocks
from the Alumiador Intrusive Suite and its host rocks, sug-
gest that a tectonic-metamorphic episode that was correlat-
ed with the San Igndcio Orogeny (identified in the Paragud
Terrane) affected the Cerro Pora Batholith.
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