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Abstract

Article Information

Archean and Paleoproterozoic granitoids with different geochemical affinities are widely distributed
in the basement of high-grade metamorphic rocks of the Bacaja Domain, which consists of Rhyacian
granite-greenstone terrain with Archean-Siderian fragments, one of which is in the southeastern
Amazonian Craton. Understanding the diversity of these rocks in the geological record is essential to
improve the evolution of knowledge of the Amazonian Craton. Thus, this work presents petrographic,
geochemical, and geochronological (U-Pb LA-ICP-MS in zircon) data on granitoids of the Sdo José
Complex, Canaa Granite, Sant’/Ana Granodiorite and Uirapuru Granite, that occur in the northwestern
of the Bacaja Domain. Séo José Complex is composed of biotite tonalites and granodiorites slightly
peraluminous from medium to high-K, magnesian and I-type affinities. One U-Pb zircon age was
obtained at 2502 + 6 Ma, which may represent a subduction magmatism in pre-collisional stage arc
environment prior to the Transamazonian Orogeny, formed from the melt of Archean crustal sources
and amphibolitic rocks. The granitoids like Canad Granite, Sant’/Ana Granodiorite and Uirapuru
Granite are composed of weakly metaluminous to peraluminous monzogranites, granodiorites with
subordinate tonalites and syenogranites, with high SiO, and K,O contents and high-K calc-alkaline
to shoshonitic affinities, of ferroan I-type and A-type. The age of 2124 + 7 Ma was obtained for
the Sant’Ana Granodiorite, which may indicate its formation in syn- to post-collisional environments
related to magmatic episodes of the Transamazonian Orogeny. The granodiorite was crystallized
from partial melt of crustal sources derived from intermediate rocks such as tonalites and psammitic
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gneisses that occur in the region.

1. Introduction

The Paleoproterozoic was an era of significant tectonic,
climatic, and biological upheavals in the Earth system (Gumsley
et al. 2017). Among the tectonic modifications, it is possible to
mention decreases (2.42-2.22 Ga) and increases (1.9 Ga) in
superplumes activities (Condie 2000, 2009a,b) and the first
appearance of accretionary and collisional orogens (Corrigan
et al. 2009). Furthermore, one of the best-preserved examples
of Paleoproterozoic high-pressure rocks in the Trans-Hudson
Orogen indicates one of the first operations of tectonic
plates, similar to those from the Phanerozoic regime (Weller
and St-Onge 2017). The early history of the supercontinent
cycle also dates back from the Paleoproterozoic, where the
amalgamation and dispersion of the Nuna supercontinent take
place between 1.9 and 1.8 Ga (Zhao et al. 2002; Reddy and

Evans 2009). The Archean-Proterozoic transition also marks
secular changes in the magmatic record. The melting of a
subducting plate dominated the generation of magmatic rocks
in the Neoarchean, whereas in the early Paleoproterozoic, the
partial melting of the metasomatized mantle wedge was the
primary process to produce magma in the crust (Wyllie 1983;
Hawkesworth et al. 1993; Kemp and Hawkesworth 2003;
Martin et al. 2005).

The secular changes in the magmatic record during the
Paleoproterozoic indicate the predominance of lithological
associations constituted by tonalite, granodiorite, and andesite
with calc-alkaline signatures (Baker et al. 1981), in opposition
to the Archean associations dominated by the tonalitic-
trondhjemitic-granodioritic rocks — TTG (Martin 1994; Martin
and Moyen 2002; Martin et al. 2005). For more than a decade,
it was recognized that the period from 2.5 to 2.2 Ga (Siderian-
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Rhyacian) had marked by an apparent “global magmatic
shutdown,” interpreted as a consequence of changes in the
tectonic plate regime (Condie et al. 2005; Condie et al. 2009b)
. This time was known as Siderian Quiet Interval — SQI (Condie
et al. 2005; Condie et al. 2009b). However, several authors
have identified magmatic rocks of age coincident with SQI in
different regions of the globe (e.g., Gawler Craton, Dharwar
Craton, Borborema Province, Amazonian Craton), including
juvenile magmatic records of TTG arc-like signatures,
supporting significant crustal additions in the Siderian within
the cratons (Swain et al. 2005; Berman et al. 2005; Vasquez
et al. 2008; Santos et al. 2009; Anderson et al. 2012; Santosh
et al. 2013; Pehrsson et al. 2014).

Several orogenic systems formed by terrane accretion
along subduction zones are recognized in the Rhyacian period,
constituting granite-greenstone terrains (e.g., Zhao et al. 2002;
Brito Neves 2011; Brito Neves and Fuck 2014). The Rhyacian
chrono-correlates orogenic events receive various names
in different regions of the world, such as Transamazonian
Orogeny (Hurley et al. 1967; Almeida et al. 1973) in the South
American Continent; Eburnian Orogeny (Bessoles 1977;
Liegeois et al. 1991) and Birimian Orogeny (Milési et al. 1992;
Grenholm 2019; Grenholm et al. 2019) in Africa.

In the Amazonian Craton, Paleoproterozoic rocks
from the Siderian (2.50-2.30 Ga) and Rhyacian periods
(2.30-2.05 Ga) are included in the Maroni-Itacaiunas or
Transamazonian Province, a region consisting of granite-
greenstone terrains generated and/or reworked during
the Transamazonian Cycle (2.25-2.00 Ga) (Cordani et al.
1979; Tassinari and Macambira 1999; Santos et al. 2000;
Santos 2003; Santos et al. 2006). In the context of the
Transamazonian Province, the Bacaja Domain located
to the south of this province, is composed by Archean-
Siderian remnants reworked in the Transamazonian
Cycle and several granitoids with Rhyacian-Orosirian
ages (Vasquez et al. 2008). In the northwestern of Bacaja
Domain, several granitoids have been mapped over
the past decades, including monzogranites, tonalites,
granodiorites, and charnockitic rocks (Macambira et al.
2003; Santos 2003; Vasquez et al. 2005; Vasquez et al.
2008; Barros et al. 2016). These rocks generally occur as
intrusive plutons in Archean and Paleoproterozoic high-
grade orthogneisses and meta-sedimentary rocks (e.g.,
Rio Preto Mafic Orthogranulite, Uruara Orthogneiss, and
Ipiagava Paragneiss).

According to Vasquez et al. (2008), the granitoids from
the Bacaja Domain have ages ranging from Neo-Archean to
Orosirian, are related to collisional and accretionary phases
of an expressive Rhyacian orogen, and also may have been
produced by the melting of the Archean-Siderian continental
crust. Furthermore, the origin of these rocks can be key to
unravel the Paleoproterozoic evolution of the Bacaja Domain.
The geodynamic significance of the Archean-Paleoproterozoic
transition is poorly understood in the region, and therefore,
this work aims to characterize these granitoids of the Bacaja
Domain, to define their geochemical signatures, magmatic
series, geodynamic typologies, and tectonic settings, in
addition to investigating and discussing the origin and
evolution of magmatic events that make up the northwestern
region of the Bacaja. For this, new field, petrographical,
geochemical and geochronological (U-Pb method in zircon)
data are presented.

2. Geological context

The Bacaja Domain is part of the Maroni-ltacaitinas or
Transamazonian Province (Cordani et al. 1979; Teixeira et al.
1989; Santos 2003)in the east-centralregion of the Para State. It
consists of rocks representing reworked Archean and Siderian
domains from different phases of the Transamazonian Cycle
(Santos 2003; Tassinari and Macambira 1999, 2004; Vasquez
et al. 2006; Vasquez et al. 2008). The geological evolution of
the Bacaja Domain is divided into three main events, including
3.00 — 2.50 Ga Archean magmatism, early-Siderian and late-
Siderian metavolcanic-sedimentary sequences (2.50 — 2.34
Ga), and Rhyacian magmatism (2.30 — 2.06 Ga) (Vasquez et
al. 2006; Vasquez et al. 2008).

The Neoarchean magmatism is represented by
orthogneisses with crystallization ages ranging from 2671 to
2503 Ma with positive eNd (+2,67), indicating the formation of
juvenile Archean crust (Macambira et al. 2004). The Early-
Siderian event is constituted by felsic metavolcanic rocks
and meta-quartz diorites from 2452 to 2440 Ma, hosted in
Rhyacian granitoids related to island arc settings associated
with a Neoarchean nucleus (Vasquez et al. 2008). The Trés
Palmeiras greenstone belt (Macambira et al. 2004) is related
to meta-tonalites from 2338 Ma island arcs, and ocean floor
rocks (Jorge Jodo et al. 1987; Vasquez et al. 2008) and is the
main representative sequence from the late-Siderian event.
The Rhyacian magmatism is formed by distinct events related
to Rhyacian orogenesis. The oldest Rhyacian rocks comprise
granitoids of 2313 Ma (Faraco et al. 2005), associated with
ortho-granulites and charnockites related to the amalgamation
of an island arc against an Archean/early-Siderian block
(Vasquez et al. 2008).

Subsequently, in the Rhyacian, high-temperature
deformed granitoids from 2.21 to 2.18 Ga are related to an
early-Rhyacian orogeny formed in a continental magmatic
arc setting, installed on the margin from a Neoarchean to
Siderian microcontinent (Vasquez et al. 2008). Syn-collisional
orogenic granitoids from 2.16 to 2.13 Ga related to a magmatic
arc (Macambira et al. 2003; Vasquez et al. 2005) and late-
collisional to post-collisional granites from 2.11 to 2.09 Ga and
charnockitic rocks with low deformation (Vasquez et al. 2008)
also occur. The youngest Rhyacian rocks comprise post-
collisional charnockite granites from 2.08 to 2.07 Ga related
to the post-collisional stage of the Transamazonian Orogeny
(Macambira et al. 2003; Souza et al. 2003; Vasquez et al. 2005;
Vasquez et al. 2008). A later magmatic episode of Orosirian
age, dated at 1.99 Ga, occur locally in the northwestern
of the Bacaja Domain. This magmatism is composed by
granitic rocks intruded in high-grade metamorphic rocks and
Rhyacian granitoids. The 1.99 Ga granitoids may represent a
late magmatic pulse of the Transamazonian Cycle or may be
part of the Orosirian orogenic magmatism associated with the
Tapajos-Parima Province (Vasquez et al. 2005). According to
Vasquez and Rosa-Costa (2008), the main units composed
of granitic rocks from the northwestern region of the Bacaja
Domain (Figure 1) are represented by the Canad Granite,
Arapari Intrusive Suite, and by the Sant’Ana Granodiorite.
These lithological associations represent syn- to post-
collisional stages of the Transamazonian Orogenesis and
intruded the Archean-Paleoproterozoic basement constituted
by the Ipiagava Paragneiss, Uruara Orthogneiss and Rio
Preto Mafic Orthogranulite.
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FIGURE 1 - Location map of the study area (a-b) Location of the Bacaja Domain in the context of South America; (c) Geological map of the study
region in the Bacaja Domain by Vasquez and Rosa-Costa (2008) — Data source: SGB/CPRM (https://geosgb.cprm.gov.br/downloads/#).

The Rio Preto Mafic Orthogranulite occurs as elongated
bodies within a WNW-ESE trend. It consists of two pyroxenes
mafic rocks and migmatitic orthogneisses, representing a
probable exhumed lower crust (Jorge Jodo and Silva Neto 1994;
Vasquez et al. 2008). Zircon Pb-evaporation geochronological
data for a tonalitic granulite yielded an age of 2628 + 3 Ma,
interpreted as the timing of protolith crystallization (Vasquez
2006; Vasquez and Rosa-Costa 2008). These authors
believed that metamorphism in granulite facies took place at
2072 + 3 Ma. The Uruara Orthogneiss is constituted of layered
metatonalites and metagranodiorites, which locally exhibit

migmatitic features and amphibolitic lenses (Vasquez et al.
2005). SHRIMP zircon U-Pb geochronological data indicate
crystallization ages of 2503 + 10 Ma for the metatonalite
protolith (Santos 2003), whereas Vasquez et al. (2008) present
a crystallization age of 2481 + 13 Ma for one metagranodiorite.
The Ipiagava Paragneiss comprises foliated rocks within an
NW-SE trend, consisting of pelitic and psammitic paragneiss
metamorphosed into upper amphibolite to granulite facies
(Vasquez et al. 2005; Vasquez 2006; Vasquez et al. 2008).
The detrital zircon spectra for these meta-sedimentary
rocks yielded older populations ranging from 3.12 to 2.56
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Ga, whereas monazite crystals extracted from a granitic
leucossome showed U-Pb ages between 2074 + 3 and 2071 +
3 Ma (Vasquez 2006).

The Canad Granite is an NNW-SSE oriented pluton,
intrusive in the Uruara Orthogneiss, Ipiacava Paragneiss
and Rio Preto Mafic Granulite. It consists of biotite-rich
monzogranites and granodiorites (Vasquez et al. 2005; Vasquez
et al. 2008). The geochronological data show crystallization
ages by the Pb-evaporation method in zircon at ca. of 2104
+ 5 Ma of a monzogranite from the Canaa Granite (Vasquez
et al. 2005). This unit is considered representative of the syn-
collisional magmatism from the Transamazonian Orogeny. The
Arapari Intrusive Suite is formed by charnockitic and charno-
enderbitic batholiths and/or stocks, isotropic to slightly foliated
with red biotite and hornblende (Ricci 2006). A jotunite and
charno-enderbite from this unit were dated by the zircon Pb-
evaporation method and yielded crystallization ages ranging
between 2070 + 3 and 2077 + 3 Ma (Santos 2003; Vasquez
et al. 2008). Zircon U-Pb analyses by SHRIMP yielded an
age of 2086 + 5 Ma from a charnockite (Santos 2003) of this
suite, which was related to a syn- to late-collisional magmatism
phase of the Transamazonian Cycle (Vasquez et al. 2008). The
Sant’Ana Granodiorite is formed by a pluton intrusive in the Rio
Preto Mafic Orthogranulite and the Ipiagava Paragneiss, and it
consists mainly from medium to fine isotropic, inequigranular
granodiorites, and tonalites with an incipient magmatic foliation
(Vasquez et al. 2005; Vasquez et al. 2008). Usually, the
Sant’/Ana Granodiorite exhibit recrystallized biotite, epidote,
hornblende, and allanite aggregates, besides host enclaves
of dioritic dykes showing magma mingling features (Vasquez
et al. 2008; Vasquez and Rosa-Costa 2008). The Sant’Ana
Granodiorite has a Pb-evaporation age in zircon of 1986 + 5 Ma
(Vasquez et al. 2005), and may represent the last stage of the
post-collisional magmatic event of the Transamazonian Cycle,
or an event in an anorogenic environment (Vasquez et al. 2005;
Vasquez et al. 2008). A summary with crystallization ages of
granitoids from the Bacaja Domain is showed in Table 1.

3. Material and methods
3.1. Geological Mapping and Petrography

The fieldwork was carried out in the Uruara — PA region and
allowed to recognize, map and sample the lithological units
for petrographic, geochemical, and geochronological studies.
The collected data were integrated, resulting in a geological
map of the region under study. The petrographic description
of the granitoids consisted of identifying the mineralogy,
description of magmatic, post-magmatic and alteration
textures, modal compositions, and classification according to
IUGS definition (Streckeisen 1976; Le Maitre et al. 2002). The
mineral abbreviation names followed the systematic proposed
by Whitney and Evans (2010).

3.2. Whole-Rock Geochemistry

Whole-rock geochemical analyses were carried out
in 14 samples: Sao José Tonalite (4), Canad Granite (3),
Sant’Ana Granodiorite (4), and Uirapuru Porphyritic Granite
(3). Major and trace element analyses were performed by
X-ray fluorescence (XRF) at the Geochemistry Laboratory of
the Institute of Geosciences (IG-UNICAMP), using a Phillips

PW 2404 X-ray fluorescence spectrometer and following the
procedures described in Vendemiatto and Enzweiler (2001).
Pressed pellets from powder samples were prepared by
mixing 9g of the sample with 1.5 g of powdered wax using
a hydraulic press (HTP 40, Herzog). Glass discs were made
by melting at 1000°C 6g of sample powder mixed with 1g of
lithium tetraborate and metaborate. The analytical accuracy
of X-ray fluorescence analyses for major oxides and minor
elements ranges from 1.5% (SiO,) to 7% (P,0,), while those of
trace elements range from 3 to 10%, all with a range of 95%
confidence.

Additional analyses of trace elements, including rare earth
elements, was performed by inductively coupled plasma mass
spectrometry (ICP-MS) at the Isotopic Geology Laboratory
of the IG-UNICAMP. The equipment used was an ICP-
MS Xseries Il (Thermo), equipped with CTT (Collision Cell
Technology). For quality control, the GS-N reference (Granite
— ANRT) was used. The sample preparation for analysis of
trace elements and rare earth elements is described below:
The powder samples were dissolved in nitric acid (HNO,)
and hydrofluoric acid (HF) using closed vessels inserted and
heated to high pressures and temperatures for approximately
five days. After cooling to room temperature, the samples
were heated on a hot plate with 0.5 mL of HCIO, for 4 hours
at 150°C, to decompose the fluorides. Quality control was
performed by analyzing international reference materials
(JGb-1, BRP-1), sample duplicates, and a blank sample. The
geochemical analyses were plotted using the GCDkit software
(Janousek et al. 20086).

3.3. Zircon U-Pb Geochronology

The sample preparation was performed as follow: (1)
reduction of the fraction collected using a jaw crusher; (2)
pulverizing in a disc mill; (3) concentration of dense minerals
in a manual pan; (4) separation of magnetic minerals; (5)
separation of the zircon grains in a binocular magnifying glass;
(6) mounting the crystals within an epoxy resin and polishing
with diamond paste to expose the inner portions of the zircon
crystals.

Recognition of the internal structure of zircon crystals was
obtained by cathodoluminescence (CL) and backscattered
electrons (BSE) in a Cartl Zeiss scanning electron microscope
(SEM) with a LEO 430i energy dispersive X-ray microanalyzer.
The images helped choose the spots to be dated, by identifying
the rim and core, zoning, and fractures present in the zircon.
The U-Pb analyses were performed using the LA-SF-ICP-
MS technique, which is composed of a Photon Machines
Excite.193 ionization laser system equipped with two HelEx
cells was used in conjunction with a ThermoScientific
Element XR ICP-MS, of the Laboratory of Isotopic Geology
at UNICAMP. Helium was used as transporting gas, in order
to increase the transport efficiency of the ionized material.
The analyses were performed based on the procedures
defined by Navarro et al. (2015) with a laser spot size of 25
pgm. Data reduction was done using the lolite software, and
the concordia and discordia diagrams was performed using
the IsoPlotR software (Vermeesch 2018). All measurements
were normalized in relation to the standard zircon 91,500
(Wiedenbeck et al. 1995). Peixe zircon standard (ID-TIMS age
of 564 + Ma; cf. Dickinson and Gehrels 2003) was used to
monitor the quality of the reduction procedures.
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TABLE 1 - Crystallization ages of granitoids from the Bacaja Domain

Magmatic episode Geological unit Age (Ma) Method Reference
1986 £ 5 Vasquez and Rosa-Costa (2008)
Post-orogenic magmatism Sant'ana Granodiorite 2483 £+ 11 Pb-Pb TIMS, zircon Vasquez and Rosa-Costa (2008)
2086 £ 5 Vasquez and Rosa-Costa (2008)
2076 + 2 Macambira et al.. (2003)
. . . 2077 £2 . Vasquez et al. (2008)
Jodo Jorge Intrusive Suite Pb-Pb TIMS, zircon
2097 £ 7 Vasquez et al. (2005)
21159 Vasquez et al. (2005)
2219+ 3 Vasquez et al. (2005)
2070+ 3 Vasquez et al. (2008)
. ) 2077 +£3 Macambira et al. (2009)
Late- to post-collisional magmatism -
20793 . Monteiro (2006)
Pb-Pb TIMS, zircon -
) . . 2824 + 22 Monteiro (2006)
Arapari Intrusive Suite -
2613 £ 8 Monteiro (2006)
2415+ 10 Monteiro (2006)
2157+ 3 Monteiro (2006)
2086 £ 5 U-Pb SHRIMP, zircon Santos (2003)
2086 £ 5 U-Pb SHRIMP, zircon Macambira et al. (2003)
Babaquara Granodiorite 2102+ 3 Pb-Pb TIMS, zircon Vasquez (2006)
2104 5 Vasquez et al. (2005)
+
Canaa Granite 21215 Pb-Pb TIMS, zircon Vasquez et al. (2005)
21395 Vasquez et al. (2005)
2156 £ 7 Vasquez et al. (2005)
2094 + 4 Monteiro (2006)
L ) 2084 + 2 ) Monteiro (2006)
Syn- to late-collisional magmatism Pb-Pb TIMS, zircon -
2108 +5 Monteiro (2006)
2436+ 3 Monteiro (2006)
Bacajai Complex 21133 Faraco et al. (2005)
2113 £ 35 U-Pb SHRIMP, zircon Faraco et al. (2005)
2673 +2 Faraco et al. (2005)
2114 +£3 ) Monteiro (2006)
Pb-Pb TIMS, zircon -
2573 +2 Monteiro (2006)
Metatonalite Tapiranga 2133 £ 10 Pb-Pb TIMS, zircon Souza et al. (2003)
Piranhaquara Monzogranite 2147 £ 5 U-Pb SHRIMP, zircon Vasquez et al. (2008)
Belo Monte Granodiorite 2154 + 2 Pb-Pb TIMS, zircon Macambira et al. (2009)
Oca Granodiortie 2160+ 3 U-Pb SHRIMP, zircon Vasquez et al. (2008)
Rhyacian granitoids 2191+ 2 U-Pb SHRIMP, zircon Macambira et al. (2009)
Pre-collisional magmatism 2182+ 6 U-Pb SHRIMP, zircon Macambira et al. (2007)
2215+ 2 Pb-Pb TIMS, zircon Vasquez et al. (2005
Brasil Novo Tonalite 2182+ 6 U-Pb SHRIMP, zircon Santos (2003)
22092 Pb-Pb TIMS, zircon Vasquez and Rosa-Costa (2008)
2524 +5 Vasquez et al. (2005)
Quartzmonzodiorite enclave 2440+ 7 Pb-Pb TIMS, zircon Vasquez et al. (2005)
. R ) 2452 +3 Pb-Pb TIMS, zircon Vasquez (2006)
Paleoproterozoic greenstone belts Trés Palmeiras greenstone belt - -
2359+ 2 U-Pb SHRIMP, zircon Macambira et al. (2004)
2313+9 F tal. (2005
Rio Bacaja Metatonalite U-Pb SHRIMP, zircon araco et al. (2009)
2338+5 Vasquez and Rosa-Costa (2008)
2440 £ 7 Pb-Pb TIMS, zircon Vasquez et al. (2005)
2487 + 13 Vasquez et al. (2008)
- o ) - 2581+ 6 Santos (2003)
Granitic-gnaissic-migmatic association U 4 Orth ) 2521 214 v 2l (2008
ruara Orthogneiss + U-Pb SHRIMP, zircon asquez et al. ( )
2548 £ 6 Vasquez et al. (2008)
2503 £ 10 Santos (2003)
2581+ 6 Santos (2003)
Pacaja Orthogneiss 2671+ 3 U-Pb SHRIMP, zircon Macambira et al. (2004)
Aruana Complex 2606 + 4 Pb-Pb TIMS, zircon Vasquez and Rosa-Costa (2008)
Rio Preto mafic Orthogranulite 2628 +3 Pb-Pb TIMS, zircon Vasquez and Rosa-Costa (2008)
) Novolandia Granulite 2766 + 70 LA-ICP-MS, zircon Vasquez and Rosa-Costa (2008)
Archean metamorphic complexes - -
3009 + 27 U-Pb SHRIMP, zircon Macambira et al. (2007)
Cajazeiras Complex 2942+ 4 Pb-Pb TIMS, zircon Vasquez and Rosa-Costa (2008)
2057 £ 7 U-Pb SHRIMP, zircon Macambira et al. (2003)
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4. Results
4.1. Field geology and petrography

Although the identification of metamorphic rocks in the
field have been done, only the granitic rocks for this work
has been discussed. A geological map was made after field,
remote sensing, and geophysical data (Figure 2), showing the
lithological units from the mapped area. The lithostratigraphic
units investigated in this study follow the model proposed
by Vasquez and Rosa-Costa (2008). However, the rocks
that did not fit within this classification scheme were named
in the present work. The contacts among the were inferred
mainly through remote sensing and geophysical data (e.g.,
satellite imagery such as Sentinel 2, Landsat-8, Alos Palsar,
and aero geophysical data from gamma spectrometry and
magnetometry) as they are difficult to visualize due to the
dense vegetation cover and the limited access to specific
regions further away from the roads. The geological map also
shows the geochemical and geochronological sampling points.

The petrographic characterization was performed on
14 samples of the granitic units (Sdo José Complex, Canaa
Granite, Sant’/Ana Granodiorite and Uirapuru Granite). The
rocks were classified according to Streckeisen (1976) and
the modal results were plotted on the QAP and Q-A+P-M'
diagrams (Figure 3) and presented in Table 1.

4.1.1. Sao José Complex

The Sao José Complex (Figure 4a) consists predominantly
of biotite tonalite, biotite granodiorite, and subordinate biotite
granites with foliation marked by the alignment of biotite and
plagioclase phenocrysts (Figure 4c). In this unit, there are
metric amphibolite xenoliths (Figure 4a), lenses of banded iron
formation, mafic enclaves composed of biotite, and usually,
the rocks are cut by granitic aplitic dykes (Figure 4b).

The tonalite is composed of quartz (30-38%), plagioclase
(43-54%), K-feldspar (2-5%) and biotite (13-25%) and the
granodiorite consists of quartz (35%), plagioclase (29%),
K-feldspar (11%), and biotite (11%). Zircon, apatite, and opaques
occur as accessory minerals, while sericite, muscovite, and
chlorite occur as secondary minerals. Plagioclase occurs as
subhedral crystals (0.5-1.8 mm), exhibits polysynthetic twins,
and can be found substituted by sericite (Figure 4d-e). Locally,
it presents quartz inclusions in poikilitic texture. Plagioclase also
occurs as prismatic (Figure 4f) and/or rounded phenocrysts,
larger than 2.5 mm, and is cut by micro faults and microfractures.
Its twins exhibit lens-shaped deformation. Quartz occurs as
prismatic subhedral crystals (Figure 4d), exhibits undulose
extinction, and is sometimes recrystallized in subgrains.
Additionally, it also occurs as irregular-shaped interstitial crystals
(Figure 4e-f) between plagioclase and biotite. Biotite forms
lamellae of medium grain (~1.5 mm) aligned according to the
foliation (Figure 4d) and also occurs as tiny crystals (0.2-0.5 mm;
Figure 4f). The latter type appears on the margins of plagioclase
crystals. Biotite usually contains zircon and apatite inclusions.
In more deformed domains, biotite form features such as kink-
bands and mica-fish (Figure 4e). Zircon forms small euhedral
crystals with pleochroic halos, usually embedded in biotite.
Apatite occurs as rounded and/or rod-shaped euhedral crystals
usually included in plagioclase. Opaque minerals form subhedral
to anhedral crystals usually associated with biotite.

41.2. Canaa Granite

The Canad Granite comprises medium to coarse biotite
monzogranite, biotite granodiorite, and biotite tonalite. They
are isotropic to weakly foliated, with foliation marked by biotite
alignment (Figure 5a). Xenoliths are found in this unit. Most
of them are angular fragments with approximately 5 to 10 cm
formed by biotite gneisses (Figure 5b). The monzogranite
(Figure 5c) is essentially composed of quartz (32-34%),
plagioclase (36-37%), K-feldspar (24-27%), and biotite (~3-4%),
and the granodiorite is composed of quartz (33%), plagioclase
(30%), K-feldspar (32%) and biotite (2%); while tonalite presents
quartz (38%), plagioclase (54%), K-feldspar (2%), and biotite
(3%). Zircon, apatite, allanite, garnet, and opaques occur as
accessory minerals, while sericite, muscovite, and chlorite
occur as secondary minerals. Garnet occurs locally and rarely
appears in monzogranite of more felsic composition.

In these lithotypes, plagioclase occurs as crystals greater
than 5 mm, they are rounded (Figure 5d) and sometimes
have microfractures filled with quartz and biotite, in addition to
deformational features such as folded twin planes. Plagioclase
also appears as medium (0.8-2.5 mm) subhedral and anhedral
crystals, with polysynthetic twins, and is usually replaced by
sericite (Figure 5e). K-feldspar occurs as prismatic crystals (>5
mm), usually exhibiting chessboard twins and/or perthites of
variable morphologies (Figure 5d); There are also euhedral to
subhedral crystals (2-4 mm) that show chessboard twins, and their
contacts are usually bordered by fine quartz and biotite crystals.
Locally, zircon and plagioclase inclusions occur in K-feldspar.
Quartz occurs as a medium to coarse (0.7-2.0 mm) subhedral
crystals with undulose extinction (Figure 5d-e) or recrystallized
interstitial crystals forming subgrains (Figure 5e). Additionally,
crystals with vermiform shapes also occur among the boundaries
of the feldspar crystals, defining a myrmekite texture (Figure
5d). Biotite forms subhedral to anhedral tabular crystals (0.2-1.5
mm) (Figure 5d), besides clusters distributed along with quartz.
Sometimes biotite is partially replaced by chlorite and muscovite
and exhibits inclusions of tiny apatite, allanite, and zircon crystals.
Garnet forms fractured fine to medium subhedral and anhedral
crystals (0.3-2.5 mm) (Figure 5f), usually associated with biotite.

4.1.3. Sant’Ana Granodiorite

The Sant'Ana Granodiorite (Figure 6a-b) is predominantly
composed of biotite granodiorites and biotite monzogranites
and subordinate tonalites. The granodiorite (Figure 6b)
consists of quartz (28-35%), plagioclase (38-48%), K-feldspar
(2-5%), biotite (16-20%) and the monzogranite is composed
of quartz (30-34%), plagioclase (~26%), K-feldspar (35-
39%), biotite (3-4%). Zircon, apatite, and opaques occur as
accessory minerals, while sericite, muscovite, chlorite, and
epidote occur as secondary minerals. Plagioclase occurs as
phenocrysts larger than 5 mm, exhibit a polysynthetic twin,
and are usually replaced by sericite and saussurite (Figure 6c).
They present microfractures (Figure 6¢) and deformed twins,
in addition to restricted kink-bands; subhedral crystals (0.8-
2.5 mm) also occur, which are usually replaced by sericite and
are associated with smaller crystals of quartz and K-feldspar.

K-feldspar occurs as phenocrysts >5 mm, with perthitic
exsolution and/or chessboard twin; medium subhedral
crystals (0.8-2.0 mm) with chessboard twins locally deformed.
Also, they exhibit perthitic exsolution of diverse morphologies.
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FIGURE 2 - Geological map of the study area made with data acquired in the fieldwork,

geophysical, and remote sensing data.
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FIGURE 3- QAP and Q-(A+P)-M'diagrams (Streckeisen 1976) with the modal composition of the studied granitoids and compositional
trends of the Lameyre and Bowden (1982) magmatic series: (1) Toleiitic series, (2) low-K Calc-Alkaline series, (3) Medium and
high-K calc-alkaline series, (4) Shoshonitic series, (5) Metaluminous supersaturated alkaline series, (6) Supersaturated alkaline
series, (7) Peraluminous leucocratic association. M' = Mafic Minerals (Biotite + Opaque).

Quartz occurs as prismatic subhedral crystals (2.5 - 4.0 mm)
with undulose extinction (Figure 6e); and, as tiny crystals
(0.2-2.0 mm), recrystallized in subgrains (Figure 6d), usually
associated with biotite, muscovite, and epidote and atthe edges
of larger feldspar and quartz crystals. Biotite forms subhedral
lamellar crystals (0.8-2.0 mm) partially replaced by chlorite that
forms mafic clusters associated with epidote, allanite, chlorite,
opaques, and muscovite that are irregularly distributed among
the larger feldspar and quartz crystals (Figure 6d). Another
way that biotite occurs is as fine recrystallized crystals related
to quartz crystals (Figure 6e). Zircon occurs as small prismatic
crystals included in K-feldspar, plagioclase, and biotite. Apatite
occurs as inclusions mainly in plagioclase. Opaque minerals
(Figure 6f) form subhedral crystals associated with biotite and
are usually replaced by epidote.

4.1.4. Uirapuru Granite

It consists predominantly of biotite monzogranites with
muscovite, subordinate syenogranites, and granodiorites,
exhibiting dark gray color, inequigranular coarse to porphyritic
(Figure 7a-b). They usually present foliation marked by biotite,
quartz, and feldspar porphyroclasts. This unit is cross-cut
by aplitic dykes veins of quartz and epidote. Monzogranite

consists of quartz (25-33%), plagioclase (21-30%), K-feldspar
(25-34%), and biotite (4-11%). Zircon, apatite, epidote, opaque
and muscovite occur as accessory minerals, while sericite,
muscovite, chlorite, and epidote occur as secondary minerals.

Plagioclase forms euhedral to subhedral phenocrysts
with dimensions above 5 mm (Figure 7c), usually presenting
a polysynthetic twin. It is common to be heavily sericitized in
some regions (Figure 7c-d). Quartz occurs as a medium to
coarse subhedral to anhedral crystals (Figure 7d), in addition to
elongated crystals that eventually form a ribbon quartz texture.
There are also crystals recrystallized in subgrains that mark a
mylonitic texture (Fig. 7d). Biotite and muscovite form medium
to coarse euhedral to subhedral crystals (Figure 7c-d), usually
tabular that exhibit straight to serrated contact with K-feldspar
and plagioclase. Another way they occur is usually as small,
dispersed crystals associated with recrystallized quartz
marking the foliation. Biotite is locally replaced by chlorite.
K-feldspar, as well as plagioclase, also occurs as euhedral
to subhedral phenocrysts (>5 mm), exhibits perthitic texture,
and chessboard twins that are usually deformed (Figure 7f).
Eventually, the phenocrysts exhibit microfractures where they
tend to form new grains. At the edges, the phenocrysts reveal
core-like texture, and locally they show plagioclase inclusions
(Figure 7e).
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FIGURE 4 - Mesoscopic and petrographic features of the Sdo José Complex (a) biotite tonalite block with amphibolite metric xenolith;
(b) biotite tonalite cut by finer-grained granitic aplitic dikes; (c) biotite tonalite with oriented plagioclase crystals marking the submagmatic
foliation; (d) photomicrograph showing the textural weave of the biotite tonalite; (e) photomicrograph of a section with foliated biotite
tonalite showing biotite-fish and quartz subgrains; (f) petrographic section with the presence of plagioclase porphyroclasts with
inclusions of biotite and quartz.
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FIGURE 5 - Field features and petrographic aspects of Canaa Granite; (a) biotite monzogranite block with submagmatic foliation marked
by biotite alignment; (b) outcrop view with the presence of centimetric angular xenoliths of kyanite-biotite gneiss; (c) medium grained
biotite monzogranite sample with plagioclase and K-feldspar phenocrysts; (d) photomicrograph showing the inequigranular textural
weave of the biotite monzogranite with the presence in the center of the image of myrmekite texture; (e) photomicrograph showing biotite
monzogranite with plagioclase crystals replaced by sericite, quartz with undulose extinction and subgrains; (f) photomicrograph with
fractured garnet crystals associated with biotite crystals.
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FIGURE 6 - Field features and petrographic aspects of Sant'Ana Granodiorite; (a) outcrop of Granodiorite Sant'Ana; (b) sample
of biotite granodiorite collected; (c) biotite granodiorite photomicrograph with emphasis on the plagiclase phenocryst that exhibits
microfractures and its edges are replaced by sericite, in addition to anhedral quartz crystals with subgrain migration in the upper region;
(d) photomicrograph of granodiorite showing a section with clusters of biotite, quartz and muscovite; (e) photomicrograph with quartz
crystal with undulose extinction at its edges quartz presents small grains of K-feldspar, quartz and biotite; (f) finer-grained micrographic
section showing opaque mineral crystals, muscovite and epidote.
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FIGURE 7 - Field samples and petrographic aspects of the Uirapuru Granite; (a-b) samples of coarse-grained biotite monzogranite and
porphyritic biotite syenogranite; (c) textural web of an inequigranular biotite monzogranite with plagioclase crystals substituted for
sericite and lamellar subhedral biotite; (d) textural web of a biotite monzogranite exhibiting large lamellar muscovite crystals and fine
quartz between the plagioclase crystals; (e) textural plot with plagioclase phenocrysts with small quartz and K-feldspar grains that form
mylonitic texture; (f) euhedral phenocryst of pertitic K-feldspar with small plagioclase inclusions, the crystal is also bordered by small
quartz grains.
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4.2. Whole-rock geochemistry

The analyses of the major, trace, including rare earth
elements, of the granitoids from this study are presented in
Table 2 and plotted in Harker’s diagrams in Figures 8 and 9.

4.2.1. Sao José Complex

Four samples of the Sdo José Complex (CVM-28, CVM-
33, CVM-36, CVM-29) were examined in this study. They have
variable SiO, content (66.55-71.23%) and plot in the fields
of tonalites, granodiorites, and granites (Figure 10a) in the
P-Q diagram of Debon and Le Fort (1983). They are slightly
peraluminous (A/CNK=1.08-1.09; Figure 10b). Two samples
fall in the high-K calc-alkaline field, one in the medium-K calc-
alkaline and another is part of the shoshonitic series in the
K,O diagram versus SiO, (Figure 10c).

In the diagram of major elements (Al,O, + CaO) / (FeOt +

content ranging from 1.47 to 5.53 wt%. The samples display a
K,0O/Na,Q ratio between 0.36 and 1.52 (Table 2).

The content of ALO, and Na,O range from 14.96-17.73
wt % and 3.37-4.54 wt %, respectively, whereas CaO varies
from 1.0-4.57 wt % (Table 2). The samples exhibit negative
correlations between SiO, content versus ALO,, FeOt, CaO
and P,O,, and positive correlations with K,O (Figure 8). In the
FeOt/(FeOt+MgO) versus SiO, (Frost et al. 2001) diagram the
samples plot in the magnesium field (Figure 10e), with the
values of Mg# between 33.67 and 40.05 and FeOt / (FeOt +
MgO) ratios between 0.73 and 0 .78.

In the mantle normalized trace element diagram
(McDonough and Sun 1995), the samples from the S&o José
Complex are enriched in lithophile elements of large ionic
radius (Ba and Rb), U, and Pb and depleted in Nb, Ta, P and
Ti (Figure 11a). They exhibit high Sr content (329-662 ppm)
except for one sample (Sr = 127 ppm), moderate Rb (130-279
ppm), low K/Rb ratios (113.08-245.78 ppm), Rb/Sr (0.20-0.55),

Rb/Ba (0.15-0.25) and moderate Sr/Y (13.26-39) (Table 2).
The sum of rare earth elements ranges from 161 to 385
ppm. In the mantle normalized rare earth elements diagrams

Na,O + K,0) versus 100 (MgO + FeOt + TiO,) / SiO, (Sylvester
1989) two samples plot in the field of high fractionated calc-
alkaline granite (Figure 10d). They are characterized by K,O

TABLE 2 - Whole-rock geochemical analysis of major, trace, and rare earth elements of the studied granitoids

Sao José Complex Uirapuru Granite Sant’Ana Granodiorite Canaa Granite
Bt-Tnt | Bt-Tnt | Bt-Grd | Bt-Tnt | Bt-Mzg | Bt-Mzg | Bt-Mzg | Bt-Grd | Bt-Mzg | Bt-Grd | Bt-Mzg | Bt-Mzg | Bt-Mzg | Bt-Tnt
C\ZI;II " | CVM-33 | CVM-26 | CVM-29 | CVM-38 | CVM-31 | CVM-36 | CVM-04 | CVM-21 | CVM-24 | CVM-18 | CVM-14 | CVM-15 | CVM-07
Major elements (wt%)
Sio, 66.53| 68.56 71.78 71.23| 68.89| 70.66 71.43| 70.53| 70.67 71.35| 7272 73.63| 73.83| 73.92
Tio, 0.42 0.40 0.17 0.20 0.65 0.55 0.40 0.56 0.35 0.20 0.23 0.19 0.18 0.24
AlL0, 17.73 15.26 14.96 15.89 13.74 13.32 13.77 14.33 14.67 14.87 14.19 14.17 13.9] 13.64
Fe,0,t 3.19 3.87 1.46 1.58 4.49 3.88 3.1 2.69 2.42 1.62 1.91 1.52 1.43 1.59
MnO 0.037 0.05 0.011 0.009| 0.047| 0.045| 0.026 0.019| 0.019| 0.016| 0.021 0.021 0.014] 0.013
MgO 1.16 1.45 0.42 0.45 0.6 0.61 0.44 0.7 0.42 0.3 0.28 0.47 0.25 0.31
Ca0 4.57 2.64 1 213 2.05 1.67 1.16 1.74 0.89 0.97 1.09 1.64 0.99 1.02
Na,0 4.07 3.37 3.65 4.54 2.7 2.52 2.73 3.21 2.98 3.55 3.45 3.9 3.36 3.16
K,0 1.47 3.49 5.53 3.27 5.68 5.49 5.61 5.16 6.52 6.15 5.16 3.58 5.32 5.2
PO, 0.12 0.13 0.08 0.06 0.22 0.17 0.15 0.18 0.08 0.08 0.06 0.05 0.06 0.06
LOI 0,45 0,47 0,64 0,32 0,60 0,76 0,91 0,57 0,70 0,65 0,62 0,56 0,39 0,55
AICNK 1.08 1.09 1.09 1.07 0.98 1.03 1.10 1.04 1.09 1.05 1.08 1.07 1.07 1.08
K,0/Na,0 0.36 1.04 1.52 0.72 2.10 218 2.05 1.61 219 1.73 1.50 0.92 1.58 1.65
K,0 + Na,0 5.54 6.86 9.18 7.81 8.38 8.01 8.34 8.37 9.5 9.7 8.61 7.48 8.68 8.36
Mg 39.33| 40.05| 33.90| 33.67 19.24  21.89 20.14 31.69| 23.63| 24.82| 20.72| 3553| 23.76| 25.79
FeOt/ (MgO + FeOt) 0.73 0.73 0.78 0.78 0.88 0.86 0.88 0.79 0.85 0.84 0.87 0.76 0.85 0.84
Trace elements (ppm)
Li 87.3 38.3 32.4 14.9 21.0 15.5 13.7 14.2
Be 1.55 2.02 2.79 2.29 1.13 0.97 2.00 1.21
Sc 10.9 4.55 8.15 4.48 2.30 1.39 2.75 1.09
v 52 56.1 23.7 16.2 33.6 26.7 21.2 35 7.9 8.2 115 14.8 9.2 16.6
Cr 18.7 56.3 35 16.5 1.7 13.5 13.3 46 6.94 14.5 66 17.4 9.77 20.1
Co 8.68 4.07 4.40 3.39 1.30 1.07 1.93 0.86
Ni 4.7 12.8 3.7 1.94 2.46 2.31 5 5.6 0.45 2.38 2.7 2.61 1.32 2.7
Cu 6.5 15.8 1.44 5.64 4.54 4 0.38 0.48 0.93 1.10 7.8
Zn 67 72.7 50 60.8 61.5 44.0 80 85 137 138 68 136 15.9 37
Ga 245 19.1 21.9 234 233 21.0 21.4 24 22.1 19.0 242 16.3 16.9 20.2




158

Vieira et al. - JGSB 2022, vol 5, n2 3, 145 - 176

TABLE 2 - Whole-rock geochemical analysis of major, trace, and rare earth elements of the studied granitoids (contined)

Sao José Complex

Uirapuru Granite

Sant’Ana Granodiorite

Canaa Granite

Bt-Tnt | Bt-Tnt | Bt-Grd | Bt-Tnt | Bt-Mzg | Bt-Mzg | Bt-Mzg | Bt-Grd | Bt-Mzg | Bt-Grd | Bt-Mzg | Bt-Mzg | Bt-Mzg | Bt-Tnt
CZ:I- CVM-33 | CVM-26 | CVM-29 | CVM-38 | CVM-31 | CVM-36 | CVM-04 | CVM-21 | CVM-24 | CVM-18 | CVM-14 | CVM-15 | CVM-07
Rb 130 160 225 279 232 147 260 | 206 230 206 248 102 144 211
Sr 662 329 127 511 151 126 134| 298 85.1 63.5 101 266 83.8 121
Y 4.2 24.8 7.6 131 44.0 29.8 21.9 5.9 8.99 5.25 3.5 13.3 8.12 131
Zr 97 222 170 90.4 485 347 244 283 280 82.3| 140 123 131 150
Nb 6.8 9.40 10.6 7.36 19.8 16.5 19.6 8.1 9.00 10.8 8.9 6.74 8.04 9.9
Mo 1.1 0.60 413 1.83 0.45 1.89 0.36 0.57
Cd 0.26 0.10 0.29 0.25 0.17 0.03 0.10 0.09
Sn 1.75 1.33 3.10 1.68 1.36 1.39 0.92 0.53
Sb 0.02 0.01 0.01 0.02 0.02 0.02 0.01 0.01
Cs 6.61 217 213 1.02 214 1.10 1.20 1.02
Ba 520 1060 607 1055 1236 1012 927 1103 709 335 596 589 763 910
Hf 5.04 218 10.58 8.04 7.23 2.45 3.24 3.54
Ta 0.82 0.61 0.93 0.68 0.63 0.63 0.74 0.33
w 2.96 119 2.28 1.51 0.86 0.65 0.90 0.41
Pb 5.9 25.3 46 43.0 251 22.2 46 52 49.0 32.9 56 21.2 21.9 40
Bi 0.25 0.12 0.08 0.05 0.27 0.06 0.03 0.03
Th 9.84 20.6 28.3 36.3 98.7 31.3 3.40 201
U 3.44 3.09 217 1.81 11.4 14.9 6.74 2.38
K/Rb 113.08| 218.02| 24578 | 117.18| 245.31| 373.53| 215.77| 250.49| 283.94| 299.16| 208.06| 350.43| 370.61| 246.45
Rb/Sr 0.20 0.49 1.77 0.55 1.53 117 1.94 0.69 2.70 3.24 2.46 0.38 1.71 1.74
Rb/Ba 0.25 0.15 0.37 0.26 0.19 0.15 0.28 0.19 0.32 0.61 0.42 0.17 0.19 0.23
SrlY 157.62 13.26 16.71 39.00 3.44 4.22 6.12 50.51 9.46 12.10 28.86 19.99 10.33 9.24
Nb/Ta 11.46 12.05 21.31 24.37 14.38 17.23 9.09 24.51
Rare Earth Elements (ppm)
La 35.8 93.7 17 156 126 341 1.4 38.9
Ce 70.6 197 202 270 223 69.0 18.9 65.6
Pr 7.23 16.5 25.6 30.0 20.8 8.28 1.95 6.67
Nd 26.2 55.4 91.6 96.9 65.2 29.5 6.7 21.6
Sm 4.80 8.57 15.6 12.8 9.90 5.86 1.25 3.47
Eu 1.05 1.46 1.66 1.35 0.51 0.32 0.63 0.39
Gd 4.52 6.47 13.25 10.34 6.81 4.20 1.30 3.00
Tb 0.64 0.67 1.67 1.14 0.56 0.40 0.23 0.36
Dy 4.00 3.00 8.74 5.69 2.1 1.42 1.73 1.69
Ho 0.86 0.45 1.62 1.06 0.32 0.20 0.42 0.28
Er 2.59 1.00 4.24 2.90 0.83 0.41 1.51 0.70
m 0.39 0.11 0.55 0.38 0.11 0.05 0.29 0.08
Yb 2.69 0.56 3.26 2.34 0.70 0.26 2.37 0.51
Lu 0.41 0.08 0.46 0.35 0.09 0.04 0.38 0.07
ZETR 161.00 385.02 | 48713 | 591.14 456.41 | 153.97 49.05 | 143.28
ZLREE 144.65 371.23 | 451.68 | 565.60 44438 | 146.68 40.20 | 136.20
YHREE 1716 13.79 35.44 25.55 12.04 7.30 8.85 7.07
LREE/HREE 8.43 26.92 12.74 2214 36.92 20.10 4.54 19.26
Eu/Eu* 0.64 0.55 0.33 0.33 0.17 017 1.41 0.34
(La/Sm), 4.66 6.83 4.70 7.61 7.96 3.63 5.7 7.01
(Gd/Yb), 1.34 9.27 3.25 3.53 7.81 12.88 0.44 4.75
(La/Yb), 8.88 111.92 | 23.95 | 44.30 120.34 | 87.01 3.21 51.33
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FIGURE 8 - Harker's diagram of major elements for the analyzed granitoids of the northwestern Bacaja Domain.
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(McDonough and Sun 1995) the samples exhibit weak
negative Eu anomalies (Eu*/Eu = 0.55-0.64). These samples
are enriched in light rare earth elements ((La/Yb)N = 8.88-
111.92), with moderate fractionation of light to heavy rare
earth elements ((La/Sm)N = 4.66-6.83; (Gd/Yb)N = 1.34-9.27)
(Figure 11a).

In the granite typology classification diagrams (Whalen et
al. 1987), the samples predominantly plot in the field of I-S-
type granites (Figure 12a-d). In the diagram FeO,/(FeO,+MgO)
versus Al,O, of Dall'Agnol and Oliveira (2007), which divides
the granites between calc-alkaline granites and reduced
and oxidized A-type granites (Figure 12e), the rocks of the
Séao José Complex are classified in the field of calc-alkaline
granites. The samples plot mainly in the volcanic arc and/or
syn-collisional environments (Figures 13a-d; Pearce et al.
1984; Pearce 1996).

4.2.2. Canaa Granite

Three samples of the Canaa Granite (CVM-07, CVM-14,
CVM-15) were analyzed. They have a high and restricted
variation of SiO, content (73.63-73.92 wt%). These samples
plot in the granodiorite and granite fields (Figure 10a) in the
P-Q diagram of Debon and Le Fort (1983) and are slightly
peraluminous (A/CNK=1.07-1.08; Figure 10b). In the K,O
versus SiO, diagram, one sample has affinity for the high-K
calc-alkaline series, while the other two plot at the boundary of
the high-K and shoshonitic calc-alkaline series fields (Figure
10c). In the diagram (Al,O, + CaO) / (FeOt + Na,0 + K,0)
versus 100 (MgO + FeOt + TiO,) / SiO, (Sylvester 1989), two
samples exhibit affinity with the fractionated calc-alkaline to
calcium-alkaline series, while the other plots in the field from
calc-alkaline to strongly peraluminous rocks (Figure 10d).

The Canaa Granite is characterized by a K,O ranging from
3.58 10 5.32 wt%, K,0/Na,O ratio between 0.92 and 1.65 wt%,
ALO, (13.64-14.17 wt%), Na,0 (3.16-3.90 wt%), and CaO
(0.99-1.64 wt%). Samples show weak negative correlations
between SiO, content versus Al,O,, CaO and Na,O and a
positive correlation with P,O, (Figure 8). The values of MgO
vary between 0.25-0.47 wt%. In the FeOt/(FeOt+MgO) versus
SiO, (Frost et al. 2001) diagram, two samples plot in the field
of magnesian granites and one in the ferrous granites (Figure
10e), Mg# values range from 25.76 to 35.53 and FeO, / (MgO
+ FeO,) from 0.76 to 0.84.

In the mantle normalized trace element diagram
(McDonough and Sun 1995), the Canaéa Granite samples are
enriched in lithophile elements of large ionic radius (Ba and
Rb), U, Pb and depleted in Nb, Ta, P and Ti (Figure 11b). They
show low to moderate Sr content (82.8-266 ppm), Rb (102-211
ppm), with moderate to high K/Rb ratios (246.45-370.61 ppm),
high Rb/Sr ratio (1.71-1.74) except for a sample with low Rb/Sr
ratio (0.38), low Rb/Ba ratio (0.17-0.23), moderate Sr/Y (9.24-
19.99) (Table 2).

The total sum of rare earth elements is low and varies
between 49.05 and 143.28 ppm. In the mantle normalized
rare earth element diagram (McDonough and Sun 1995)
the two analyzed samples exhibit distinct Eu anomalies, one
with a strong negative anomaly (Eu*/Eu = 0.34), and other
with positive anomaly (Eu*/Eu = 1.41) (Figure 11b’). The La/
Yb ratios range from 3.21 to 51.33), with moderate to high
fractionation of light to heavy rare earth elements ((La/Sm), =
5.71-7.01; (Gd/Yb), = 0.44-4.75).

The Canaad Granite rocks are classified as I-S type
granites (Figure 12a-d; Whalen et al. 1987). In the diagram
FeO,/(FeO +MgO) versus Al,O, (Dall'Agnol and Oliveira 2007),
two of them plot in the field of calc-alkaline granites and one
in the field of oxidized A-type granites (Figure 12e). According
to the discriminant diagrams of tectonic environments, the
samples are classified mainly in the volcanic arc and/or syn-
collisional granite environments (Figure 13a-d; Pearce et al.
1984; Pearce 1996).

4.2.3. Sant’Ana Granodiorite

Four samples of Sant'Ana Granodiorite lithostratigraphic
unit (CVM-04, CVM-21, CVM-24, CVM-18) were analyzed.
They have high SiO, content (70.53-72.72 wt%) and plot
in the granite fields (Figure 10a; Debon and Le Fort 1983).
They are slightly peraluminous (A/CNK= 1.04-1.09; Figure
10b). In the K, O versus SiO, diagram (Peccerillo and Taylor
1976), the samples have an affinity with the shoshonitic
series (Figure 10c), while in the (ALO, + CaO) / (FeO,
+ Na,0 + K,0) versus 100 (MgO + FeOt + TiO,) / SiO,
diagram (Sylvester 1989) two samples fall in the field of the
fractionated calcium-alkaline series and another two in the
field of the alkaline series (Figure 10d).

The analyzed samples are characterized by K,O content
between 516 and 6.52 wt% with K,O/Na,O ratio ranging
from 1.50 to 2.19. Contents of AL,O,, Na,O and CaO ranging
between 14.19-14.87 wt%, 2.98-3.55 wt% and 0.89-1.74 wt%,
respectively. Negative correlations between SiO, content
versus FeO,, K,0, and P,O, (Figure 8) is also observed. In
the FeO,/(FeO,+MgO) versus SiO, diagram (Frost et al. 2001),
three samples plot in the field of ferrous granites and one in the
field of magnesian granites (Figure, 10e), the values of Mg#
vary between 20.72 and 31.69 and those of FeO /(FeO,+MgO)
between 0.79 and 0.87.

In the mantle normalized multielement diagram
(McDonough and Sun 1995), the Sant'Ana Granodiorite is
enriched in Rb, Th, U, La, Pb, Nd, Zr, Dy; depleted in Ba, Nb,
Ta, Srand P and Ti (Figure 11c). They exhibit low to moderate
Sr content (63.50-298 ppm), moderate to high Rb content
(206-248 ppm), with high K/Rb ratios (208.06-299.16 ppm),
high Rb ratio /Sr (2.46-3.24 ppm), except for a sample with a
low Rb/Sr ratio (Rb/Sr = 0.68), high Rb/Ba ratio (0.32-0.61),
with the exception of one sample (Rb/Ba = 0.19), moderate to
high Sr/Y ratio (9.46-50.51) (Table 2).

The sum of rare earth elements is high and ranges from
153.97 to 456.41 ppm. In the mantle normalized diagram for
rare earth elements (McDonough and Sun 1995), the samples
are enriched in light relative to heavy rare earth elements ((La/
Yb),, = 87.01-120.34), with moderate to high fractionation of
light and heavy rare earth elements ((La/Sm), = 3.63-7.96;
(Gd/Yb), = 7.81-12.88), and strong negative Eu anomaly (Eu*/
Eu = 0.17) (Figure 11¢’).

In the granite typology classification diagrams (Whalen et
al. 1987), the Sant'Ana Granodiorite samples plot in the fields
of A-type granites and |-S-type fractionated granites (Figure
12a-d). In the FeOt/(FeO,+MgO) versus Al,O, diagram from
Dall'Agnol and Oliveira (2007), the samples are classified
between the fields of oxidized and calc-alkaline A-type
granites (Figure 12e). The samples plot mainly in syn- to post-
collisional granite fields regarding the tectonic environment
(Figures 13a-d; Pearce et al. 1984; Pearce 1996).
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4.2.4. Uirapuru Granite

Three samples of Uirapuru Granite (CVM-31, CVM-36,
CVM-38) were analyzed. They have SiO, content varying
from 68.89 to 71.43 wt% and plot in the granite field (Figure
10a; Debon and Le Fort 1983). They are slightly peraluminous
to metaluminous (A/CNK = 0.98-1.10; Figure 10b). In the K,O
versus SiO, diagram (Peccerillo and Taylor 1976), all samples
plot in the shoshonitic series (Figure 10c). Using the (ALO, +
Ca0)/ (FeOt + Na,O + K,0) versus 100 (MgO + FeOt + TiO,) /
SiO, diagram from Sylvester (1989), the analyzed samples are
classified as alkaline granites (Figure 10d).

All the samples are characterized by restricted K,O
content (5.49-5.68 wt%), K,0/Na,O ratios (2.05-2.18), AI2 5
content (13.32-13.77 wt%), CaO (1 16-2.05%), MgO (0.44-
0.61%), Na,O (2.52-2.73 wt%) and Fe,O, (3.11-44.49 wt%),
showing negative correlations between SiO, content versus
FeOt, Ca0, and P,0O, (Figure 8).

In the FeO/(FeO,+MgO) versus SiO, diagram from Frost
et al. (2001), the samples plot in the field of ferrous granites
(Figure 10e) with low Mg# values (19.24-21.89) and high
values of FeO /(FeO +MgO), between 0.86 and 0.88.

In the multielement diagram of trace elements normalized
to the mantle (McDonough and Sun 1995), the samples of
Uirapuru Granite are enriched in Rb, Th, U, La, Ce, Pb, Nd,
Zr, Sm, Dy; depleted in Ba, Nb, Ta, Sr and P and Ti (Figure
11d). They exhibit low to moderate Sr (126-151 ppm) and Rb
(147-260 ppm) content, with moderate to high K/Rb ratios
(215.77-373.52 ppm), high Rb/Sr ratio (1.17-1.94), low Rb/
Ba ratio (0.15-0.28), moderate to high Sr/Y ratio (3.44-6.12)
(Table 2).

The sum of rare earth elements is high (487.13 to 591.14
ppm). In the mantle normalized diagram for rare earth
elements (McDonough and Sun 1995), the two analyzed
samples exhibit a strong negative Eu anomaly (Eu*/Eu =
0.33) (Figure 11d’), are enriched in light rare earth elements
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relative to heavy rare earth elements (La/Yb from 23.95 to
44.30), exhibit moderate to high fractionation of light and
heavy rare earth elements ((La/Sm)_ = 4.70-7.61; (Gd/Yb),
= 3.25-3.53).

In the granite classification diagrams (Whalen et al. 1987),
the samples of the Uirapuru Granite plot in the field of A-type
granites (Figure 12a-d). This classification is confirmed by the
FeO/(FeO+MgO) versus Al,O, diagram by Dall'Agnol and
Oliveira (2007), in which the rocks fall into the oxidized A-type
granites (Figure 12e) and by the Eby (1992) diagram in which
the samples are classified in the field of A2-subtype granites
(Figure 12f). Regarding the discrimination of the tectonic
environment, the samples plot in a transitional field among
syn-collisional, within plate and volcanic arc environments
(Figures 13a-d; Pearce et al. 1984; Pearce 1996).

4.3. U-Pb geochronology in zircon

Data from zircon U-Pb analyses are presented in Tables
2 and 3. Two samples were analyzed by LA-ICP-MS, a
biotite tonalite (CVM-33) from the Sao José Complex, and
a biotite monzogranite (CVM-22) belonging to the Sant'Ana
Granodiorite.

4.3.1. Sao José Complex (CVM-33)

The analyzed sample corresponds to medium-grained
biotite tonalite (Figure 14a). The zircon crystals analyzed in
the CVM-33 sample have lengths ranging from 100 to 160
pm and widths of 60 and 100 um, exhibiting a color ranging
from transparent to light yellow, with euhedral to subhedral
shapes. They are elongated and rounded prismatic crystals
with weak concentric oscillatory zoning. Some crystals
have micro-inclusions. In general, the crystals show low
luminescence overgrowth. The cathodoluminescence images
of the analyzed zircon crystals and their respective spots are
shown in Figure 14b.

Altogether fourteen zircon crystals were analyzed in the
CVM-33 sample. They have U contents ranging from 143-600
ppm, Th between 11-254 ppm and Th/U ratios ranging from
0.42 to 0.84 (Table 3). 4 crystals allowed the calculation of a
concordia age (Fig. 14c), indicating 2501 + 4 Ma (MSWD =
0.13). A discordia line was also made with eight zircon crystals
that showed an age of 2502 + 6 Ma; MSWD = 2.9 (Fig. 14d).
All the analyzed domains reveal Th/U >0.1 and are therefore
interpreted as crystallization ages. A zircon crystal with an
age of 2594 + 16 Ma was considered to be inherited from a
protolith from a Neoarchean source (Table 3).

4.3.2. Sant’Ana Granodiorite (CVM-21)

The analyzed sample corresponds to medium-grained
monzogranite biotite (Figure 15a). The analyzed zircon
crystals from the CVM-21 sample have lengths ranging
from 150 to 200 ym and widths from 50 to 100 ym, ranging
from colorless to yellow, with euhedral to subhedral shapes.
They are elongated, rounded prismatic crystals with weak
concentric zonation and exhibit microfractures. They show
fractured and altered cores, and oscillatory or convolute rims.

The cathodoluminescence images of the analyzed zircon
crystals and their respective spots are shown in Figure 15b.
Twenty zircon crystals were analyzed in sample CVM-21. They

have U content between 246 to 967 ppm, Th content between 14
to 1890 ppm and Th/U ratios are between 0.03 to 2.17 (Table 4).

A discordia with seven zircon crystals was calculated
(Figure 15c), indicating an age of 2124 + 7 Ma at the upper
intercept (MSWD =5.2). The Th/U ratios of the concord crystals
mostly range from 0.42 to 0.82 and the age is interpreted as
crystallization age.

5. Discussion
5.1. Petrogenetic classification
5.1.1. Sao José Complex

The analyzed rocks of the Sdo José Complex are
slightly meta- to peraluminous with medium to high-K calc-
alkaline affinities. They exhibit calc-alkaline and strongly
peraluminous affinities to highly fractionated calc-alkaline.
The Sédo José Complex has A/CNK ratios < 1.1, exhibits
high and low magnesium values, high Na,O content, and a
negative correlation between P,O, and SiO,. In addition to
these features, the relatively low HSFEs (308-326 ppm), and
rare earth elements (161-385 ppm), suggest affinity for calc-
alkaline I-type granites (e.g., White 1979; Whalen et al. 1987;
Chappel 1999; Clemens 2003; Chappell et al. 2012).

5.1.2. Canaa Granite

The Canaa Granite samples are slightly metaluminous to
peraluminous with high-K calc-alkaline to shoshonitic affinities.
They range from calc-alkaline and strongly peraluminous to
highly fractionated calc-alkaline, exhibiting high Na,O and
K,O and low A/CNK < 1.1. Together, the trace and rare-earth
elements patterns, such as mild negative Eu anomalies, low sum
of rare earth elements (49-142 ppm), and HFSE contents (161-
212 ppm), indicate that Canaa Granite is geochemically similar
to high-K calc-alkaline I-type granites (e.g. Chappell 1999).

Some samples from Canaa Granite preserve supracrustal
xenoliths of biotite gneisses, which are important features
that occur in S-type granites (e.g., Clemens 2003). However,
such Canaa Granite samples do not exhibit other aluminum-
rich minerals such as muscovite, garnet, cordierite and
sillimanite. As the biotite was the only strongly peraluminous
phase identified, it was not possible to confirm the affinity with
classical S-type granites.

5.1.3. Sant’Ana Granodiorite

The Sant'/Ana Granodiorite is a slightly meta- to
peraluminous unit with high-K calc-alkaline affinity to
shoshonitic, containing similar relations with calc-alkaline
to alkaline rocks. The samples have high SiO, content, total
alkali (K,O0 + Na,O), Ga/Al ratio greater than 2.6, and a high
sum of rare earth elements in two samples like A-type granites
(e.g., Loiselle and Wones 1979; Whalen et al. 1987; Nardi
and Bitencourt 2009; King et al. 2001). However, two other
samples show low concentrations of Zr (82-140 ppm) and
HSFE (Zr + Ce + Nb + Y < 350 ppm), which indicate affinities
with I-type granites. These affinities are corroborated in the
granite classification diagrams, where the samples plot both in
the fields of fractionated I-S- and A-type granites (Fig. 12a-d;
Whalen et al. 1987).
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TABLE 3 - Zircon U-Pb LA-ICP-MS data - Sdo José Complex (Sample CVM-33)

Concordiadata Ages (Ma)'
faten S T Pb Thit 26pp/ | 207Pp/ 207pp/ 207pp/ 208pp/
Zircon | Spot wapp | 250 2c o Rho 206pp 200 255y 2s 2%27h 2c % conc?
26% 20y 2s 26% 2s 20y 2s
(%) (hg.9") |20 |(ng.9") |20 |(ng.g") |2c |Calculated
1 Spot83.FIN2 0.04 148 4 63 1 97 3 0.42 44500 9.84 | 0.200 | 2.0325 0.427 0.009 | 2.1561 | 0.53 2528 19 2290 41 2416 | 18 | 2370 | 290 91
2.1 Spot84.FIN2 0.03 237 5 113 2 136 4 0.48 69800 9.34 | 0.220 | 2.3555 0.419 0.012 | 2.8640 | 0.66 2496 | 20 2248 55 | 2367 | 21 | 2150 180 90
3.2 Spot87.FIN2 0.03 274 7 115 2 110 3 0.42 56650 6.22 0.130 | 2.0900 0.300 0.008 | 2.5376 | 0.58 2347 | 22 1688 38 | 2007 | 18 | 1770 150 72
5 Spot90.FIN2 | 0.05 143 2 17 2 132 3 0.82 40300 | 9.81 | 0.170 | 1.7329 | 0.431 0.009 | 1.9944 | 0.60 | 2513 | 16 2302 39 | 2411 | 16 | 2260 | 130 92
6 Spot91.FIN2 0.03 186 6 106 4 121 6 0.57 60300 | 11.82 | 0.240 | 2.0305 0.495 0.012 | 2.4242 | 0.66 2594 17 2580 51 2587 | 19 | 2160 180 99
7 Spot92.FIN2 0.04 167 4 106 2 123 4 0.63 50350 | 10.40 | 0.250 | 2.4038 0.464 0.013 | 2.8017 | 0.70 2496 | 21 2448 56 | 2472 | 22 | 2280 | 160 98
1" Spot97.FIN2 0.04 167 1 17 8 140 10 0.70 48150 | 10.54 | 0.160 | 1.5180 0.472 0.008 | 1.7782 | 0.59 2497 14 2491 37 | 2481 | 14 | 2380 | 220 100
12 Spot98.FIN2 | 0.03 245 12 130 5 172 8 0.53 68600 | 10.45 | 0.220 | 2.1053 | 0.465 | 0.011 | 2.3656 | 0.65 | 2506 | 17 2457 47 | 2479 | 19 | 2530 | 120 98
17 Spot104.FIN2 | 0.06 191 9 149 7 87 5 0.78 30150 5.80 0.160 | 2.7586 0.259 0.008 | 3.0948 | 0.62 2497 | 24 1479 41 1934 | 24 980 180 59
19 Spot106.FIN2 | 1.82 875 19 15 0 108 5 0.02 1025 7.41 0.140 | 1.8893 0.334 0.008 | 2.3068 | 0.68 2441 18 1857 36 | 2157 | 17 | 4000 | 1300 76
21 Spot108.FIN2 | 0.03 216 5 149 3 184 5 0.69 59600 | 11.49 | 0.240 | 2.0888 0.456 0.011 | 2.4123 | 0.55 2674 | 20 2415 49 | 2566 | 19 | 2440 | 120 90
2241 Spot109.FIN2 | 0.10 578 14 254 8 35 2 0.44 19000 | 0.74 | 0.025 | 3.3921 0.053 | 0.002 | 3.0019 | 0.59 | 1659 | 35 334 10 | 559 | 15 | 157 94 60
22.2 Spot110.FIN2 | 0.07 600 1 1 0 5 0 0.02 27150 | 0.89 | 0.019 | 2.1445 | 0.076 | 0.001 | 1.7105 | 0.50 | 1310 | 23 471.6 8 646 | 10 | 3300 | 1400 73
23 Spot111.FIN2 | 0.03 207 5 174 3 188 5 0.84 54750 | 10.16 | 0.230 | 2.2638 0.439 0.011 | 2.5057 | 0.63 2540 | 20 2347 48 | 2438 | 21 | 2260 | 120 92
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FIGURE 14 - Hand sample, cathodoluminescence images and diagrams used for geochronological studies. (a) Hand sample
of the analyzed rock; (b) Cathodoluminescence images of zircon crystals from the Sdo José Tonalite (Sample CVM-
33). Spot size: 25 ym; (c) Concordia diagram with concordant analyses for the zircon of sample CVM-33; (d) Concordia
diagram with discordant analyses for the zircon of sample CVM-33.

5.1.4. Uirapuru Granite

The samples of Uirapuru Granite are slightly meta- to
peraluminous with shoshonitic affinity in the diagram of
Peccerillo and Taylor (1976) and/or alkaline in the classification
of Sylvester (1989). They exhibit high total alkali content (K,O
+Na,O = 8.01-9.70), high FeO, / ratios (FeO, + MgO = 0.86-
0.88, greater than 0.85), high FeO/MgO ratios (6.36-7.48),
Gal/Al ratios greater than 2.6 (2.94-3.22) and Nb enrichment
(16-20 ppm). Moreover they have high HSFE (Zr +Nb + Ce +
Y = 520-750 ppm), high sum of rare earth elements (456-591
ppm) and depletion in Ba, Sr, Eu, which are characteristics that
suggest affinity with A-type granites (e.g., Loiselle and Wones
1979; Whalen et al. 1987; Eby 1992; Nardi and Betencourt
2009; King et al. 2001).

The granite classification diagrams of Whalen et al. (1987)
also suggested an affinity of the Uirapuru Porphyritic Granite

with A-type granites. It is hypothesized that it also confirmed
the criteria of the diagram by Dall'Agnol and Oliveira (2007),
that classify granites in calcium-alkaline and A-type oxidized
versus reduced, as shown above, the samples plot in the field
of oxidized A-type granites. The Uirapuru Porphyritic Granite
shows high Y/Nb and Yb/Ta ratios and is classified as A2-
subtype granites, which are formed in post-collisional settings
by the melting of continental sources (Eby 1992).

5.2. Tectonic Setting

High-K calc-alkaline I-type granites are usually formed
during the transition from a compressional to an extensional
tectonic setting (e.g., Barbarin 1999; Zhu et al. 2015). The
strong negative anomalies of Nb, Ta, P and Ti present in
the granitoid samples are typical of magmas generated in
an arc setting via subduction processes (e.g., Pearce and
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Table 4 — Zircon U-Pb LA-ICP-MS data - Sant’/Ana Granodiorite (Sample CVM-21)
Concordia' data Ages (Ma)'
zicon |spot |0 " " e R i Ea e |20 o o [T TPl | o [P |2 | ok coner
) |99 |26 |(g.g') |20 |(ug.g") |20 |Calculated s =u

1 Spot113.FIN2 2.38 402 1 266 7 335 10 0.66 787 6.50 | 0.230 |3.5385 0.33 0.014 | 4.2296 | 0.74 2276 | 24 1819 67 | 2033 | 33 | 2350 | 120 80
3 Spot115.FIN2 | 13.41 967 26 1890 190 496 15 1.95 139 1.70 0.037 | 2.1765 0.06 0.002 | 2.8169 | 0.54 2808 | 25 399 11 1008 | 14 709 73 40
4.1 Spot116.FIN2 6.81 700 24 199 4 361 10 0.28 274 2.50 | 0.088 |3.5271 0.1 0.005 | 4.0650 | 0.75 2551 | 22 673 26 | 1266 | 25 | 2930 | 160 53
5 Spot118.FIN2 0.19 530 10 1149 33 305 12 217 9740 0.49 | 0.014 |2.8513 0.03 0.001 | 2.1985 | 0.32 1958 | 32 190.6 4114063 | 9 599 27 47
6.1 Spot119.FIN2 2.16 235 9 147 4 200 9 0.63 867 6.62 | 0.290 |4.3807 0.34 0.018 | 5.2478 | 0.66 2304 |35 1855 84 | 2045 | 41 | 2440 | 150 81
6.2 Spot120.FIN2 5.70 943 36 119 6 281 12 0.13 328 3N 0.140 |4.5016 0.14 0.007 | 5.2113 | 0.62 2522 | 37 849 41| 1425 | 35 | 2540 | 330 60
7 Spot121.FIN2 5.84 246 8 268 6 469 16 1.09 320 8.99 | 0.220 |2.4472 0.39 0.011 | 2.8424 | 0.61 2599 | 24 2079 52| 2330 | 22 | 2830 | 110 80
8 Spot123.FIN2 | 2.43 715 15 14 0 205 9 0.02 768 4.38 | 0.120 |2.7397 0.23 0.008 | 3.3703 | 0.54 2242 | 27 1305 40 | 1697 | 23 | 14300 | 1100 58
9.1 Spot124.FIN2 7.67 470 12 13 1 330 10 0.03 244 3.82 | 0.088 |2.3055 0.17 0.006 | 3.3193 | 0.70 2573 | 22 985 30| 1588 | 18 | 21100 | 1100 62
9.2 Spot125.FIN2 6.52 944 15 54 2 306 7 0.06 287 1.79 0.033 | 1.8456 0.09 0.002 | 2.1954 | 0.63 2271 | 16 561 12| 1041 | 12 | 6550 | 420 54
10 Spot126.FIN2 8.01 452 23 575 28 732 42 1.27 234 5.77 0.150 |2.5997 0.24 0.007 | 2.9499 | 0.69 2635 | 23 1370 36 | 1939 | 22 | 1961 82 52
13 Spot128.FIN2 4.47 633 21 56 2 263 10 0.09 418 3.84 0.120 |3.1250 017 0.006 | 3.4364 | 0.77 2440 |20 1032 33| 1589 | 25 | 5760 | 500 65
15 Spot130.FIN2 0.03 422 12 130 3 123 4 0.31 61500 | 4.40 | 0.085 | 1.9318 0.25 0.006 | 2.2240 | 0.69 2082 |17 1421 28| 1711 16 | 1850 | 130 68
16 Spot131.FIN2 5.20 458 1 239 6 201 6 0.52 360 2.40 | 0.051 | 2.1277 0.1 0.003 | 2.3508 | 0.53 2415 | 22 678 15| 1237 | 15 | 1360 | 100 55
17 Spot132.FIN2 0.04 261 5 244 6 228 7 0.93 44950 | 5.31 0.110 | 2.0716 0.29 0.006 | 2.2401 0.61 2175 | 19 1618 32| 1868 | 17 | 1779 86 74
18.2 Spot134.FIN2 0.02 532 22 258 7 330 13 0.48 117550 | 7.30 0.160 |2.1918 0.41 0.010 | 2.4213 | 0.71 2104 | 17 2216 47 | 2148 | 20 | 2255 75 105
19 Spot135.FIN2 8.37 440 10 511 9 434 1" 1.16 223 3.59 | 0.083 |2.3107 0.15 0.004 | 2.5777 | 0.67 2593 | 20 907 22| 1545 | 18 | 1351 63 59
201 Spot136.FIN2 0.98 544 27 93 4 204 8 0.17 1899 8.35 0.140 | 1.6766 0.45 0.009 | 1.9486 | 0.64 2152 | 16 2398 39| 2270 | 15 | 3110 | 240 M
21 Spot138.FIN2 0.04 312 8 29 1 72 3 0.09 45000 | 4.67 0.120 |2.5696 0.25 0.007 | 2.8129 | 0.70 2176 | 22 1412 35| 1760 | 21 | 3500 | 650 65
22 Spot139.FIN2 0.02 377 9 112 2 121 4 0.30 85950 7.1 0.160 |2.2504 0.39 0.010 | 2.5359 | 0.68 2103 | 19 2126 46 | 2123 | 19 | 2410 | 170 101
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FIGURE 15 - Hand sample, cathodoluminescence images and diagrams used for
geochronological studies. (a) Hand sample of the analyzed rock; (b) Cathodoluminescence
images of the zircon crystals from the Sant'Ana Granodiorite (Sample CVM-21). Spot
size: 25 ym; (c) Concordia diagram with concordant analyses for the zircon crystals from
sample CVM-21
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Peate 1995; Schandl and Gorton 2002). Furthermore, the
rocks exhibit low concentrations of Nb and Ga, similar to the
values of calc-alkaline granitoids of normal magmatic arcs
(Brown et al. 1984).

The negative anomalies in the Nb-Ta pair may indicate that
these granitoids were produced by the chemical differentiation
of arc-derived magmas, with continental crust involvement,
indicating that the magmas derived or interacted with materials
from the upper crust (e.g., Zartman and Doe 1981; Saunders
et al. 1991; Klein et al. 2012).

In the tectonic discrimination diagrams, the granites of the
Sao José Complex exhibit chemical characteristics compatible
with pre- to syn-collisional arc environments. In comparison,
the Canaa Granite and Uirapuru Granite have characteristics
that are more compatible with those of syn- to post-collisional
environments with some plotting in intraplate settings.

Granitoids related to volcanic arcs can vary their tectonic
configuration from oceanic to continental, which leads to
changes in geochemical and mineralogical characteristics.
Granites associated with primitive tholeiitic oceanic arcs
are dominated by quartz diorite and tonalite. In contrast,
granites related to arcs of active continental margins are
dominated by quartz monzonite, granodiorite and granite
belonging to the high-K calc-alkaline and shoshonitic
series (Pearce et al. 1984).

In our rocks, shoshonitic and alkaline associations
predominate, constituted mainly by monzogranites,
granodiorites, of predominantly ferrous character in Canaa
Granite, Sant’Ana Granodiorite and Uirapuru Granite.
However, in the Sdo José Complex there are tonalites with
medium to high-K calc-alkaline character associated with
amphibolites.

These characteristics, together with the ages obtained
for the granitoids of the Sao José Complex and the Sant'Ana
Granodiorite, indicate that these granitoids represent two
independent magmatic events. Besides that, it is also inferred
that the Sdo José Complex tonalites were generated in a
continental arc subduction environment in a pre-collisional
setting, while the Granitoids of Cana& Granite, Sant'Ana
Granodiorite and Uirapuru Porphyritic Granite may have been
formed in a syn- to post-collisional arc environment after an
episode of crust thickening.

The variation among fractionated calc-alkaline (Canaa
Granite) granites, transitional (Sant'/Ana Granodiorite) and
alkaline/shoshonitic rocks (Uirapuru Granite), combined with
an increase in Nb, attest to a possible increase in the arc
maturity (e.g., Brown et al. 1984). This type of association also
suggests a post-collision environment (e.g. Wang et al. 2009).

5.3. Regional Correlations
5.3.1. Sédo José Complex

U-Pb zircon geochronological data provided a concordant
age of 2501 + 4 Ma and a discordant age of 2502 + 6 Ma for the
granite of the Sdo José Complex. This age is older than ages
related to the Transamazonian cycle. Similar ages (2503 + 10 Ma
and 2487 £ 13 Ma) found in this work were obtained by Santos
(2003) and Vasquez (2006), respectively, in orthogneisses from
the west of the Bacaja Domain. This area represents a Siderian
magmatic arc amalgamated into a Neo-Archaean-Siderian
block (Vasquez et al. 2008).

In the southeastern region of the Bacaja Domain, close to
the Carajas Domain, Salgado et al. (2019) dated a metagranite
with an age of 2549 + 5.9 Ma (U-Pb) that is interpreted as
A-type granite that composes the basement of the Bacaja
Domain, probably related to an extensional rift environment.
Salgado et al. (2019) also correlate this metagranite with
A-type granites from the Carajas Domain, such as the Old
Salobo Granite and the Rio Itacaitinas Granite.

Further north of the Carajas Domain, Toledo et al. (2019)
found crystallization ages in a granite of 2557 + 26 Ma.
Although these ages are different from most of those found for
Archean granitoids of the Carajas Block (2.7-3.0 Ga; Vasquez
et al. 2008; Tassinari et al. 2000), the definition of these Neo-
Archaean to Early-Siderian ages within the Bacaja Domain
allows speculating about the contribution of an Archean crust
from the Carajas Block within the Bacaja Domain.

The contribution of Neoarchean to early-Siderian crust
is suggested by geophysical data from satellites combined
with interpretations of geochronological data (Motta et al.
2019). These authors indicate that the Carajas and Bacaja
Domains may have shared common pre-Transamazonian
Cycle evolution. From the Transamazonian cycle forward,
they have a different evolution with additions of juvenile crust
in the Bacaja Domain up to 2.0 Ga, associated with a later
crustal reworking. However, it is still necessary to specify the
degree of contribution of a probable Archean crust of Carajas
in the Bacaja Domain.

5.3.2. Sant’Ana Granodiorite

A sample of the Sant'Ana Granodiorite was dated and
presented a discordant age of 2124 + 7 Ma, which is similar to
those found in the Bacaja Domain, which are associated with
the Tapiranga Metatonalite rocks (2133 Ma; Vasquez 2006),
or also to the Bacajai Complex (2114 + 33 Ma; Faraco et al.
2005; Monteiro 2006). Considering the analytical error, these
ages are interpreted as representing the collisional phase of
a Rhyacian magmatic arc (2.21-2.18 Ga), probably formed
during the Transamazonian Cycle (Vasquez et al. 2008).

There are Rhyacian granitoid suites in the Guiana Shield,
such as the Papa Vento Intrusive Suite with ages of 2136 + 8
- 2138 £ 20 Ma, that is interpreted as calc-alkaline arcs (Rosa-
Costa et al. 2014; Vianna et al. 2020). The Bacaja Domain
and the Guiana Shield terrains are chrono-correlated during
the Transamazonian Cycle. A younger age was obtained for
a monzogranite belonging to the Sant'Ana Granodiorite (2124
+ 7 Ma) that exhibits shoshonitic affinity. It is suggested t that
its formation is related to a late- to a post-collisional tectonic
configuration of the Transamazonian Orogeny.

5.4. Sources of the magmatic associations

Different processes can generate peraluminous granites,
including (1) fractional crystallization of low metaluminous
phases with metaluminous melts (Wu et al. 2003); (2)
dehydration melting of quartz amphibolite (Patifio Douce and
Beard 1995); (3) vapor-absent or water-saturated melting of
aluminum-rich metapelites or metagrawakes (Le Breton and
Tompson 1988; Patifio Douce and Johnston 1991; Patifio
Douce and Beard 1995) and (4) partial melting from mixing
of metasedimentary to basaltic rocks (Skjerlie and Johnston
1992; Patifio Douce 1995).
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Usually, the granites analyzed herein exhibit high SiO2 and
low MgO contents. These characteristics suggest that crust-
derived or highly fractionated magmas were their sources
(e.g., Liu 2018). Granitoids exhibit negative Ti, Sr, Nb and P
anomalies that may reflect the fractionation of minerals such
as biotite, ilmenite, and apatite. Negative Nb and Ti anomalies
are also interpreted as reflecting different factors such as
(1) contamination of magma and/or its source with crustal
components; (2) interaction between magma and a depleted
peridotite; (3) amphibole fractionation (Martins 1987). In our
rocks, it is suggested that these anomalies are mainly derived
from crustal components, which is reinforced by Nd isotope
data from Macambira et al. (2004). This hypothesis is also
supported by the presence of positive anomalies of Rb, Th,
Ce and Sm, as well as negative anomalies of Y, attributed to
the strong involvement of crustal materials in the source of
magmas (e.g., Pearce et al. 1984)

Our granites have Rb/Sr ratios lower than four, suggesting
that their magmas were generated under vapor-present
conditions (e.g., Harris et al. 1993). In addition, the low MgO
of most samples combined with the low Rb/Sr ratios may also
indicate the contribution of biotite during the production of
these granitoids.

The strong negative anomalies of Eu, and Sr and Ba
depletion in Sant'/Ana Granodiorite and Uirapuru Granite
suggest extensive plagioclase and/or K-feldspar fractionation,
indicating a fractionation sequence controlled by feldspars
and biotite (e.g., Rollinson 1992). Plagioclase fractionation
can occur due to partial melting of rocks from basaltic to
intermediate compositions, producing negative Eu anomalies
and Sr depletion (Landenberger and Collins 1996).

A sample from Canad Granite exhibits positive Eu
anomaly and enrichment of heavy rare earth elements.
K-feldspar accumulation can explain the positive Eu anomaly
under high-temperature conditions. This mineral incorporates
more Eu than under low-temperature conditions (e.g., Bea et
al. 1994). Granitic rocks with positive Eu anomalies and low
concentrations of light rare earth elements have been recorded
in granitic terrains. These characteristics are generally
associated with migmatites and interpreted as generated by
the partial melting of pelitic metasedimentary rocks (e.g., Jung
et al. 2001).

Experimental petrological studies have shown that
amphibolitic/basaltic lower continental crust melts are
characterized by low Mg# (<40) irrespective of the degree
of partial melting. In contrast, those with high Mg# value can
be generated by involvement with mantle components (Rapp
and Watson 1995). In this study, the Canaa Granite, Sant'Ana
Granodiorite and Uirapuru Granite rocks exhibit low Mg# (19-
31) and low MgO (0.25-0.7 wt%), which may indicate their
origin by the melting of crustal magmas without a significant
contribution of mantle magmas. However, two samples from
the S&o José Complex exhibit higher Mg# (33-40) and MgO
(1.16-1.45 wt%), in addition to high CaO (2.64-4.57 wt%) and
mafic xenoliths (Figure 4a), that may indicate mixing of crustal
magmas from the lower crust with mantle magmas.

The ages obtained for the granitoids of the Séo José
Complex and Sant'Ana Granodiorite indicate that independent
and distinct magmatic episodes formed these units. Thus, it
is suggested that the granitoids from the Sdo José Complex
were generated by the partial melting of amphibolitic and/or
basaltic sources. In contrast, the Canad and Sant'Ana units

were generated by decompression melting of intermediate
rocks from the lower crust after thickening, without mantle
material involved. It was also indicated by the high content of
Si0, and K, 0, resulting in magmas with shoshonitic affinities
(e.g., Pitcher 1987).

The Uirapuru Granite exhibits a similar affinity to A-type
granites. It has strong negative Eu anomalies, which are
usually explained by the fractional crystallization of accessory
phases and plagioclase in the presence of a liquid phase
(Williamson et al. 1996; Jung et al. 2001). Furthermore, the
strong Eu anomaly associated with the high content of Y (21-
44 ppm) and microperthitic feldspar in the samples suggest
that the primary melt was crystallized at pressures below that
of garnet stability by partial melting at shallower depths than 8
kbar and high temperature (e.g., Rapp and Watson 1995; King
et al. 1997; Zhang et al. 2011).

There is great divergence regarding the origin of A-type
granites, the three main petrogenetic models for the generation
of these granites include: (1) differentiation of mafic magmas
derived from the mantle (Eby 1990; Turner et al. 1992; Bonin
1996; Bonin 2007) (2) partial melting of crustal rocks (Collins et
al. 1982; Frost and Frost 2011; Dall'Agnol et al. 2012), and (3)
mixing between mantle-derived mafic magmas and crust-derived
magmas ( King et al. 1997; Yang et al. 2005; Martin 2006).

Multielemental diagrams of the Uirapuru Granite also
exhibit high negative Nb anomalies characteristic of continental
crust and may represent the involvement of crustal material
in magmatic processes (Rollinson 1993). Additionally, the
samples have high Rb/Sr, Rb/Ba ratios, and low Sr/Ba ratios,
typical of crustal granites (Harris and Inger 1992).

The chemical composition of the Uirapuru Granite is similar
to that of the oxidized A-type granites. In this case, the sources
are quartz-feldspathic igneous protoliths (e.g., gneisses of
tonalitic composition). Contrasting, sedimentary or basaltic
composition will produce reduced granites (Frost et al. 1997;
Dall'Agnol et al. 1999; Dall'Agnol and Oliveira 2007). Patifio
Douce (1997) carried out an experimental study with rocks from
the Sierra Nevada Batholith, in which the low pressure and
high temperature melting of tonalite and granodiorite protoliths
produced porphyritic A-type metaluminous granites, very
similar to those from the Uirapuru Granite. Thus, it is suggested
that the Uirapuru Granite originated from the partial melting of
the Neoarchean-Siderian lower crustal rocks (basement), such
as gneisses of tonalitic or felsic composition (e.g., paragneisses
and ortho-granulites that occur in the region).

6. Conclusions

Field data, petrography, geochemistry, and geochronology
helped us characterize four granitoid units in the study area:
Sao José Complex, Canaa Granite, Sant’Ana Granodiorite,
and Uirapuru Granite.

(1) The Sédo José Complex comprises biotite tonalites
slightly peraluminous, medium to high-K calc-alkaline,
predominantly ferrous with I-type granite affinities. One U-Pb
zircon age of 2501 + 6 Ma suggests that this granitoid was
formed in a pre-collisional continental arc amalgamated to an
Archean terrain.

(2) The Canaa Granite comprises biotite monzogranites and
tonalites slightly peraluminous, shoshonitic, ferrous with I-type
granite affinity, most likely formed in a syn-collisional continental
arc tectonic setting related to the Transamazonian Orogeny.
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(38) The Sant'Ana Granodiorite is constituted by biotite
monzogranites and biotite granodiorites slightly peraluminous,
shoshonitic, and ferrous. These rocks exhibit affinities with |-
and A-type granites. One sample was dated and presented the
age of 2124 + 6 Ma, suggesting its formation in a continental
arc setting in a syn to post-collisional phase.

(4) The Uirapuru Granite is constituted of biotite
syenogranites, monzogranites with subordinate tonalites,
shoshonitic and/or alkaline, ferrous with an affinity of
oxidized A-type granites of the A2-subtype. It may have been
formed in a post-collisional tectonic setting at the end of the
Transamazonian Orogeny.

(5) It is suggested that the magma source from the
granitoids is related to the partial melting of crustal components.
However, the source of the granites in the Sdo José Complex
may be more related to the partial melting of amphibolitic to
metabasaltic rocks, while the probable sources of the other
granitoid might be attributed to tonalitic to granodioritic rocks
compositions of the lower continental crust, which in the
region are represented by orthogneisses and paragneisses of
the Bacaja Domain basement.
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