
Abstract
The Carajás (3.0–2.5 Ga) and Xingu-Iricoumé (1.99–1.86 Ga) blocks comprise the Central Amazonia Province (CAP) that is in contact 
with the Maroni-Itacaiúnas Province (MIP) within the Amazonian craton. The CAP is the oldest portion (Nd-TDM) of the craton and cor-
responds to an Archean nucleus bordered by younger Paleo-Mesoproterozoic mobile belts, including the MIP. Because the location and 
tectonic boundaries between these provinces are insufficiently known, we carried out a geological survey along the Middle Xingu River, 
cutting the WNW-ESE regional trend, to further understand cratonic evolution of the MIP and its southeastern boundary in this key area. 
Geochronologic results (Pb-evaporation and U-Pb SHRIMP in zircon and monazite), supported by petrographic and field observations, al-
lowed identification of the following lithotypes and their ages: migmatitic gneisses (2859–2080 Ma), tonalitic gneisses (2554 ± 3 Ma, 2480 ± 
9 Ma), enderbites (2114 ± 3 Ma), charnockites (2094 ± 4 Ma, 2084 ± 2 Ma), granodiorites (2079 ± 3 Ma), leucogranitic vein (2075 ± 2 Ma), 
and pelitic paragneisses (2062 ± 8 Ma). These ages are related to the reworking of Archean crust during Rhyacian magmatic arc amalgamation 
(2.22–2.13 Ga) and collision in the Transamazonian cycle (ca. 2.1 Ga).
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INTRODUCTION
The boundaries between the geochronological provinces 

that form the Amazonian craton (Fig. 1A, Cordani et al. 1979, 
Teixeira et al. 1989, Tassinari and Macambira 2004), in north-
ern South America, represent key areas to understand the 
differences in age and tectonic episodes that built the craton. 
However, such areas are often poorly known in terms of their 
extension and nature. In the southeastern Amazonian craton, 
the border region between the Central Amazonia Province 
(CAP), considered an Archean nucleus, and the surrounded 
Maroni-Itacaiúnas Province (MIP, 2.2–1.95 Ga) is highlighted. 
The rocks of the MIP are formed by Archean to Rhyacian rocks, 
which are strongly affected by the Transamazonian cycle, and 
present world-scale correlative orogenesis such as the Birimian 
in western Africa (e.g., Ledru et al. 1994, Grenholm 2019).

Tassinari and Macambira (1999) divided the CAP into 
the Archean Carajás block and the Xingu-Iricoumé block. 

The last one is dominated by Paleoproterozoic rocks generated 
by crustal reworking of Archean material (Nd-TDM > 2.5 Ga). 
The Bacajá domain marks the southern boundary of the MIP 
with the Carajás block and is limited by the Xingu-Iricoumé 
block to the west/southwest (Fig. 1A). The boundary between 
these blocks roughly follows the middle course of the Xingu 
River. This river transversally cuts the main structures of the 
western Bacajá domain; hence, it constitutes an excellent 
way to investigate the geology of this domain and its border 
(Fig. 2). Additionally, there are few roadways in this dense 
rainforest region.

To improve the geological mapping and refine the evolution 
of the MIP and its boundaries with the CAP, the southwest-
ern sector of the Bacajá domain — a typical Rhyacian terrain 
related to the evolution of the Transamazonian cycle — was 
investigated through field, petrographic, and geochronological 
studies (Pb-evaporation and U-Pb sensitive high-resolution 
ion microprobe [SHRIMP] applied to zircon and monazite).

REGIONAL GEOLOGY
The Amazonian craton was divided by the Amazon basin 

into the northern Guiana Shield and the southern Central Brazil 
Shield (e.g., Almeida et al. 1981) (Fig. 1B). According to its 
current evolutionary model, the craton consists of an Archean 
nucleus into which Proterozoic belts or magmatic arcs were 
amalgamated in the north-northeast and southwest directions 
due to episodic events of reworking and/or juvenile crustal 
growth. Having interior similarity in the geological record 
and age, these regions constitute geochronological provinces 

Neoarchean to Rhyacian crustal records along  
the Middle Xingu River area, Amazonian craton
Moacir José Buenano Macambira1* , Marcelo Lacerda Vasquez2 , Pablo Conduru Monteiro3, 
Richard Austin Armstrong4 

Brazilian Journal of Geology

SO
CI

ED
AD

E BRASILEIRA DE GEOLO
G

IA

DESDE 1946

BJGEO

© 2022 The authors. This is an open access article distributed 
under the terms of the Creative Commons license.

1Laboratório de Geologia Isotópica, Instituto de Geociências, 
Universidade Federal do Pará – Belém (PA), Brazil. 
E-mail: moamac@ufpa.br
2Serviço Geológico do Brasil – Belém (PA), Brazil. 
E-mail: marcelo-vasquez@cprm.gov.br
3Programa de Pós-Graduação em Geologia e Geoquímica, Instituto de 
Geociências, Universidade Federal do Pará – Belém (PA), Brazil. 
4Research School of Earth Science, Australian National University – 
Canberra, Australia. E-mail: richard.armstrong@anu.edu.au

*Corresponding author.

1/20

https://doi.org/10.1590/2317-4889202220220017
https://orcid.org/0000-0003-1576-4663
https://orcid.org/0000-0003-2729-9404
https://orcid.org/0000-0002-3062-0679
mailto:moamac@ufpa.br
mailto:marcelo-vasquez@cprm.gov.br
mailto:richard.armstrong@anu.edu.au


subjected to different geographical and geological environments 
(Cordani et al. 1979, Teixeira et al. 1989, Tassinari et al. 2000, 
Santos et al. 2000, Tassinari and Macambira 1999, 2004). In the 
model proposed by Tassinari and Macambira (2004), which 
follows previous authors, the Amazonian craton is divided into 
six main geochronological provinces (Fig. 1A).

Outcrops of Paleoproterozoic granitoids (1.96–1.92 Ga), 
the ones of volcano-plutonic rocks (1.88–1.81 Ga), and the 
Nd-TDM ages of 2.5–3.1 Ga found for the western portion and, 
supposedly, the northern portion of the CAP, led Tassinari 
and Macambira (1999) to classify the province into two 
areas (Fig. 1). The first one is composed of Paleoproterozoic 

 
Figure 1. Sketch map of geochronological provinces from the Amazonian craton (modified after Tassinari and Macambira 2004). (A) Shields 
of Amazonian craton. (B) Geochronological provinces with tectonic domains, blocks, and Paleoproterozoic high-grade metamorphic belts 
from eastern part of the craton and the study area.
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igneous and sedimentary rocks (Xingu-Iricoumé block) with 
an Archean heritage (inherited zircon or Nd-TDM), and the sec-
ond one is composed of an Archean basement (Carajás block). 
In the southern portion of the Xingu-Iricoumé block, there 
are outcrops of felsic volcanic rocks and granites with zircon 
U-Pb and Pb-evaporation ages between 1.99 and 1.86 Ga (e.g., 
Alves et al. 2010, Fernandes et al. 2011, Semblano et al. 2016) 
covered by Paleoproterozoic (< 1.84 Ga) epiclastic sedimen-
tary rocks. In the boundary regions, the igneous rocks of ca. 
1.88 Ga and the associated epiclastic sedimentary rocks cut 
and cover Archean (3.0–2.5 Ga) and early Paleoproterozoic 
(probably Siderian and Rhyacian) rocks of Carajás block as 
well as Orosirian rocks (2.03–1.96 Ga) of Ventuari-Tapajós 
Province (Vasquez et al. 2008b).

The boundary between the Carajás block of CAP and 
the southeastern part of MIP (Bacajá domain, Fig. 1A) was 

proposed by Cordani et al. (1984) who, based on Rb-Sr and 
K-Ar geochronological data, marked a tentative boundary 
approximately along latitude 6°S to distinguish the Archean 
rocks of the Carajás block from the Paleoproterozoic ones in 
the north, in MIP. In addition to values close to 2.0 Ga, amphi-
bole K-Ar data indicating amphibolites of this area are about 
2.5 Ga old suggest the presence of reworked Archean segments. 
Based on Rb-Sr data of paragneisses and metabasic rocks, 
Santos et al. (1988) identified crustal accretion in ca. 2.0 Ga 
and reworking of older rocks in the southwestern portion of 
MIP. Subsequently, zircon Pb-evaporation and U-Pb ages and 
Sm-Nd data confirmed that the Paleoproterozoic evolution of 
the Bacajá domain involved the reworking of Archean crustal 
segments (3.0–2.5 Ga) as well as the juvenile crust formation 
in Siderian (2.49–2.44 and 2.36–2.31 Ga) and Rhyacian (2.21–
2.05 Ga) times (Santos 2003, Faraco et al. 2005, Vasquez et al. 

Source: modified from Vasquez et al. (2008b).
Figure 2. Sketch geological map of Middle Xingu River area of the Bacajá domain and dating samples.
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2005, 2008a, 2008b, Macambira et al. 2009). In contrast, the 
geochronological data have shown that Mesoarchean (3.0–
2.97 Ga) rocks of the northern Carajás block were reworked 
in about 2.85 Ga, and mafic-ultramafic and granitic plutonic 
bodies were emplaced in 2.78–2.74 Ga with local intrusions 
in ca. 2.5 Ga (Olszewski et al. 1989, Machado et al. 1991, 
Macambira and Lafon 1995, Barros et al. 2004, Moreto et al. 
2011, Feio et al. 2013).

According to zircon ages and Nd-isotope data, the evolu-
tion of the Bacajá domain can be summarized in the following 
chronological order: 
• Formation of tonalites to granites between 3.0 and 2.67 Ga 

in the northern, central, and southern portions of the 
domain with emplacement of juvenile rocks in 2.7 Ga 
(Nd-TDM = 2.7 Ga; εNd(t) = 2.7; Macambira et al. 2009) 
in the central portion, which may be related to an early 
island arc (Vasquez et al. 2008a, 2008b);

• Emplacement of tonalites to granites between 2.50 and 
2.34 Ga from Archean sources (Nd-TDM = 2.9 Ga; εNd(t) 
= -2.9; Macambira et al. 2009);

• Deposition of volcano-sedimentary sequences with basalts 
and andesites of an island arc (Besser 2012) with crystalli-
zation age of 2.4 Ga (Nd-TDM = 2.58–2.7 Ga; εNd(t) = 0.78 
to -0.71; Macambira et al. 2009);

• Emplacement of quartz monzodiorites to granites between 
2.22 and 2.13 Ga related to continental margin arc (Nd-TDM 
= 2.9–2.4 Ga; εNd(t) = -7.6 to +0.2; Vasquez et al. 2008a, 
2008b, Macambira et al. 2009);

• High-grade metamorphism in ca. 2.1 Ga with the rework-
ing of Archean (3.0–2.6 Ga), Siderian (2.5–2.34 Ga), and 
Rhyacian (2.22–2.13 Ga) rocks during continental colli-
sion (Macambira et al. 2007, Vasquez et al. 2008b);

• Emplacement of charnockitic and granitic rocks between 
2.11 and 2.07 Ga in syn- to post-collisional settings 
(Macambira et al. 2007, Vasquez et al. 2008a, 2008b).

LOCAL GEOLOGY
The Middle Xingu River area is situated in the southwest-

ern part of the Bacajá domain, which is a key area for studying 
the boundary between MIP and CAP (Fig. 1A). In the south-
western part of this area, Paleoproterozoic rocks of the Xingu-
Iricoumé block outcrop, whereas Archean rocks of the Carajás 
block outcrop in the southeastern part (Fig. 2).

The Middle Xingu River area is only accessed by the 
Xingu River which crosscuts the WNW-ESE trend of igne-
ous and metamorphic rocks of the Bacajá domain (Fig. 2). 
Previous geological surveys in this area mapped migmatites, 
ortho- and paragneisses, supracrustal rocks (greenstone 
belts), granites, and local granulites (e.g., Jorge João et al. 
1987, Santos et al. 1988). Charnockitic rocks and granu-
lite belts were mapped in the western and southern por-
tions of the Bacajá domain (Vasquez et al. 2008a, 2008b). 
Field descriptions and petrographic study of outcrops along 
the Middle Xingu River allowed distinguishing migmatitic 
gneisses, orthogneisses, pelitic paragneisses, charnockitic, 
and granitic rocks (Fig. 2).

Orthogneisses
In the northern portion of the study area (Fig. 2), there 

are outcrops of banded metatonalites and metagranodiorites 
with leucogranitic veins (Fig. 3A). Sometimes these out-
crops are just foliated with stretched mafic granular enclaves 
(Fig. 3B). These orthogneisses show hornblende and biotite 
in a polygonal granoblastic quartz feldspathic matrix (Figs. 3C 
and 3D), which indicates high-temperature recrystallization 
(> 550°C, Passchier and Trouw 2005). However, this recrys-
tallization was overprinted by low-temperature recrystalliza-
tion (< 550°C, Passchier and Trouw 2005), as indicated by 
the fine recrystallization bands (Fig. 3C). Orthogranulites 
and retrograded orthogranulites (orthogneisses) were 
mapped in a WNW-ESE high-grade metamorphic belt of 
the Bacajá domain (Vasquez et al. 2008c, Macambira and 
Ricci 2013, Macambira et al. 2016). Santos et al. (1988) 
mapped migmatites with dominant leucosome in this area, 
but only a few leucosome migmatitic orthogneisses were 
mapped in our survey.

Paragneisses
The WNW-ESE paragneiss belts outcrop in the northern 

area of the Middle Xingu River (Fig. 2). These rocks are sil-
limanite-cordierite-garnet-biotite gneisses to garnet-biotite 
gneisses. This mineral assemblage indicates pelitic protoliths 
for these paragneisses (Bucher and Grapes 2011), but Santos 
et al. (1988) also mapped local calciosilisiclaste protoliths. 
These paragneisses show migmatitic structures as leucosome 
pockets with centimetric porphyroblasts of garnet (Figs. 3E 
and 4A) and leucogranitic veins with cordierite and red biotite 
(Figs. 4B and 3F). The pelitic paragneisses host mafic granu-
lite boudins (Fig. 3F), which were basic rocks (lavas or dykes) 
associated with pelitic sedimentary rocks. A pelitic paragneiss 
(PMM-23B) and a leucogranitic vein (PMM-23A), which cor-
respond to the leucosome of this migmatitic paragneiss, were 
selected for geochronological study.

Migmatic gneisses
Santos et al. (1988) mapped rich schollen and schlieren 

metatexites that correspond to the transitional migmatites 
of Sawyer (2008), in the southeastern area of Middle Xingu 
River. In the present survey, diatexites with schlieren (Fig. 4C) 
together with metatexites with subordinated gneisses and 
amphibolites were mapped. The leucosome shows porphy-
roclastic K-feldspar in a polygonal granoblastic quartz feld-
spathic matrix, indicating high-temperature recrystalliza-
tion overprinted by low-temperature recrystallization bands 
(Fig. 4D), which indicates retrograde metamorphism. A leu-
cosome of migmatitic gneiss was selected for geochronology 
(PMM-16). It is not possible to distinguish if the protolith of 
this migmatitic gneiss was ortho- or paraderived.

Charnockitic rocks
In the central part of the Middle Xingu River area, ender-

bites and charnoenderbites (Fig. 2) with porphyroclastic 
(Fig. 4E) and inequigranular (Fig. 4F) textures are outcropping. 
Sometimes they show igneous banding, mingling with mafic 
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magmas, xenoliths of orthogranulite (Fig. 4E), and clusters of 
hornblende and pyroxene (Fig. 4F). Coarse-grained inequi-
granular charnockites bodies (Fig. 5A) are oriented to WNW-
ESE and E-W cut enderbites and charnoenderbites, as well as 
ortho- and paragneisses (Fig. 2). Both types of charnockitic 
rocks have mesopertites (Fig. 5B), antipertites (Fig. 5C), and 
orthopyroxene and clinopyroxene relics (Fig. 5D). An ender-
bite (PMM-09C) and two charnockites (PMM-06 and PMM-
20) were selected for geochronology.

Granitic rocks
A pluton of porphyroclastic monzogranite of 2147 ± 5 Ma 

(Vasquez et al. 2008a) cuts ortho- and paragneisses of the north-
ern portion of the study area (Fig. 2). This granitic body was 
intruded by equigranular granodiorite (Fig. 5E) with low-tem-
perature recrystallization rims of plagioclase, K-feldspar, and 
quartz (Fig. 5F). Similar granitic bodies outcrop in the north-
eastern portion of the Middle Xingu River (Fig. 2). A sample of 
this granodiorite (PMM-01) was selected for geochronology.

Figure 3. Mesoscopic structures and microtextures of orthogneisses and paragneisses. (A) Leucogranitic vein (lgv) in metatonalite. (B) 
Strechted mafic enclave (sme) in foliated metatonalite. (C) Polygonal granoblastic matrix of plagioclase (Pl), hornblende (Hb), K-feldspar 
(Kfs) and quartz (Qtz), and fine recrystallized bands - red arrow (sample PMM-02A). (D) Polygonal granoblastic matrix of plagioclase, biotite 
(Bt) and quartz (sample PMM-04B). (E) Porphyroblasts of garnet (Grt) in leucosome pocket. (F) Leucogranitic vein (lv) (sample PMM-23A) 
and mafic granulite boudin (mgb) in pelitic paragneiss (sample PMM-23B).  Microscopic images took in crossed polarized light. In figure A, 
scale is 8.5 cm long. In figures E and F, hammerhead is 18 cm long.
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Other units
In the southeastern portion of the study area, Neoarchean 

supracrustal rocks of the Carajás block of CAP (e.g., Vasquez 
et al. 2008b) are outcropping (Fig. 2). In the southwestern por-
tion, felsic volcanic and volcanoclastic rocks of 1.99 Ga, cut 
by granites of 1.97 Ga and A-type granites of 1.88 Ga (Alves 
et al. 2010, Semblano et al. 2016) of the Xingu-Iricoumé block, 
cover, and cut migmatitic gneisses and charnockitic rocks of 
Bacajá domain of MIP (Fig. 2).

ZIRCON GEOCHRONOLOGY

Methodology
Dating of zircon was undertaken using the single zir-

con Pb-evaporation and the U–Pb SHRIMP methods. 
Pb-evaporation was carried out at the Isotope Geology 
Laboratory (Para-Iso) of the Federal University of Pará, Brazil, 
where zircon concentrates were obtained by gravimetric (elutri-
ation and heavy liquids) and magnetic (isodynamic separator) 

Figure 4. Mesoscopic structures and microtextures of paragneisses, migmatites and enderbites. (A) Porphyroblasts of garnet with biotite, 
plagioclase, K-feldspar and quartz. (B) Cordierite (Cd), biotite, K-feldspar and quartz in pelitic paragneiss (sample PMM-23B). (C) Schlierens 
(sch) in leucosome pocket (pink) in migmatitic gneiss (grey). (D) Porphyroclasts of K-feldspar in polygonal granoblastic matrix and fine 
recrystallized bands rich in biotite - red arrow - in leucosome (sample PMM-16). (E) Orthogranulite xenolith (ogx) in foliated enderbite. (F) 
Mafic clusters of hornblende (Hb) and pyroxenes (Px) in inequigranular enderbite (sample PMM-09C). Microscopic images took in crossed 
polarized light. In figures C and E, scale is 8.5 cm long.
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techniques. Grains were selected for analysis by handpicking 
under the stereomicroscope. 

Single Zircon Pb-evaporation
The method of Pb-evaporation from zircon monocrys-

tals, advocated by Kober (1986), was undertaken using the 
ion-counting system of a Finnigan MAT 262 mass spectrom-
eter in dynamic mode at the Para-Iso Laboratory. Two facing 
Re filaments were employed; one containing zircon for evap-
oration and another for Pb ionization, from which isotopes are 

analyzed. Three evaporation steps at 1,450, 1,500, and 1,550°C 
are usually performed to reach different levels of Pb extraction. 
For each evaporation step, up to five isotopic ratio blocks are 
obtained in a monocollector. The average 207Pb/206Pb ratio of 
the blocks defines the corresponding age for each extraction 
step. In the case of coinciding ages, an average is calculated for 
each grain. Otherwise, when steps yield in discrepant/usually 
lower ages, the blocks are discarded for each grain (subjective 
elimination). Blocks and steps yielding 204Pb/206Pb > 0.0004 
are also discarded to prevent initial Pb correction, which is 

Figure 5. Mesoscopic structures and microtextures of charnockites and granodiorites. (A) Coarsed-grained charnockite. (B) Mesoperthite 
in porphyroclast of K-feldspar. (C) Antiperthite (K-feldspar drop) in plagioclase. (D) orthopyroxene (Opx) and clinopyroxene (Cpx) relics 
in chanockites. (E) Equigranular granodiorite with (F) crystals of plagioclase, K-feldspar and quartz with rims of recrystallized bands - red 
arrows (sample PMM-01). Microscopic images took in crossed polarized light. In figure E, scale is 8.5 cm long.
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obtained by comparison with the two-stage terrestrial Pb evo-
lution model (Stacey and Kramers 1975). The average age is 
calculated again from several grains of the same sample in order 
to eliminate outlying values. Results are filtered and statistically 
treated according to the Para-Iso routine (Gaudette et al. 1998). 
Pb-evaporation ages are expressed in 2σ confidence intervals.

U-Pb SHRIMP in zircon and monazite
U-Pb analyses were undertaken on a SHRIMP at the 

Research School of Earth Sciences of the Australian National 
University in Canberra, Australia. Zircon and monazite grains 
were mounted in epoxy resin together with respective standard 
grains (SL13 and FC1 zircons, Thompson mine monazite). 
Cathodoluminescence (CL) and backscattered electron (BSE) 
images were obtained by scanning electron microscopy to see 
the internal structures, microfractures, and damage zones, 
respectively, of zircon and monazite crystals and selected 
sites for analysis. SHRIMP analytical procedures were applied 
according to the methods described by Compston et al. (1984) 

and Williams (1998). Raw isotopic data were reduced using 
the Squid program (Ludwig 2001), whereas age calculations 
and Concordia plots were performed using both the Squid 
and Isoplot software (Ludwig 2003). Analyses and ages for 
individual SHRIMP spots are presented with 1σ uncertain-
ties. When data are combined to calculate an age, the quoted 
uncertainties are at a 95% confidence level with uncertainties 
in the U-Pb standard calibration included in any relevant U-Pb 
intercept and Concordia age calculations. 

Pb-evaporation results
Zircon crystals from six samples were analyzed by 

Pb-evaporation: one of enderbite (PMM-09C), two of char-
nockite (PMM-06 and PMM-20A), one of inequigranular 
granodiorite (PMM-01), one of leucogranitic vein in pelitic 
paragneiss (PMM-23A), and one of migmatitic gneiss (PMM-
16). Collection locations are shown in Fig. 2, analytical results 
are presented in Tab. 1, and age versus evaporation step dia-
grams are shown in Fig. 6.

Table 1. Pb-evaporation in zircon isotopic data of rocks from the study area. Common lead correction in accordance with Stacey and Kramers 
(1975). The evaporation steps used in the mean age calculation are indicated in bold.

Grain 
number T (°C) #ratios 204Pb/206Pb 2σ 208Pb/206Pb 2σ 207Pb/206Pb 2σ (207Pb/206Pb)c 2σ (207Pb/206Pb) 

age (Ma) 2σ

PMM-09C – Enderbite

01

1,450 34 0.000175 5 0.06700 52 0.13190 59 0.12940 51 2090 7

1,500 36 0.000082 6 0.07679 120 0.13174 21 0.13062 29 2107 4

1,550 38 0.000125 3 0.12111 49 0.13296 18 0.13129 23 2116 3

02

1,450 36 0.000187 14 0.04132 37 0.13050 18 0.12807 32 2072 4

1,500 32 0.000116 2 0.04884 22 0.13274 38 0.13118 43 2114 6

1,550 34 0.000133 11 0.05873 44 0.13347 25 0.13164 26 2120 3

05
1,450 34 0.000229 23 0.06648 164 0.13093 49 0.12798 33 2071 5

1,500 34 0.000057 2 0.09307 22 0.13171 16 0.13097 17 2111 2

07
1,450 8 0.001704 448 0.05930 1566 0.13089 85 0.10771 632 1761 107

1,500 20 0.000136 6 0.09562 56 0.13281 21 0.13117 22 2114 3

Mean (207Pb/206Pb) age  (158 isotopic ratios) 2114 ± 3 Ma/USD = 2.24

PMM-23A – Leucossomatic vein

01 1,500 40 0.000006 7 0.04573 28 0.12892 31 0.12889 31 2083 4

02
1,500 34 0.000006 2 0.03849 18 0.12842 19 0.12837 18 2076 3

1,550 38 0.000016 4 0.03880 32 0.12830 49 0.12791 42 2070 6

03
1,500 36 0.000007 2 0.03604 12 0.12834 18 0.12825 18 2075 2

1,550 8 0.000017 4 0.03609 50 0.12864 82 0.12842 82 2077 11

04 1,500 34 0.000025 4 0.03772 17 0.12847 29 0.12814 30 2073 4

05 1,500 28 0.000006 3 0.03879 17 0.12839 24 0.12833 25 2076 4

06 1,500 30 0.000015 5 0.03882 15 0.12825 68 0.12807 66 2072 9

07

1,500 38 0.000043 19 0.03802 62 0.12848 32 0.12786 48 2069 7

1,550 4 0.000081 34 0.03838 116 0.12918 38 0.12811 59 2072 8

1,550 12 0.000071 28 0.03788 122 0.12959 53 0.12777 79 2068 11

08

1,450 20 0.000063 6 0.04165 40 0.12915 38 0.12829 39 2075 5

1,500 38 0.000008 4 0.03831 23 0.12848 33 0.12838 32 2076 4

1,550 34 0.000000 0 0.03740 14 0.12820 16 0.12820 16 2074 2

Mean (207Pb/206Pb) age (394 isotopic ratios) 2075 ± 2 Ma/USD = 1.46

Continue...
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Table 1 Continuation.

Crystal T (°C) #ratios 204Pb/206Pb 2σ 208Pb/206Pb 2σ 207Pb/206Pb 2σ (207Pb/206Pb)c 2σ Age (Ma) 2σ

PMM-20A – Charnockite

01

1,500 40 0.000067 9 0.18159 122 0.13050 34 0.12925 36 2088 5

1,550 34 0.000010 1 0.16295 83 0.12914 22 0.12912 24 2086 3

1,570 20 0.000013 14 0.12933 4 0.12924 32 0.12920 32 2087 4

03
1,500 16 0.000041 11 0.19330 514 0.12961 53 0.12907 70 2086 10

1,550 36 0.000041 17 0.18553 148 0.12936 27 0.12888 28 2083 4

07

1,450 20 0.000136 7 0.14306 202 0.13019 50 0.12845 50 2077 7

1,500 36 0.000013 5 0.21310 50 0.12845 16 0.12830 18 2075 2

1,550 34 0.000008 1 0.17216 592 0.12901 25 0.12890 25 2083 3

08
1,500 38 0.000010 6 0.26223 72 0.12866 31 0.12856 25 2079 3

1,550 24 0.000006 5 0.27111 351 0.12884 42 0.12880 39 2082 5

09
1,450 08 0.000030 14 0.26798 605 0.12924 35 0.12885 40 2083 5

1,500 6 0.000000 0 0.24123 143 0.12955 205 0.12955 205 2092 28

10 1,550 38 0.000014 4 0.16717 287 0.12892 23 0.12875 23 2081 3

11 1,450 24 0.000009 4 0.16378 376 0.12896 48 0.12891 45 2083 6

Mean (207Pb/206Pb) age  (218 isotopic ratios) 2084 ± 2 Ma/USD = 1.12

PMM-01 – Inequigranular granodiorite

02 1,500 22 0.000018 6 0.24519 79 0.12873 45 0.12856 37 2079 5

07 1,500 36 0.000016 9 0.24167 92 0.12857 40 0.12845 36 2077 5

08 1,500 12 0.000023 2 0.26118 94 0.12893 26 0.12863 28 2080 4

09 1,500 8 0.000042 8 0.38122 292 0.12894 68 0.12839 69 2076 9

Mean (207Pb/206Pb) age (78 isotopic ratios) 2079 ± 3 Ma/USD = 0.50

PMM-16 – Migmatitic paragneiss

01 1,550 38 0.000017 5 0.10241 50 0.17961 36 0.17946 39 2648 4

02 1,500 22 0.000372 31 0.18690 342 0.13397 139 0.12892 115 2084 16

03
1,500 18 0.000026 2 0.03331 103 0.17505 81 0.17492 102 2606 10

1,550 6 0.000000 0 0.10128 811 0.17606 117 0.17606 117 2616 11

04
1,500 38 0.000013 4 0.16720 54 0.12878 45 0.12869 53 2080 7

1,550 34 0.000009 6 0.14536 78 0.12845 65 0.12841 69 2077 9

05
1,500 20 0.000017 7 0.03636 49 0.17141 52 0.17118 45 2570 4

1,550 8 0.000000 0 0.06850 272 0.17535 415 0.17535 415 2610 39

07 1,500 34 0.000066 7 0.04377 46 0.16976 25 0.16885 31 2547 3

08 1,500 34 0.000177 4 0.38958 93 0.19955 36 0.19750 42 2806 4

09 1,500 38 0.000277 10 0.04334 44 0.16378 26 0.16019 42 2458 4

11 1,550 16 0.000160 5 0.60933 214 0.20594 46 0.20406 42 2859 3

PMM-06 – Charnockite

03

1,450 28 0.001491 38 0.08927 320 0.14206 28 0.12249 74 1993 11

1,500 30 0.000093 28 0.18422 324 0.12975 31 0.12774 50 2067 7

1,550 36 0.000119 6 0.27484 193 0.13109 21 0.12953 23 2092 3

05
1,450 36 0.000091 4 0.14548 130 0.12855 42 0.12739 57 2063 8

1,500 38 0.000014 2 0.25557 208 0.13000 22 0.12980 21 2096 3

06 1,500 32 0.000309 22 0.14642 159 0.13428 30 0.13001 32 2098 4

07
1,450 8 0.000139 24 0.08081 115 0.13072 56 0.12889 64 2083 9

1,500 36 0.000045 4 0.09981 1081 0.12972 26 0.12919 32 2087 4

Mean (207Pb/206Pb) age (142 isotopic ratios) 2094 ± 4 Ma/USD = 2.32
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Figure 6. (207Pb/206Pb) age vs. evaporation steps of zircon crystals. (A) Neosome of paragneiss PMM-23A. (B) Enderbite PMM-09C. (C) 
Charnockite PMM-06. (D) Charnockite PMM-20A. (E) Granodiorite PMM-01. Isotopic ratio blocks used to calculate the age (green circle); 
subjectively rejected blocks (red box). USD is MSWD1/2.

Leucogranitic vein PMM-23A  
of pelitic paragneiss

Zircon crystals in sample PMM-23A are generally pris-
matic, short, bipyramidal, translucent, and brown to caramel in 
color with rounded edges, suggesting corrosion. Other appar-
ently rounded crystals (Fig. 6A) show small crystalline faces 
in detail. All eight crystals selected for analysis yielded very 
reproducible isotopic results that defined an average value of 
2075 ± 2 Ma (Tab. 1). This result was interpreted as the crys-
tallization age of the leucogranitic vein (PMM-23A), which, 
in turn, is the leucosome of pelitic paragneiss (PMM-23B). 
This is the age of anatexy of pelitic paragneisses from the 
Middle Xingu River area.

Enderbite PMM-09C
The eight zircon crystals selected from enderbite (sam-

ple PMM-09C) for isotopic analysis are euhedral; some are 
rather elongated or short, bipyramidal, translucent, and brown. 
The presence of oscillatory zonation in some crystals suggests 
an igneous origin (Fig. 6B). Very similar isotopic results for 
four zircon crystals yielded an average age of 2114 ± 3 Ma 
(Tab. 1) for sample PMM-09C. Even taking the age deviations 
into account, the calculated ages of the three remainder crys-
tals resulted in a lower age (2087–2098 Ma), possibly due to 
continuous Pb-loss by metamictization. Therefore, these values 
were disregarded from the final calculated age. An inherited 
crystal of 2573 ± 2 Ma was detected in this sample (Tab. 1). 
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The 2114 ± 3 Ma age obtained for this enderbite is interpreted 
as the crystallization and emplacement age.

Charnockites PMM-06 and PMM-20A
Nine elongated, bipyramidal, and prismatic zircon crys-

tals — some with smooth edges — were selected from sample 
PMM-06 for isotopic analysis. The crystals were translucent 
and brown, with the typical oscillatory zoning of igneous zir-
con (Fig. 6C). An age of 2094 ± 4 Ma (Tab. 1) was obtained 
for the sample from four crystals with similar isotopic results. 
The other crystals presented younger results and, therefore, 
were disregarded from this calculation.

Eleven euhedral, bipyramidal, elongated, and translucent zircon 
crystals (some of them were poorly transparent and highly frac-
tured) were selected from sample PMM-20A for isotopic analysis. 
The crystals are possibly of igneous origin (Fig. 6D). Among the 
crystals selected for analysis, seven yielded an average age of 2084 
± 2 Ma (Tab. 1). Regarding the remainder crystals, two yielded 
lower ages and were disregarded from the final calculation, while 
the other two indicated an inheritage of 2436 ± 33 Ma and 2108 
± 5 Ma (Tab. 1). The last age is correlated to the enderbite bod-
ies. The ages of 2094 ± 4 Ma and 2084 ± 2 Ma are interpreted 
as crystallization and emplacement ages for these charnockites.

Granodiorite PMM-01
The nine zircon crystals selected from the inequigranular 

granodiorite sample (PMM-01) for analysis are mostly pris-
matic and elongated with bipyramidal shapes and bulging 
edges. Some are translucent while others are transparent and 
intensely fractured (Fig. 6E). Four of the selected crystals pro-
vided reproducible results that defined an average age of 2079 
± 3 Ma (Tab. 1) for the sample, which was interpreted as the 
age of crystallization, i.e., the emplacement of the granodiorite 
body. Two inherited crystals of Archean ages of 2824 ± 22 Ma 
and 2613 ± 8 Ma, and three other crystals of Paleoproterozoic 
ages of 2415 ± 10 Ma, 2157 ± 3 Ma, and 2107 ± 18 Ma were 
also detected in this granodiorite. Some of these inherited 
grains can be from porphyroclastic monzogranite (sample 
MVD-115) and orthogneisses – the host rocks (Fig. 2).

Migmatitic gneiss PMM-16
Twelve zircon crystals of leucosome of migmatitic gneiss were 

selected, sample PMM-16. These crystals show long or short bipy-
ramidal and slightly rounded shapes. Some grains were translucent, 
while a few crystals were transparent, and other grains showed 
intense metamictization. Ages from 2077 ± 9 Ma to 2859 ± 3 
Ma (Tab. 1) were obtained for this leucosome, which is unsuit-
able for calculating a satisfactory mean age but covers the range 
of values available for the study area — including crystallization 
ages of inherited crystals. In contrast, three distinct age groups 
could be calculated, one of approximately 2.86 Ga (two crystals), 
an intermediate one of 2.65–2.36 Ga (eight crystals), and a lower 
one of 2.08 Ga (two crystals). This last age can be interpreted as 
the minimum crystallization age of the leucosome of migmatitic 
gneiss. The older grains correspond to the inherited zircon crys-
tals of the protolith of this migmatitic gneiss whose large range of 
Archean to Siderian (minimum) ages can suggest a paraderived 

source. The anatectic age of this gneiss was contemporary with 
the charnockites and the granodiorite.

U-Pb SHRIMP results
Crystals from two zircon samples of tonalitic orthogneisses 

(PMM-4B and PMM-02A) and a sample of monazite of pelitic 
paragneiss (PMM-23B) were dated through the U-Pb SHRIMP 
method. This in situ analysis allows dating of metamorphic over-
growth in zircon and monazite crystals. CL and BSE images 
were applied to select overgrowths, patchy, and sector zones 
for dating (Fig. 7). Analytical results are presented in Tabs. 2–4, 
while calculated ages in Concordia diagrams are shown in Fig. 8.

Tonalitic orthogneiss PMM-04B
The zircon crystals of sample PMM-04B are euhedral to 

subhedral, elongated, bipyramidal, brown, rarely translucent, 
semi-translucent, or opaque. Some crystals show igneous oscil-
latory zoning (Fig. 7A) and inclusions, but most zircon grains 
have patchy zoning, alteration pathways, and metamitic zones 
(Fig. 7B). These last features are related to late alteration, but 
patchy zoning suggests recrystallization by high-grade meta-
morphism (Corfu et al. 2003). Most points are significantly 
discordant, but some ages were calculated (Fig. 8A and Tab. 2):
• An age defined by the weighted mean 207Pb/206Pb values 

from the five most concordant analyses yields 2480 ± 9 Ma. 

Figure 7. Cathodoluminescence images of zircon crystals of the 
samples (A and B) PMM-04B and (C and D) PMM-02A, with 
igneous oscillatory and patchy zoning, microfractures, alteration 
pathways, and metamitic zones. Backscattered electron image of a 
monazite crystal of sample PMM-23B with (E) convolute zoning. 
Crystals showing their respective SHRIMP spots (spot number) 
and 207Pb/206Pb ages in Ma.
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Figure 8. Concordia diagrams with analytical points of zircon crystals of the samples (A) PMM-04B and (B) PMM-02A. The dashed ellipses 
are results not included in calculations.
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The discordant data follow a trend but with significant scat-
tering. Regression of the data concerning this generation 
resulted in an upper intercept age of 2482 ± 11 Ma with 
an MSWD of 3.0;

• A weighted mean 207Pb/206Pb age of 2073 ± 11 Ma (95% con-
fidence limits on two data points: 5.1 and 18.1; see Tab. 2).

The age of 2480 ± 9 Ma is interpreted as the crystalliza-
tion age of the igneous protolith (tonalite) of this orthogneiss, 
whereas the other one (2073 ± 11 Ma) dates the high-grade 
metamorphic event that affected this tonalite.

Tonalitic orthogneiss PMM-02A
The zircon crystals of orthogneiss PMM-02A are subhedral 

to euhedral, sometimes presenting rounded edges. In general, 
zircon grains are semi-translucent to opaque, brown, and rather 
fractured crystals containing few inclusions. Most of the crys-
tals have patchy overgrowth rims and sector zoning (Fig. 7C) 
with blurred igneous oscillatory zoning (Fig. 7D). These fea-
tures suggest a strong high-grade metamorphic recrystalliza-
tion of zircon crystals. Microfractures, alteration pathways, and 
metamitic zones are also present in these zircon grains. Due to 
the complexity and poor preservation of the igneous zircon 
crystals, it was difficult to calculate an age for the protolith, but 
seven crystals furnish an upper intercept age at 2550 ± 39 Ma 
(MSWD = 3.7). Otherwise, four selected crystals yielded a 
mean 207Pb/206Pb age of 2554 ± 3 Ma (MSWD = 0.25), which 
can represent the minimum crystallization age for this sam-
ple. Scattering is clearly present, probably due to early Pb-loss. 
Two analyses (1.1 and 18.1; Tab. 3) are concordant and give a 
mean weighted 207Pb/206Pb age of 2108 ± 5 Ma, and just one 
subconcordant grain (7.1; Tab. 3) yields a 207Pb/206Pb age of 
2079 ± 3 Ma (Figs. 7C and 7C, and 8B).

Pelitic paragneiss PMM-23B
The monazite crystals of the pelitic paragneiss PMM-

23B are anhedral to subhedral and usually fragmented and 
fractured. BSE images reveal rim-and-core structures with 
convoluted zoning (Fig. 7E). SHRIMP U-Pb analyses of 13 
concordant or near-concordant (maximum 2% discordance, 
see Tab. 4) spots give a Concordia age of 2062 ± 8 Ma with 
an MSWD = 1.16 (Fig. 9).

DISCUSSION

Late Rhyacian collisional orogeny
The Paleoproterozoic collision between Africa and South 

America plates was recognized by Ledru et al. (1994), which 
showed lithological associations and tectonic structures related 
to the Transamazonian orogeny in the northern Guiana shield. 
Delor et al. (2003) distinguished an oblique convergence 
between these continental blocks marked by sinistral sliding 
shear zones (blockage), emplacement of granites, local for-
mation of pull-apart basin, and migmatites between 2.10 and 
2.08 Ga. This stage was followed by crustal stretching with 
continental-scale boudins in granulite belts (Imataca, Bakhuis, 

and Amapá block) with local ultra-high-temperature (UHT) 
metamorphism and the emplacement of charnockites between 
2.07 and 2.05 Ga (Delor et al. 2003, De Roever et al. 2003). 
These previous models supported the proposal of syn-colli-
sional (2.11–2.09 Ga) and post-collisional (2.08–2.06 Ga) 
stages of the Transamazonian cycle in the southern part of 
MIP (Vasquez et al. 2008b, 2014). However, the post-colli-
sional stage can be extended up to 2.03 Ga (Rosa-Costa et al. 
2008, 2009).

Geochronological results
In the study area, the high-grade metamorphic rocks are 

orthogneiss and paragneiss that underwent anatexy — as tes-
tified by their migmatitic structures. The aluminous minerals 
assemblages indicate pelitic protoliths to the paragneisses, and 
the orthogneisses predominantly are of tonalitic protoliths. 
Gneisses and granofels presenting two pyroxenes were not 
found, but a granulite mineral assemblage was identified in 
previous geological mapping with granulites and retrogran-
ulites in areas around the study area (Vasquez et al. 2008b, 
2008c, 2014). Microtextures of both types of gneiss indicated 
that the high-temperature (> 550°C) recrystallization fabric 
of these rocks was overprinted by low-temperature (< 550°C) 
recrystallization bands, probably during retrograded meta-
morphism. The U-Pb SHRIMP dating of the zircons from 
these orthogneisses (samples PMM-02A and PMM-04B) 
yielded crystallization ages of around 2.5 Ga for tonalite pro-
toliths and ages of metamorphic events of 2.11 and 2.07 Ga 
(Tab. 5). Both results are coherent with the Bacajá domain 
crustal evolution due to dating (through the same method) 
of a tonalitic gneiss of ca. 2.5 Ga in the western portion of 
this domain (Santos 2003, Vasquez et al. 2008a). The Late 
Rhyacian ages of 2.11 and 2.07 Ga may be related to high-
grade metamorphic events of collisional orogeny during the 
Transamazonian cycle, as previously proposed (Macambira 
et al. 2007, Vasquez et al. 2008b, 2014). In our results, there 
is an age gap from 2108 ± 5 Ma (sample PMM-02A) to 2073 
± 11 Ma (sample PMM-04B) suggesting different stages of 
continental collision.

Figure 9. Concordia diagram with analytical points of monazite 
crystals of the sample PMM-23B.
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A leucogranitic vein, that is a leucosome of a pelitic parag-
neiss (sample PMM-23B), resulted in a Pb-evaporation age of 
2075 ± 2 Ma, that is, the anatectic age of this rock, whereas 
the monazite hosted by pelitic paragneiss (sample PMM-23B) 
yielded a U-Pb SHRIMP age of 2062 ± 8 Ma (Tab. 5). Both 
ages are similar and related to high-grade metamorphism.

A strongly migmatized gneiss (sample PMM-16), in the 
southern portion of the Middle Xingu River area, resulted in 
a Pb-evaporation age of 2080 ± 5 Ma for its leucosome crys-
tallization. This migmatitic gneiss has inherited zircon crystals 
of 2.86–2.35 Ga with grains of 2.65 and 2.46 Ga, which indi-
cate sources from Neoarchean and Siderian protoliths from 
the Bacajá domain and/or a minimum age for these grains. 

The charnockitic and granitic rocks, which cut gneisses and 
retrogranulites, predominate in the study area. Two pyroxenes 
relics, i.e., mesopertite and antipertite, distinguished the char-
nockitic rocks from the other granitic rocks. These rocks usu-
ally have porphyroclastic and granoblastic textures as well as 
low-temperature recrystallization bands and preserved igneous 
textures. Microtextures of ductile deformation are more frequent 
in enderbites than in charnockites bodies; these ones cut the 
first ones. The enderbite (sample PMM-09C) yielded a zircon 
Pb-evaporation age of 2114 ± 3 Ma, while the two charnockites 
resulted in ages of 2094 ± 4 Ma (sample PMM-20A) and 2084 ± 
2 Ma (sample PMM-06). These results support that enderbites 
are older than charnockites and distinguish two generations of 
charnockitic rocks. The 2.11–2.09 Ga charnockites are related 
to a syn-collisional stage and the ca. 2.08 Ga charnockites are 
related to a post-collisional stage (Vasquez et al. 2008b).

Two groups of granitic rocks outcrop in the study area: a 
small intrusion of porphyroclastic monzogranite of 2.15 Ga 
(sample MVD-115: Vasquez et al. 2008a) and batoliths. 
Placed between the batoliths, a granodiorite (sample PMM-01) 
with preserved igneous texture yielded a zircon Pb-evaporation 
age of 2079 ± 3 Ma and presented inherited zircon grains of 
2.82–2.16 Ga (Tab. 5). The monzogranite of 2.15 Ga is prob-
ably related to the pre-collisional stage of the Bacajá domain 
(Vasquez et al. 2008a), while the granodiorite of 2.08 Ga is 
related to the post-collisional stage.

Correlations and geochronological 
province limits

Late Rhyacian (2.10–2.07 Ga) zircon ages were obtained 
for granitic and charnockitic rocks from the north of the Bacajá 
domain (Santos 2003, Faraco et al. 2005, Vasquez et al. 2005, 
2008a, Macambira et al. 2009). Ages for metamorphic rocks 
of 2.09 and 2.07 Ga were obtained by applying the U-Pb 
SHRIMP to zircon crystals, respectively, in a paragneiss and 
an orthogneiss from the southeastern portion of the Bacajá 
domain. The monazite of this paragneiss yielded an age of 
2.06 Ga (Macambira et al. 2007). Zircon and monazite crystals 
of paragneisses from northwest of the domain yielded meta-
morphic ages of 2.13–2.11 Ga and 2.07–2.06 Ga (Vasquez et al. 
2014). These previous geochronological data constrained the 
high-grade metamorphism of igneous and sedimentary rocks 
from Bacajá domain to late Rhyacian, which correspond to the 
time of emplacement of granitic and charnorckitic rocks related 
to the syn- and post-collisional stages of the Transamazonian 
orogenic cycle (Vasquez et al. 2008a, 2008b, 2014, Macambira 
et al. 2007, 2009). Similarly, the late Rhyacian ages obtained 
in this study for rocks from the southeastern Bacajá domain 
(Middle Xingu River area) are also related to this stage of col-
lisional orogeny (Tab. 5).

In the northern part of MIP (Guiana shield), Rosa-Costa 
et al. (2008) dated the high-grade metamorphism around 
2.09 and 2.05 Ga by U-Th-Pb in monazite from migmatites, 
granulites, and orthogneisses of the Amapá block (Fig. 1B). 
Granitic rocks were emplaced between 2.05 and 2.03 Ga in 
this high-grade metamorphic belt (Rosa-Costa et al. 2006). 
UHT metamorphism was identified by De Roever et al. 
(2003) in granulites from the Bakhuis belt in the central part 
of the shield (Fig. 1B). Zircon ages of 2.07–2.05 Ga that these 
authors obtained for high-grade metamorphism using the 
Pb-evaporation method were like the age of about 2.06 Ga of 
charnockitic bodies and associated mafic intrusions. This high-
grade metamorphism of 2.07–2.05 Ga was also identified in 
the Imataca block (Tassinari et al. 2004), in the northwestern 
part of the shield (Fig. 1B). Late Rhyacian magmatism and 
high-grade metamorphism occur throughout the MIP and 

Table 5. Summary of geochronological data of rocks from Middle Xingu River area.

Rock type/sample Magmatic age (Ma) Inherited age (Ma) Metamorphic age (Ma) Method/mineral

Tonalitic orthogneiss/PMM-02A 2554 ± 3 2108 ± 5 S/zr

Tonalitic orthogneiss/PMM-04B 2480 ± 9 2073 ± 11 S/zr

Monzogranite/MVD115B 2147 ± 5* S/zr

Enderbite/PMM-09C 2114 ± 3 2573 ± 2 E/zr

Charnockite/PMM-06 2094 ± 4 E/zr

Charnockite/PMM-20A 2084 ± 2 2108 ± 5;2436 ± 33 E/zr

Migmatitic gneiss/PMM-16 2080 ± 5
2364 ± 9;2458 ± 6;

2648 ± 4;2859 ± 3
E/zr

Granodiorite/PMM-01 2079 ± 3
2157 ± 3;2415 ± 10;

2613 ± 8;2824 ± 22
E/zr

Leucogranitic vein/PMM-23A 2075 ± 2 E/zr

Pelitic paragneiss/PMM-23B 2062 ± 8 S/mnz

S: U-Pb SHRIMP; E: Pb-evaporation; zr: zircon; mnz: monazite; *Vasquez et al. (2008a).
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are important geological records for the delimitation of this 
geochronological province and the Transamazonian cycle.

Neoarchean and Siderian rocks are present in the Bacajá 
domain. In the central portion of this domain, a 2.7 Ga juve-
nile orthogneiss (Macambira et al. 2009) outcrops. In the 
northwestern and northeastern portions of this domain, 
orthogneisses of 2.5–2.44 Ga (Santos 2003, Vasquez et al. 
2005, Macambira et al. 2009) outcrop. Metandesites and 
metadacites of 2.45–2.36 Ga with crustal-source magma of 
about 2.6 Ga (Vasquez et al. 2008a, Macambira et al. 2009) 
are also present in this domain. Mesoarchean rocks locally 
occur in the Bacajá domain. The orthogranulites from the 
southeastern and eastern parts of this domain not only 
have a source of 3.0–2.94 Ga, but also a source of ca. 2.6 Ga 
(Macambira et al. 2007, Vasquez et al. 2008b). Rosa-Costa 
et al. (2006) identified only the traces of Mesoarchean crust 
(inherited zircon grains and Nd-model ages) associated with 
orthogranulites and orthogneisses with protoliths of 2.78–
2.63 Ga from the Amapá block. However, these evidences 
of the Archean crust are rare in both the Bakhuis belt (De 
Roever et al. 2015) and the Cauarane-Coeroeni belt in the 
Central Guiana shield (Nadeau et al. 2013). The occurrence 
of reworked Archean crust during the Paleoproterozoic is 
greater in the southeastern MIP (Bacajá domain), probably 
due to its proximity to the Archean crust of the CAP.

The presence of juvenile magmas of around 2.6 Ga and 
the formation of rocks from 2.67 to 2.44 Ga are key features 
to distinguish the CAP and MIP, because, in the Carajás 
block, the youngest Neoarchean granites are of about 2.57 Ga 
(Old Salobo granites) (Machado et al. 1991, Melo et al. 2016, 
Toledo et al. 2019). The other granites, gneisses, metavulca-
no-sedimentary rocks, diorites, gabbros, and ultramafic rocks 
of the Carajás block were formed between 3.00 and 2.73 Ga 
with an Nd-TDM of about 3.0 Ga (zircon geochronology and 
Nd-isotopic data, respectively, are compiled in table 2.2 of 
Vasquez et al. 2008b).

Mesoarchean rocks predominate in the central and southern 
parts of the Carajás block, whereas the Neoarchean rocks are 
restricted to the northern part whose basement is composed 
of Mesoarchean rocks. The Mesoarchean protolith (3.0 Ga) 
of an orthogneiss (retrogranulite) with a metamorphic age of 
2.07 Ga (Macambira et al. 2007) in the southeastern of the 
Bacajá domain suggests that this orthogneiss could represent 
a part of the Carajás block that was tectonically dismembered 
by the Transamazonian cycle.

The CAP-MIP boundary is also marked by an E-W sys-
tem fault that controls a supracrustal belt of ca. 2.76 Ga (Grão 
Pará, Igarapé Salobo, and other correlated groups) from the 
Carajás block. In the eastern part of this boundary, thrust faults 
have imbricated rocks of Bacajá domain over Archean rocks 
of Carajás blocks during the compressive event D2 (Bacajá-
Carajás collision) that had tectonically transported them to 
the SW direction between 2.10 and 2.06 Ga (Tavares et al. 
2018). However, nappes of Rhyacian rocks from the Bacajá 
domain have not been identified yet, only sedimentary rocks 
(Águas Claras Formation), probably deposited during D2, 
were preserved. Rb-Sr and K-Ar ages of ca. 2.0 Ga presented by 

Cordani et al. (1984) for the supracrustal rocks of this region 
suggest that the event D2 reached at least greenschist condi-
tions of metamorphism.

In the western CAP-MIP boundary, the E-W system fault 
is bordering the supracrustal rocks of 2.76 Ga from the Carajás 
block. In this area, the migmatitic gneiss (Fig. 2), which has 
inherited zircon crystals of 2.86–2.36 Ga and furnished a crys-
tallization age of 2.07 Ga for the leucosome of sample PMM-16 
(Tab. 5), supports that this high-grade rock is from the Bacajá 
domain. This migmatitic gneiss is the Rhyacian rock closest 
to the CAP-MIP boundary.

CONCLUDING REMARKS
Field data and petrographic studies of rocks from the 

Middle Xingu River area, supporting the zircon and monazite 
Pb-evaporation and U-Pb SHRIMP data, allowed the follow-
ing remarks.

The protoliths of tonalitic orthogneiss, crystallized at ca. 
2.5 Ga, are present in other parts of the Bacajá domain (south-
ern MIP) but are rare in the Carajás block (eastern PAC). 
These orthogneisses were reworked at around 2.11 and 2.07 Ga, 
the ages at which high-grade metamorphism occurred in the 
Bacajá domain. The pelitic paragneisses of the Bacajá domain 
also underwent this high-grade metamorphism in the late 
Rhyacian, as shown by their leucosome veins of 2.07 Ga and 
the monazite crystals of 2.06 Ga from hosted pelitic paragneiss.

Two generations of charnockitic rocks were distinguished 
with enderbites of 2.11 Ga and charnockites of ca. 2.08 Ga. 
These ages agreed with the high-grade metamorphism that 
occurred in the late Rhyacian, which is correlated to the Bacajá-
Carajás collision, between 2.1 and 2.06 Ga.

The gap between the high-grade metamorphism and the 
magmatism suggested that the ca. 2.1 Ga event was related to 
a syn-collisional stage, and the ca. 2.07 Ga stage was related to 
a post-collisional stage of the Transamazonian orogenic cycle.

Granitic rocks of 2.08 Ga were also emplaced during the 
post-collisional stage, and pre-collisional granites of ca. 2.15 Ga 
locally outcrop in the southwestern portion of the Bacajá domain.

Located in the southern portion of the Middle Xingu River 
area, the migmatitic gneiss with a leucosome of 2.08 Ga is the 
rock, reworked during the Rhyacian, closest to the Carajás block. 
Therefore, this rock marks the western MIP-CAP boundary.
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