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Abstract

The Arco Verde Complex, exposed in the Serra do Inajá region of the Rio Maria Domain
(Carajás Province, Amazonian Craton), represents one of the oldest TTG granitoid as-
sociation of the province (3.00–2.92 Ga). While TTG magmatism is well constrained in
the northern domain, its southern sector lacks precise geochronological data. This study
integrates petrographic, geochemical, U–Pb zircon geochronology, and Nd–Hf isotopes to
constrain the age, source, and crustal significance of these granitoids. Uranium–Pb zircon
dating of two granodiorites yielded ages of 2979 ± 8 and 2979 ± 11 Ma, extending the
2.98 Ga TTG magmatic episode to the southern sector of the Rio Maria Domain. Geochemi-
cal data indicate dominant tonalites formed by partial melting of a similar mafic source at
different crustal depths, whereas subordinate granodioritic and monzogranitic rocks show
transitional TTG affinities. These features indicate coeval mafic and felsic crust rapidly
reworked after formation. Hf and Nd model ages of 3.0–3.2 Ga, with positive εHf–Nd at
2.98 Ga, reinforce the Early Mesoarchean as the main crustal growth period in the province.
In addition, we propose that the differentiation of the depleted mantle (DM) beneath the
Carajás Province may have initiated around 3.8 Ga.

Keywords: Mesoarchean TTGs; Carajás Province; Amazonian Craton; U-Pb geochronology;
Hf-Nd isotopes

1. Introduction
The end of the Archean is considered a period of major geodynamic changes on

Earth [1–6]. As the planet cooled and differentiated, continental crust was progressively
extracted from the mantle, and up to half of its present volume may have formed before
2.9 Ga [7–10]. Archean crust is commonly described as consisting of granite–greenstone
terranes dominated by tonalite–trondhjemite–granodiorite (TTG) suites [11–13]. The geo-
dynamic evolution of the Archean remains debated, particularly regarding how and when
“modern-style” plate tectonics began [1,14–19]. Two main tectonic models have been pro-
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posed: one dominated by vertical tectonics (sagduction; refs. [4,18,20–23]) and another
involving subduction-related processes [1,14,19,22–27].

In the southeastern Amazonian Craton, the Carajás Province (CP) represents the oldest
and best-preserved crustal domain of the Central Brazil Shield (Figure 1A,B). In most
tectonic models, the CP is subdivided into the Meso- to Neoarchean Carajás Domain (CD)
to the north and the Mesoarchean Rio Maria Domain (RMD) to the south [28,29].

The Serra do Inajá region, the focus of this study, corresponds to the southernmost
portion of the RMD (Figure 1C) and represents its least studied area in terms of geological
and geochronological data, mainly due to limited access. Vasquez and Rosa-Costa [29]
compiled the available field, petrological, and geochronological information, establishing a
lithostratigraphic and geotectonic framework for the region. More recently, the Geological
Survey of Brazil (SGB/Belém) conducted a mapping project focused on RMD greenstone
belts, and Silva et al. [30] published an updated geological map including the Serra do
Inajá region. Despite these advances, geochronological and geochemical datasets remain
limited, hindering correlations with other parts of the RMD and broader geodynamic
interpretations within the CP.

Several key questions remain unresolved, particularly regarding the timing of
Mesoarchean magmatic events and their relationships with thermo-tectonic processes.
While these events are well constrained in the Xinguara and Rio Maria regions (northeast-
ern RMD) [31–33], the southern extent toward the Serra do Inajá region remains unclear.
The nature and sources of magmatism, as well as their relationships with greenstone belts
and tectonic setting, are still poorly constrained, limiting interpretations of granitoid genesis
and emplacement environments. For instance, it remains unclear whether a dome-and-keel
model followed by Archean subduction would be applicable to the entire RMD [4,34].

The age and nature of the primitive continental crust in the RMD also remain debated.
Whole-rock Nd-TDM ages from the CP range between 2.9 and 3.3 Ga [35–41], suggesting a
major Mesoarchean crustal growth episode [32,33,42–44]. Zircon Lu–Hf data indicate Hf
crustal model ages (Hf-TDM

C) between 3.6 and 3.0 Ga for mafic and felsic rocks, supporting
a Meso- to Paleoarchean crustal growth event [38,40,45–48], while detrital zircon data
suggest the presence of Eoarchean remnants [49]. In the RMD, Lu–Hf data from zircon
of Orosirian granites (Hf-TDM

C = 3.9–3.1 Ga) indicate derivation from older Meso- to
Paleoarchean TTGs [37,48]. However, no zircon Lu–Hf data are currently available for
Archean rocks of the RMD.

This study presents new petrographic, geochemical, and geochronological data for
granitoids of the Mesoarchean Arco Verde Complex (AVC) in the Serra do Inajá region. This
unit records the oldest magmatic event in the RMD and thus represents a key component
for understanding the early formation of the Archean crust in the region and within
the Amazonian Craton. We provide detailed petrographic and geochemical analyses
to investigate the nature of magmatism and its tectonic setting. U–Pb zircon dating of
two granodiorites confirms the Mesoarchean crystallization age of the AVC. Additionally,
we present the first zircon Lu–Hf data for the RMD basement, together with whole-rock
Sm–Nd data, to constrain crustal growth episodes and compare them with the Hf–Nd
dataset of the CP. Finally, the timing of depleted mantle differentiation beneath the CP
is evaluated.
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Figure 1. (A) Simplified geological map of Brazil on the South American continent (AC: Amazonian
Craton. SFC: São Francisco Craton). (B) Main geological domains of the southeastern Amazonian
Craton (modified from [50]). The map shows the Archean Carajás province with the Rio Maria and
Carajás domains limited by the dashed line. Adjacent domains are the Siderian-Rhyacian Bacajá
domain (BD) to the north, the Orosirian Iriri-Xingu domain (IXD) to the west, the Rhyacian Santana do
Araguaia domain (SAD) to the south, and the Neoproterozoic Araguaia Belt (AB-Tocantins Province)
to the east. (C) Simplified geological map of the Serra do Inajá region, southern portion of the
Rio Maria Domain, (D) Southwest area of Serra do Inajá region, the object of this study, modified
from [30]. Geochronological references: [30,31,33,46,51–57].
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2. Geological Setting
The Amazonian Craton comprises Archean microcontinents surrounded by Paleopro-

terozoic and Mesoproterozoic accretionary orogenic belts and was stabilized in the early
Neoproterozoic, with limited influence from younger orogens (Figure 1A) [58].

The Carajás Province (CP) represents the only preserved Archean nucleus within
the craton [58]. It is bounded by the Paleoproterozoic Santana do Araguaia (SAD) and
Iriri–Xingu (IXD) domains to the southwest, the Neoproterozoic Araguaia Belt (AB) to
the southeast, and the Paleoproterozoic Bacajá Domain (BD) to the north (Figure 1B) [29].
In current tectonic models, the CP is included within the Central Amazonian Province
together with the Xingu–Iricoumé domain [41]. It is subdivided into the Rio Maria Domain
(RMD; 3.0–2.86 Ga) and the Carajás Domain (CD; 3.07–2.70 Ga), separated by major E–W
shear zones [29]. A single Proterozoic magmatic event is recorded at ca. 1.88 Ga, marked
by the emplacement of Orosirian anorogenic granites [37,46,48,59].

The RMD is a typical granite–greenstone terrane composed of TTG suites, greenstone
belts, sanukitoid-like granitoids, and high Ba–Sr- and K-rich granitoids [31,32,38,44,45,47,
60–64]. It consists of dome-like granitoid bodies surrounded by arcuate belts of low-grade
metavolcanic and metasedimentary rocks and was largely stabilized by the end of the
Mesoarchean. In contrast, the CD records intense Neoarchean magmatism, deformation,
and basin development and is subdivided into the Sapucaia Subdomain, the Canaã dos
Carajás Subdomain, and the Carajás Basin [44,45,65–69].

The Carajás Basin comprises Neoarchean metavolcano–sedimentary sequences
(2.78–2.55 Ga) overlain by Paleoproterozoic sedimentary rocks [29,61,70,71]. The Canaã dos
Carajás Subdomain represents its Mesoarchean basement and is marked by the Neoarchean
E–W Itacaiúnas Shear Zone, with predominance of granitoids, migmatites, granulites,
and charnockites, and scarce TTGs [46,51,72–74]. The Sapucaia Subdomain, located be-
tween the RMD and CD, includes greenstone sequences, TTGs, and calc-alkaline granitoids
(2.95–2.84 Ga) and may represent a reworked extension of the RMD affected by Neoarchean
tectono-magmatic events [28,39–41,51,74–78].

The RMD preserves Mesoarchean magmatic units with limited overprint from
Neoarchean events. The oldest rocks include the Arco Verde Complex (2.98–2.92 Ga)
and greenstone belts (~3.06–2.90 Ga), composed mainly of metaultramafic and metamafic
rocks with subordinate felsic units and metasediments [50,79–81]. The Serra Azul ultra-
mafic complex (2.97 Ga) is coeval with these sequences [63,81]. The Archean evolution
of the RMD involved two main tectono-magmatic stages: (i) 2.98–2.92 Ga, marked by
subduction-related processes, including slab melting and mantle metasomatism; and
(ii) ca. 2.87 Ga, characterized by granitoid emplacement in a collisional setting, involv-
ing crustal reworking, transpressive shear zones, and magma interaction [31,44–46,59,82].
These processes are commonly interpreted in accretionary–collisional frameworks, al-
though alternative models invoke vertical tectonics (e.g., sagduction and drip tectonics),
consistent with the dome-and-keel architecture of the RMD [31,35,40,46,83]. Archean plu-
tonic rocks in the RMD are grouped into four granitoid suites: (I) TTG and trondhjemitic
rocks (2.98–2.93 Ga), including the Arco Verde tonalite, which represent the most volu-
minous units; (II) moderate- to high-K calc-alkaline granitoids, including sanukitoids
(2.89–2.82 Ga); (III) biotite metagranites (2.91–2.86 Ga); and (IV) high-K, Ba–Sr granitoids
(2.87–2.86 Ga) [30–33,45,46,52–57,82–89]. In the southern RMD (Figure 1C), Suite I is repre-
sented by the Arco Verde Complex, whereas Suite II includes the Rio Maria sanukitoids
and the Alto Rio Inajá and Inajaporã metagranites, and Suite III includes the Xinguara and
Mata Surrão granitoids.

In the northern RMD, the Arco Verde tonalite forms batholiths that dominate the
region. It consists of isotropic to foliated, medium- to coarse-grained rocks with common
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compositional banding, showing increasing deformation toward shear zones, while ig-
neous textures are locally preserved [28]. Foliation is typically subvertical and roughly
E–W-oriented (WNW–ESE to WSW–ENE), recording progressive deformation from syn-
magmatic to subsolidus conditions during cooling. Enclaves and aplitic to pegmatitic veins
are common. Geochemically, these rocks display typical TTG signatures (high Al2O3 and
Na2O, low Y and Yb) and were likely derived from partial melting of garnet amphibolites
related to tholeiitic or greenstone belt protoliths [90].

In the southern RMD, the AVC has been considered equivalent to the Arco Verde
tonalite and comprises metatonalites, metatrondhjemites, and metagranodiorites associated
with a significant unit of migmatized and/or foliated orthogneisses, which justifies its
designation as a complex (Figure 1D) [37]. These rocks display lithological and structural
features comparable to those observed in the northern sector. Geochronological data for
the main Archean to Paleoproterozoic units of the RMD are summarized in Table 1.

Table 1. Compilation of U-Pb zircon ages and Sm-Nd and Lu-Hf isotopic data of the Mesoarchean
and Paleoproterozoic units of the Rio Maria Domain.

Unit/Lithology Zircon U–Pb Age
(Ma)

Zircon Pb–Pb Age
(Ma)

WR
Nd-TDM

(Ga)
εNd(t)

Zircon
Hf-TDM

C

(Ga)
Zircon εHf(t)

Mesoarchean
Calc-alkaline magmatism
Xinguara Metagranite 2865 ± 1 [31] 2.9 [91] +1.6
Manelão Granite 2905 ± 12 [30]

Mata Surrão Granite
2868 ± 5, 2871 ± 7,
2875 ± 11, 2881 ± 2

[33,83,92]
Guarantã Granite 2870 ± 16 [63] 2868 ± 5, 2864 ± 8

[63,92]
Trairão Granodiorite 2872 ± 7, 2869 ± 12 [63]
Rio Maria Granodiorite 2872 ± 5, 2874 + 9

[84,85]
2878 ± 4, 2877 ± 6,

2880 ± 4 [33,93] 2.9 to 3.1 [42,91] +2 to +1.2
Cumaru Granodiorite 2817 ± 4 [66]
Parazônia Quartz Diorite 2876 ± 2 [67]
Rio Maria Quartz diorite 2878 ± 4 [93]
Rancho de Deus Granite 2898 ± 61 [63]
Tucumã Granite 2844 ± 8, 2859 ± 4 [68]
Sodic magmatism
Bonito Granodiorite 2870.6 ± 4 [69]
Mogno Trondhjemite 2972 ± 9, 2961 ± 16,

2924 ± 19 [32] 2959 ± 5 [32] 2.9–3.1 [32] +2.0 to +2.5
Carapanã Tonalite 2917 ± 9, 2923 ± 9 [68]
Mariazinha Tonalite 2912 ± 5 [32] 2925 ± 3, 2924 ± 2 [32] 2.9 [32] +1.9

Arco Verde Complex
2941 ± 5, 2957 ± 25,
2948 ± 4, 2979 ± 4

[30,32,85]
2964 ± 4, 2948 ± 7,

2981 ± 8 [33,92]
Mafic–ultramafic magmatism
Serra Azul Complex 2970 ± 7 [84]
Greenstone Belts
Igarapé da Pista Formation 3063–2944 [30] 3.4 [70] −0.34
Igarape Abelha Formation 2979 ± 23, 2996 ± 5 [30]
Babaçu Formation 3046 ± 32 (WR) [61] +1.1 to +2.5

[61]

Lagoa Seca Formation
2904 + 29/−22,

2971 ± 18, 2979 ± 5
[71,72,84,85]

2943 ± 88 [61] 3.1–3.2 [61] +0.2 to +3.1

Lagoa Seca Formation 3050, 3200, 3400, 3700
(DZ) [73]

Morada da Prata Formation 2960–3070 (DZ) [51]
Quixadá Formation 2988 ± 4 [33] 3.02 [33] +1.6 to +5.7

Paleoproterozoic
Intraplate magmatism
Jamon Granite 1885 ± 32 [46] 1885 ± 32 [93] 2.9–3.0 [42,93] −9.7 to −9.5 3.3–3.5

[37] −12 to −15.7
Musa Granite 1883 + 5, 1882 ± 4 [93] 2.6–2.8 [42,93] −9.3 to −9.6
Redenção Granite 865 ± 6, 1871 ± 5,

1883 ± 9 [46] 1870 ± 68 (WR) [74] 3.3–3.5
[37] −13.6 to −14.9

Redenção Granite 1902 ± 27 (Ttn) [46]
Bannach Granite 1857 ± 14, 1874 ± 6 [46] 2.8 [37] −9.6 3.1–3.2

[37] −11 to −9.3
Gradaús Granite 1882 ± 9 [78]
Manda Saia Granite 1864 ± 6.5, 1866 ± 10

[48,94] 2.6–2.7 [94] −8.1 to −8.4 3.2–3.6
[48] −12.9 to −18.7
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Table 1. Cont.

Unit/Lithology Zircon U–Pb Age
(Ma)

Zircon Pb–Pb Age
(Ma)

WR
Nd-TDM

(Ga)
εNd(t)

Zircon
Hf-TDM

C

(Ga)
Zircon εHf(t)

Marajoara Granite 1885 ± 6, 1887 ± 8,
1884 ± 11 [40,94,95]

2.9–3.0
[82] −11.3 to −17.9

Felsic dykes 1880 ± 3, 1881 ± 4 [96] 1885 ± 2 [59,93] 2.8–2.9 [42,93] −9.4 to −10
Seringa Granite 1875 ± 6, 1879 ± 18,

1880 ± 7, 1889 ± 8 [46]
1895 ± 1, 1892 ± 3

[97,98]
3.3–3.6

[37] −12.8 to −17.3

São João Granite 1876 ± 12, 1878 ± 3,
1880 ± 3, 1891 ± 5 [46] 1890 ± 2 [86] 3.4–3.9

[37] −24.2 to −12.9

Velho Guilherme Granite 1853 ± 6, 1882 ± 6
[46,80] 1873 ± 13 (WR) [81]

Sedimentary cover
Gorotire Formation 2154 ± 9 to 2035 ± 5

(DZ) [97]
Cachoeirinha Formation 2760–3150 (DZ) [72]
Tocandeira Formation 2830 (DZ) [30]

Legend: WR = whole rock; DZ = detrital zircon; Ttn = titanite.

3. The Serra do Inajá Region
The study area corresponds to the southwestern part of the Serra do Inajá region

(Figure 1D). It is bounded to the west by Paleoproterozoic units of the SAD, including:
(i) the Mururé Formation (metapelites, slates, metarenites, and quartzites) and the Gorotire
Formation (arkosic sandstones and quartzites), with maximum depositional Pb evaporation
ages on detrital zircon of ~2.83 Ga and ~2.03 Ga, respectively [56]; and (ii) the Tarumã Suite
monzogranite (1.98 Ga; ref. [30]), which intrudes the Mururé Formation. To the east, the
area is bounded by the passive-margin sedimentary sequence of the AB (Couto Magalhães
Formation) [30].

As in the entire RMD, Mesoarchean units predominate, forming a typical granite–
greenstone terrane. The region is characterized by a pervasive foliation with a general
E–W orientation, locally varying to WNW–ESE, WSW–ENE, NE–SW, and more rarely
N–S. Greenstone belts form extensive, continuous bands surrounding rounded to slightly
elongated granitoid bodies of the AVC (Figure 2). Dome-shaped TTG batholiths enclosed
by metavolcano–sedimentary keels define a typical dome-and-keel architecture. Lineations
display a concentric pattern with down-dip orientations relative to foliations, suggesting
structural development linked to vertical tectonics in the Serra do Inajá region [30].

The greenstone sequences belong to the Serra do Inajá Group and include the Quix-
adá and Morada da Prata formations. The Quixadá Formation (lower unit) comprises
metabasalts, ultramafic schists, metaperidotites, metapyroxenites, and banded iron forma-
tions. A metabasalt yielded a zircon ID-TIMS age of 2988 ± 4 Ma and a Nd-TDM model age
of 3.02 Ga, with εNd values from +1.7 to +5.8 [33]. The Morada da Prata Formation (upper
unit) consists of phyllites, metarenites, carbonaceous metaschists, metasiltites, banded iron
formations, and rare metadacites. Pb–Pb dating of detrital zircon yielded ages between
2.96 and 3.07 Ga, constraining a maximum depositional age of 2.96 Ga [51].

The AVC (Figure 2) is the predominant unit and is mainly composed of tonalites, gran-
odiorites, and trondhjemites. Gneisses and migmatites metamorphosed under amphibolite
facies also occur, particularly in the southwestern area. These rocks form large batholiths
intruded by younger Mesoarchean and Orosirian granitoids [30]. The only geochronologi-
cal data available for the AVC in the study area is a U–Pb zircon age of 2988 ± 5 Ma from a
tonalite [33]. In areas to the north, however, several AVC units have been dated by SHRIMP,
LA-ICP-MS, ID-TIMS U–Pb, and Pb–Pb zircon methods, yielding ages between 3.02 and
2.91 Ga and εNd values between +1.6 and +2.6 (Table 1; refs. [29,30,32,33,42,92]).
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Figure 2. Geological map of the study area, southwest of the Serra do Inajá region, with a sample of
the AVC granitoids. Modified from [30]. Geochronological references: [30,31,33,51,56].

In the central part of the area, the Rio Maria Suite (2867 ± 17 Ma; ref. [30]) intrudes
both the greenstone belts and the TTG granitoids of the AVC. The second largest map-
pable unit is the Xinguara Metagranite (Xinguara Suite), composed of metagranodiorites,
metaleucosyenogranites, and subordinate metaleucomonzogranites [31]. It displays weak
foliation, becoming more penetrative toward the margins, especially near contacts with
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country rocks. Although not dated locally, a Pb–Pb zircon age of 2865 ± 1 Ma has been
reported for a northern occurrence [31].

In the northwestern portion, the Alto Rio Inajá Metagranite (2872 ± 5 Ma; ref. [30])
consists of metagranodiorites and metamonzogranites forming E–W elongated elliptical
bodies, with good exposures as boulders and slabs, and intrudes the AVC ([30]; Figure 2).
In the northeastern portion, the Inajaporã Metagranite, composed of metamonzogranites
and metasyenogranites, also intrudes the AVC and is characterized by high Th and U
contents and intermediate K contents, as indicated by aerogeophysical data. These rocks
do not show distinctive topographic or magnetic features that clearly differentiate them
from the host units [30].

4. Materials and Methods
Twenty-six samples from the AVC were selected for this study, kindly provided by

SGB/Belém. These samples are part of the Geological–Geophysical–Metallogenetic Integra-
tion Project of the Greenstone Belts Sequences of the Rio Maria Domain—New Frontiers
Rio Maria [30]). The sampling strategy was designed to cover the main lithotypes of the
AVC and ensure representative petrographic, geochemical, and isotopic characterization
across the study area. It complements the dataset of the SGB/Belém study, which includes
geochemical analyses of 24 samples, by improving lithological and spatial coverage. Most
samples were collected from areas where granitoids occur; additionally, four samples
were also selected from orthogneiss and migmatite domains identified by [30]. Sampling
was guided by lithotype distribution and spatial representativeness. However, it was
locally constrained by limited outcrop exposure and difficult access in this remote region.
Twenty-three petrographic analyses were conducted using a conventional petrographic
optical microscope at the Petrography Laboratory (LAPETRO) of the Graduate Program
in Geology and Geochemistry (PPGG) at the Institute of Geosciences (IG), UFPA. Modal
counting was performed on 2800 points with a 2-point spacing, using a Swift point counter.
For whole-rock geochemistry, the analyses of twenty-one samples were performed in a com-
mercial laboratory (ALS Geochemistry Laboratories Ldta). Major elements were analyzed
by ICP-ES (Inductively Coupled Plasma-Emission Spectrometry), and trace elements, in-
cluding rare earth elements, were analyzed by ICP-MS (Inductively Coupled Plasma-Mass
Spectrometry). Two of these samples were used for zircon U−Pb/Lu−Hf and whole-rock
Sm-Nd geochronology. The in situ analyses were performed at the UFPA Isotope Geology
Laboratory (Pará-Iso) with a Thermo Finnigan Neptune inductively coupled plasma mass
spectrometer equipped with nine Faraday collectors and six multiplier ion counters (MC-
ICP-MS). The laser microprobe (LA) coupled to the MC-ICP-MS was a CETAC LSX-213
G2 device. Details on the analytical procedures for U-Pb and Lu-Hf in zircon are found
in [87] and Supplementary Material. The whole-rock Sm-Nd analyses were performed
at the Geochronology Laboratory of the University of Brasília (UnB), and the whole-rock
Sm-Nd analytical procedures have been described in [88]. For the Hf-TDM

C model age
calculation, an age of 3.8 Ga, suggested by [89], has been used for the differentiation of the
Depleted Mantle, instead of the 4.56 Ga evolution trend proposed by [99]. A comprehensive
description of the analytical procedures for petrography, whole-rock geochemistry, and
U−Pb, Lu−Hf and Sm-Nd geochronology is presented in the Supplementary Material.

5. Results
5.1. Field Aspects and Petrography

In the field, granitoids belonging to the Serra do Inajá region (in Figure 3A—a view
of the mountain range) are present in outcrops that can vary from slabs to boulders (ex-
amples in Figure 3B,C). The AVC rocks present four distinct lithotypes (Figure 4) with a
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mineralogical composition of tonalite (Figure 5A), granodiorite (Figure 5D) and monzo-
granite (Figure 5G) in the QAP diagrams (Figure 4), including orthogneisses with tonalitic
protoliths (Figure 5J).

 

Figure 3. Illustration of the current types of outcrops present in the Inajá region. (A) View of Serra
do Inajá, point of sample RF-72; (B) Outcrops in boulders, from sample RF-130; and (C) Outcrops in
flagstones and boulders, from sample UP-63. Images provided by SGB/Belém.

 

Figure 4. Modal composition Q-A-P [100] and Q-(A + P)-M [101] diagrams for the granitoids and
orthogneisses of the AVC. Q—quartz; A—alkali feldspar; P—plagioclase; M—mafic minerals. The
black arrows represent the trends of the granitoid series.
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Figure 5. (A) Tonalite (hand sample); (B) symplectites (PL); (C) recrystallized quartz and weakly
oriented biotite (PL); (D) granodiorite (hand sample); (E) hypidiomorphic granular texture of gran-
odiorite (PL); (F) main mineral assemblage of granodiorite (PL); (G) monzogranite (hand sample);
(H) main mineral assemblage of monzogranite (PL); (I) detail of biotite (PL); (J) tonalitic orthogneiss
(hand sample); (K) stretching of minerals defining the gneissic fabric (PL); (L) comminution textures.
PL = polarized light. Mineral abbreviations after [102].

The four lithotypes are mainly composed of plagioclase (An22–33), quartz, and mi-
crocline (Figure 5B,E,H). Ferromagnesian minerals include hornblende and biotite, the
latter present in all lithotypes (Figure 5C,I). Modal proportions of essential, accessory, and
secondary minerals are given in Supplementary Table S1.
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Tonalites, granodiorites, and monzogranites exhibit hypidiomorphic granular textures
with incipient deformation, expressed by crystal stretching and comminution. Plagioclase
shows albite and albite–Carlsbad twinning and is commonly altered to sericite, clay min-
erals, and epidote. Myrmekitic textures occur at grain boundaries in contact with quartz
(Figure 5H). Microcline displays tartan twinning, local perthitic textures, and alteration to
clay minerals. Quartz occurs as hypidiomorphic crystals with undulose extinction and as
recrystallized aggregates (Figure 5I).

Biotite is moderately chloritized and forms aggregates with titanite, opaque minerals,
magmatic epidote, allanite, and minor hornblende, which is more abundant in tonalites.
Symplectitic textures are observed in tonalitic sample JB-79 (Figure 5B). Biotite also occurs
in stretched and strongly chloritized domains (Figure 5C). Plagioclase and microcline locally
show corrosion and intense alteration (saussuritization; Figure 5K). Quartz recrystallization
and weak biotite orientation are also observed (Figure 5C).

Orthogneisses display granoblastic to granolepidoblastic textures, with well-developed
foliation and gneissic banding. In some domains, mylonitic textures with intense grain-size
reduction are observed (Figure 5K,L), indicating stronger deformation relative to the other
lithotypes. Sample JB-64 shows a comminuted crystalline network, interpreted as related to
shear zone deformation. Accessory minerals include titanite, epidote, apatite, zircon, and
opaques. Secondary muscovite occurs in some biotite monzogranites and rarely in tonalites.
Other alteration products include sericite, clay minerals, carbonates (saussuritization),
and chlorite.

Orthogneisses exhibit compositional banding at millimetric to centimetric scale, de-
fined by alternating quartz-feldspathic and biotite–amphibole-rich layers. Enclaves of
quartz diorite, amphibolite, and leucomonzogranite are common, as well as aplitic and
pegmatitic veins, concordant or discordant with foliation. Foliation trends predominantly
E–W, varying between WNW–ESE and WSW–ENE [36]. Rocks are generally equigranular,
medium- to coarse-grained, with hypidiomorphic granular textures and composed of
plagioclase, microcline, quartz, biotite, and hornblende (Figure 5A,E,I).

Silva et al. [30] describe the southern RMD as dominated by banded, foliated, and
locally migmatized orthogneisses of tonalitic to granodioritic composition, commonly
containing mafic enclaves. Metamorphism reached amphibolite facies conditions. These
rocks are typically associated with contacts of the Xinguara and Rio Maria suites and with
shear zones, where deformation is more intense and mylonitic textures are developed.

5.2. Geochemistry

Tonalites are intermediate to acidic rocks, with SiO2 contents ranging from 61.5
to 74.4 wt%. They are characterized by high Na2O (3.96–5.16 wt%) and low K2O
(1.17–2.42 wt%) contents, resulting in K2O/Na2O ratios between 0.26 and 0.61. Magnesium-
number (Mg# = molar MgO/[MgO + FeO*]) values are moderate, varying from 0.28 to
0.51. The compositions of the granodiorites and monzogranites partially overlap those
of the tonalites in terms of SiO2 content (73.0–75.7 wt%) but differ by lower Mg# values
(0.15–0.27) and higher K2O/Na2O ratios (0.61–1.14). The data can be verified in greater
detail in Supplementary Table S2.

In the P-Q cationic classification diagram [103], the samples plot within the tonalite,
granodiorite, and granite fields. Tonalite samples follow the tholeiitic trend, whereas
the more evolved samples display an evolutionary trend comparable to that of the sodic
subalkaline series (Figure 6A). Similarly, in the normative Ab-Or-An diagram of [104],
with fields after [105], the samples plot within the tonalite, trondhjemite, granodiorite, and
granite fields (Figure 6B).
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Figure 6. Geochemical diagrams of major elements for the AVC TTGs, granitoids and orthogneisses,
from the southern part of the Serra do Inajá region: (A) P-Q diagram from [103]; (B) Feldspar
classification ternary diagram [104]; (C) SiO2 vs. FeOt/FeOt + MgO diagram [106]; (D) index diagram
MALI ([Na2O + K2O] − CaO) vs. SiO2 [106]; (E) Alumina saturation index diagram [90]; and
(F) Na-K-Ca ternary diagram for the calc-alkaline (CA) and trondhjemite (Tdh) series, as defined
by [11]. Comparative data references: [30,32,64].

According to the SiO2 vs. FeO*/(FeO* + MgO) diagram [106], all tonalite samples are
magnesian, with Fe-number values ranging from 0.64 to 0.82. In contrast, the granodiorites
and monzogranites are relatively Fe-rich (0.81–0.91) and plot in the ferroan field (Figure 6C).
In the SiO2 vs. Na2O + K2O + CaO diagram [106], all samples exhibit transitional behavior
between the calcic and calc-alkalic fields, except for the orthogneiss UP-70A, which plots
within the alkali-calcic field (Figure 6D).

Regarding the alumina saturation index [90], the granitoids are metaluminous to
slightly peraluminous, with A/CNK (A/CNK = molar Al2O3/[CaO + Na2O + K2O])
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values ranging from 0.86 to 1.10. Only two biotite granodiorite samples (UP-65 and RF-130)
deviate from this range, with A/CNK values of 1.14 and 1.17, respectively (Figure 6E).

In the AFM diagram [107], all rock groups plot within the calc-alkaline domain, with
the most differentiated samples clustering near the A apex (Figure 6F). A calc-alkaline
affinity is also indicated in the SiO2 vs. K2O diagram [108], where most samples fall within
the medium-K calc-alkaline field (Figure 7G).

 

Figure 7. Major element (in wt%) Harker diagrams for the Granitoids of the AVC from the southern
part of the Serra do Inajá region. Fields in accordance with [108]: (A) TiO2 vs. SiO2; (B) Al2O3 vs.
SiO2; (C) FeOt vs. SiO2; (D) MgO vs. SiO2; (E) CaO vs. SiO2; (F) Na2O vs. SiO2; (G) K2O vs. SiO2;
(H) P2O5 vs. SiO2; (I) Ba vs. SiO2; (J) Rb vs. SiO2; (K) Sr vs. SiO2; (L) Zr vs. SiO2.

In the Na-K-Ca ternary diagram [11], tonalites plot mainly along the trondhjemitic
trend, near the Na apex, overlapping the trondhjemitic affinity field [12]. In contrast,
granodiorites and granites define a vertical trend of K enrichment that is parallel to the
calc-alkaline trend (Figure 6F).
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In Harker diagrams, tonalites, granodiorites, and monzogranites generally plot along
a common evolutionary trend marked by decreasing TiO2, FeO*, MgO, CaO, and P2O5 with
increasing SiO2. These trends suggest that fractional crystallization of amphibole, biotite,
titanite, and apatite played an important role in the petrogenetic evolution of the different
rock groups (Figure 7A–H). However, significant differences are observed in the Al2O3,
Na2O, and K2O versus SiO2 diagrams, where granodiorites and monzogranites define
approximately subvertical evolutionary trends. Such patterns cannot be explained solely by
fractional crystallization and suggest the involvement of additional petrogenetic processes,
such as partial melting and/or magma mixing. Bivariate diagrams involving trace elements
(e.g., Ba, Rb, Sr, and Zr) show similarly steep trends, reinforcing the interpretation that
multiple differentiation mechanisms operated during magma evolution (Figure 7I–L). In
contrast, tonalites display a more scattered distribution relative to SiO2, suggesting greater
compositional heterogeneity or a weaker degree of magmatic differentiation.

In Harker diagrams, tonalites, granodiorites, and monzogranites generally plot along
a common evolutionary trend, marked by decreasing TiO2, FeO*, MgO, and CaO with
increasing SiO2. However, plots of Al2O3, Na2O, and K2O against SiO2 show that gran-
odiorites and monzogranites define steeper trends than those of tonalites, suggesting that
different petrogenetic processes operated within each rock group (Figure 7A–H).

Regarding trace elements, no clear correlations with SiO2 are observed in the Harker
diagrams. Large-ion lithophile element (LILE) concentrations overlap widely across the
different rock groups. Nevertheless, tonalites are enriched in Sr (537 ppm on average) and
depleted in Rb (77 ppm on average) and Ba (748 ppm on average) relative to granodiorites
and monzogranites (averages of Sr = 393 ppm, Rb = 94 ppm, Ba = 1082 ppm). Low
abundances of compatible and high field strength elements (HFSEs) characterize all studied
granitoids, although these elements are, on average, more enriched in tonalites (V = 48 ppm,
Cr = 34 ppm, Zr = 155 ppm, Nb = 5.2 ppm) than in granodiorites and monzogranites
(V = 17 ppm, Cr = 16 ppm, Zr = 104 ppm, Nb = 4.7 ppm).

Primitive mantle-normalized trace element patterns [109] are fractionated, showing
enrichment in incompatible elements by factors of approximately 2 to 300 relative to
primitive mantle values. All samples display pronounced negative Nb and Ta anomalies,
which are less developed in the latter, as well as marked negative anomalies in P and Ti
(Figure 8A,C).

Chondrite-normalized rare earth element (REE) patterns [110] are shown in Figure 8A.
Overall, the patterns are steep, with enrichment of light REE (LREE) relative to heavy
REE (HREE). Tonalites display La/YbN ratios between 13.5 and 83.4, with negative to
positive Eu anomalies (Eu/Eu* = 0.6–1.8) and strong fractionation among both LREE
(La/SmN = 3.3–9.5) and HREE (Gd/YbN = 1.9–4.9). Granodiorites and monzogranites
exhibit a lower degree of fractionation compared to tonalites, with La/YbN ratios rang-
ing from 6.0 to 45.1, negative to positive Eu anomalies (Eu/Eu* = 0.5–1.5), and mod-
erate fractionation among LREE (La/SmN = 3.2–6.7) and HREE (Gd/YbN = 1.5–4.9)
(Figure 8B,D).

5.3. Zircon U-Pb Geochronology and Lu-Hf Isotope Geochemistry

Backscattered electrons (BSEs) imaging on representative zircon grains of the
two samples selected for the in situ U-Pb and Lu-Hf analyses are shown in Figure 9.
The U−Pb analytical data on zircon are shown in Supplementary Table S3 and plotted on
Concordia diagrams (Figure 10). Analyses that showed a high contribution of common Pb
(ƒ206 values > 0.64%) and discordant analytical points (>20% of discordance in the U-Pb
dates) were not used for age calculations. The U-Pb age was calculated using the weighted
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average of 207Pb/206Pb values of the concordant dates, following the recommendations
of [111].

The Lu−Hf analytical data on zircon are shown in Supplementary Table S4 and plotted
in the εHf(t) versus Age (Ma) diagrams together with existing Hf isotopic data of zircon from
rocks of the CP (Figure 11). There is no 176Yb/177Hf-dependent variation of the 176Hf/177Hf
ratios that indicates no inappropriate Yb interference affecting the 176Hf/177Hf ratios of the
zircon following the guidelines of [112–114].

 

Figure 8. (A) Multi-element diagrams for the tonalites (normalized to the primitive mantle of [109];
(B) REE distribution patterns for the tonalites (normalized to [110]; (C) Multi-element diagrams
for granitoids (normalized to the primitive mantle of [109]; and (D) REE distribution patterns for
granitoids (normalized to [110] for the AVC rocks of the southern part of the Serra do Inajá region.
Comparative data references: [30,32,64].
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Figure 9. BSE images of zircon crystals of granodiorites from the AVC. Representative illustration
displaying the morphology of each crystal, the position of each laser shot, and the corresponding
analytical method. (A) Sample UP-63; (B) Sample RF-130.

5.3.1. Granodiorite Sample UP-63A

Thirty-six spots in zircon grains of the 250–175 µm particle size fraction were analyzed.
The crystals are subhedral to anhedral, with preserved edges and some with worn edges,
and some crystals show metamictic features. In the BSE images, it can be observed that some
crystals show fractures and/or inclusions and incipient zoning in the outer part (Figure 9A—
grains H1, I4 and G2, for example). Fifteen crystals, with only one spot per crystal, were
used to determine an upper intercept age of 2965 ± 5.7 Ma (MSWD = 1.5). A weighted
average 207Pb/206Pb age of 2975 ± 7.8 Ma (2σ, MSWD = 0.29) was obtained from six
concordant dates (Figure 10A). Lu-Hf isotopic analyses were performed on six concordant
and three sub-concordant zircon crystals (80–102% of concordance). The εHf(2.98 Ga) values
are positive between +1.1 and +3.4 with Hf-TDM

C model ages of 3.0 to 3.1 Ga. However,
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two crystals (H4 and I4) yielded negative values of −3.5 and −2.6 with corresponding
Hf-TDM

C model ages of 3.4 Ga (Figure 11).

5.3.2. Granodiorite Sample RF-130

Thirty-six spots in zircon grains from the 250–175 µm granulometric fraction were
analyzed. The crystals are predominantly prismatic, subhedral and with worn edges. In
the BSE images, the presence of fractures, inclusions and oscillatory magmatic zoning is
observed (Figure 9B). The dated zircon population showed a complex age pattern, with
three distinct groups of dates. A 207Pb/206Pb weighted mean age of 2981 ± 7.0 Ma (2σ,
MSWD = 0.89) was obtained for six concordant analyses (Figure 10B). The other three
dates were used to determine an upper intercept age of 2851 ± 28 Ma (MSWD = 0.00055,
Figure 10B, grains F3, D6 and C5). It is worth noting that the crystals selected for these
analytical spots were indistinguishable from those that yielded concordant ages of 2.98 Ga.
Another concordant analysis yielded a 207Pb/206Pb date of 3055 ± 18 Ma (Figure 9B, grain
C4). Lu-Hf isotopic analyses were conducted on six concordant and four sub-concordant
zircon crystals (96–98% of concordance), all with a U-Pb age of 2.98 Ga. All εHf(2.98Ga)

values were positive and ranged from +0.5 to +3.7. The Hf-TDM
C model ages varied from

3.0 to 3.2 Ga (Figure 11).

5.4. Whole-Rock Sm-Nd Isotopes

Whole-rock Sm-Nd analyses were performed on the two samples dated by U-Pb
on zircon method (granodiorites RF-130 and UP-63A). The results are shown in the εNd

vs. Age (Ga) diagram (Figure 12) and listed in Supplementary Table S5. εNd(t) values
were calculated from the U-Pb crystallization ages here determined for each sample. The
granodiorite RF-130 yielded a Nd-TDM model age of 3.0 Ga and a positive εNd(2.98 Ga) of
+2.5. The granodiorite UP-63A provided a Nd-TDM model age of 2.9 Ga and a positive
εNd(2.98 Ga) of +2.9.

 

Figure 10. Concordia (206Pb/238U versus 207Pb/235U) diagrams for U-Pb zircon data obtained for the
granodiorites from the AVC. (A) Sample UP-63A and (B) sample RF-130.
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Figure 11. εHf(t) versus age (Ma) diagram for the AVC granitoids from the southern Serra do Inajá
region. The dotted lines represent crust evolution trends, calculated using a 176Lu/177Hf ratio of
0.015 for an average continental crust [114,115]. Existing Hf isotopic data of zircon crystals from
rocks of the CP are displayed in the diagram for comparison. (The data from [37,48,82] are from the
RMD and the other data are from the CD). The data used for comparison were recalculated for the
3.8 Ga DM evolution model of [89]. The DM evolution model of [99] is also displayed in the diagram.
Geochronological references: [36–40,45,47–49,82,116].
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Figure 12. εNd vs. age (Ga) diagram for Mesoarchean granitoids from the AVC, southern Serra do
Inajá region. The evolution field for the rocks of the RMD [33,42,61,70,91] is presented for comparison.
Values for CHUR according to [117] and DM from [118].

6. Discussion
6.1. Age Constraints for the AVC in the Serra do Inajá Region

The zircon U–Pb LA-ICP-MS data obtained for the two analyzed granodioritic samples
from the Serra do Inajá region provide robust constraints on the timing of magmatism
associated with the AVC. The analytical results show good precision and internal consis-
tency, allowing a confident interpretation of the crystallization ages and a discussion of
subordinate age populations.

Sample UP-63A yields a well-defined concordant age of 2975 ± 7 Ma, which is in-
terpreted as the crystallization age of the granodiorite. The dated zircon grains display
oscillatory zoning and relatively high Th/U ratios, ranging from 0.44 to 0.90, features that
are typical of magmatic zircon. No evidence for inheritance or Pb loss is observed in this
sample, reinforcing the interpretation of a single Mesoarchean magmatic event.

Similarly, sample RF-130 yields a concordant age of 2981 ± 7 Ma, which overlaps
within analytical uncertainty with the age obtained for UP-63A. Zircon grains from this
sample also show well-developed magmatic zoning and Th/U ratios between 0.14 and 1.18,
supporting a magmatic origin. The close agreement between the two samples strongly sug-
gests that the ~2.98 Ga age represents the crystallization age of the granodioritic magmatism
in the Serra do Inajá area and confirms their affiliation with the AVC.

In sample RF-130, however, two additional concordant age populations were identified,
at approximately 2.85 Ga and 3.06 Ga, which require further discussion. An alternative
interpretation could consider the ~2.85 Ga age as the crystallization age of the granodiorite,
as it overlaps with the emplacement ages of the Rio Maria Granodiorite (2.85–2.89 Ga;
ref. [45]). This hypothesis is further supported by the proximity of the sampling site to the
mapped limit of the Rio Maria magmatic suite, as defined by [30]. Nevertheless, several
lines of evidence argue against this interpretation. The zircon grains yielding ~2.85 Ga ages
have distinctly lower Th/U ratios (0.03–0.19) compared to the main 2.98 Ga population, and
they do not exhibit significant differences in internal structures or Hf isotopic signatures
relative to the older grains, which are remarkably homogeneous. Moreover, the Rio Maria
Granodiorite is characterized by a sanukitoid geochemical affinity ([39] and references
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therein), which contrasts sharply with the geochemical signature of sample RF-130. Taken
together, these observations indicate that the ~2.85 Ga ages do not record a primary
magmatic crystallization event. Instead, they are best interpreted as reflecting partial
reopening of the U–Pb system, likely related to thermal perturbations associated with the
emplacement of the nearby Rio Maria batholith.

The older concordant 207Pb/206Pb age of ~3.06 Ga identified in RF-130 is interpreted
as an inherited component derived from a slightly older crustal source. Although this age
has no direct equivalent among the known magmatic events of the RMD, it is comparable
to ages reported for the Morada da Prata Formation greenstone belt, dated between 2.96
and 3.07 Ga [30]. Additionally, zircon populations in the range of 3.0–3.08 Ga have been
documented as inherited crystals in Mesoarchean granitoids, orthogneisses, and in gran-
ulite protoliths of the CD ([47,119] and references therein), suggesting the involvement of
older crustal components in the magma source.

Overall, the comparable crystallization ages obtained for samples RF-130 and UP-63A
demonstrate that the studied granodiorites belong to a coherent Mesoarchean magmatic
episode at ca. 2.98 Ga, which also included coeval tonalites of the AVC dated at 2.98–2.99 Ga
by [30,33]. These results confirm that the Serra do Inajá area represents the southernmost
extension of the AVC within the RMD. Furthermore, they reinforce the interpretation that
the AVC records the oldest recognized magmatic event in the RMD. Importantly, the data
show that this early TTG-related magmatism was not restricted to tonalitic and trond-
hjemitic compositions but also included granitoids of granodioritic affinity. In addition,
the ca. 2.98 Ga ages obtained for the AVC granodiorites further demonstrate their contem-
poraneity with the Serra do Inajá greenstone belt, dated at 2988 ± 4 Ma by [30]. Figure 13
presents a diagram that illustrates, in a simplified way, how the TTGs of the RMD are
arranged according to their crystallization ages.

Comparison with available data from the AVC across the RMD suggests that ages
from the southern sector (2.98–2.99 Ga; Serra do Inajá region) are slightly older than those
from the northern sector (2.94–2.96 Ga) and other sodic granitoid suites (2.91–2.97 Ga).
This pattern suggests that AVC magmatism in the Serra do Inajá represents the earliest
magmatic episode, broadly coeval with greenstone belt formation, and may reflect an early
dome-and-keel (drip tectonics) setting, as proposed by [34,120]. In contrast, younger TTG
magmatism from the northern sector is more likely associated with a subduction-related
geodynamic context, as suggested by previous studies [32,45,120,121]. Although a gradual
transition from stagnant-lid to mobile-lid tectonics appears to be consistent with the RMD
during the ~3.0–2.92 Ga interval [120], the available data from the Serra do Inajá region
are still limited. Additional geochronological, geochemical, and structural constraints are
therefore required to further evaluate the applicability of this model to the southern RMD.

6.2. Petrogenesis of the AVC Mesoarchean Granitoids
6.2.1. Origin of Tonalites

Petrographic and geochemical data indicate that the AVC tonalites correspond to
typical TTG suites. These rocks contain biotite and epidote, and rarely amphibole, as
the main mafic phases, and plot along the tholeiitic and trondhjemitic trends in the QAP
diagram (Figure 4 [122]). They display high SiO2 contents (average of 68.2 wt%), a sodic
character (K2O/Na2O = 0.34 on average), and high Al2O3 contents (average of 15.5 wt%),
comparable to the high-Al2O3 TTG described by Barker [105]. The tonalites show moderate
Mg# values (~0.39), placing them within the field of magnesian granitoids [106]. The sum
of ferromagnesian oxides is typically below 10.4 wt%, with an average of 5.5 wt%. Overall,
the samples plot near alumina saturation (A/CNK ≈ 1.0, Figure 6E), and CIPW-normative
corundum contents are below 1.0%.
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Figure 13. Zircon U-Pb and Pb-Pb age compilation of TTG rocks from the RMD (Rio Maria Domain).
LA–ICP–MS = laser ablation inductively coupled plasma mass spectrometry; SHRIMP = sensitive
high-resolution ion microprobe; and ID-TIMS = isotope dilution thermal ionization mass spectrometry.
References: [29–33,68,85,92].

The high SiO2 contents, coupled with low Mg# values and low concentrations of com-
patible elements (e.g., Cr, V, and Ni), suggest a dominantly crustal origin for the tonalites.
These features are consistent with experimental melts derived from metabasalts and
eclogites [123], with no clear evidence for direct mantle involvement. In the Al2O3/(FeO* +
MgO)–(3CaO)–(5K2O/Na2O) ternary diagram (Figure 14A [4]), the samples plot mainly
within the field of melts derived from low-K mafic rocks, indicating a predominantly mafic
crustal source.

Despite similar major-element compositions, the tonalites exhibit marked variability
in REE contents and can be subdivided into low- and high-HREE groups (Figure 8B). The
low-HREE tonalites, which represent most of the samples, are characterized by low Y
(2.3–4.6 ppm) and Yb (0.16–0.51 ppm) contents, variable Eu anomalies (Eu/Eu* = 0.7–1.8),
and strongly fractionated REE patterns (LaN/YbN = 30.4–83.4). In contrast, the high-HREE
tonalites display higher Y (10.1–17.9 ppm) and Yb (0.79–1.53 ppm) contents, systematic
negative Eu anomalies (Eu/Eu* = 0.6–0.8), and moderately fractionated REE patterns
(LaN/YbN = 13.5–34.5; Figure 15A). Strontium contents are high and similar in both groups
(average of 537 ppm), resulting in low Sr/Y ratios for the high-HREE tonalites (36.3–56.2)
and high Sr/Y ratios for the low-HREE tonalites (170–221). These features are comparable
to those of adakites from modern island arcs (Figure 14B [13,124]).
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Figure 14. (A) Al2O3/(FeOt + MgO)–3.CaO–5.(K2O/Na2O) diagram. The fields represent the
composition of magmas from various sources (tonalites, metasediments, low and high K mafic
rocks [4]; (B) Discriminant diagram for TTGs and adakitic rocks (Sr/Y vs. Y plot) from [124];
(C) Ce/Zr versus Ce magmatic differentiation diagram; (D) La/Hf versus Hf tectonic discrimination
diagram. Comparative data references: [4,30,32,64].

Compositional variability within TTG suites is commonly attributed to either fractional
crystallization or partial melting at different depths [13,125,126]. In Ce versus Ce/Zr and
Hf vs. La/Hf diagrams (Figure 14C,D), the tonalite samples define positive correlations,
indicating that partial melting was the dominant petrogenetic process, rather than fractional
crystallization [127]. Accordingly, the observed compositional variability of the AVC
tonalites is best explained by differences in melting depth.

Based on melting depth and corresponding residual mineral assemblages, TTG
can be classified into: (i) low-pressure types, characterized by plagioclase-rich residues;
(ii) medium-pressure types, with residues dominated by garnet and amphibole; and
(iii) high-pressure types, derived from rutile-bearing eclogitic assemblages [13,125,126].
The low-HREE tonalites characterized by high Sr/Y and LaN/YbN ratios, low Nb-Ta con-
tents, and predominantly positive Eu anomalies are consistent with melts equilibrated
with residues containing abundant garnet and minor rutile, but minor or no plagioclase
(Figure 15A,C).
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Conversely, the high-HREE tonalites are characterized by lower Sr/Y ratios, moderate
LaN/YbN values (Figures 14B and 15B), and weak negative Eu anomalies (Figure 14C),
indicating the presence of plagioclase in the melting residue. Their low Nb-Ta contents
further suggest the involvement of accessory Ti-bearing phases, such as titanite or ilmenite.
Together, these data indicate that both tonalite groups originated from partial melting of
a similar mafic source at different crustal depths: high-HREE tonalites formed at shal-
lower crustal levels where plagioclase was stable, whereas low-HREE tonalites formed at
greater depths under high-pressure conditions where garnet and rutile were stable. This
interpretation is supported by the low-HREE tonalites plotting within the garnet-bearing
source field in the 1/Er–(Ba + Sr)/1000–Er ternary diagram (Figure 15C [128]), whereas
two high-HREE tonalite samples fall outside this field. These results are consistent with
previous data reported by [30] for TTG samples from the AVC, which also identified both
high- and low-pressure TTGs in the AVC.

.

 

Figure 15. (A) EuN/Eu* vs. LREE diagram (EuN = Eu concentration normalized to C1 chondrites;
ref. [109]) (B) (La/Yn)N vs. YbN for Archean TTGs [129]; (C) Discriminant diagram of garnet-controlled
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(pole 1/Er) and nongarnet-controlled (pole Er) sources. The third pole (Ba + Sr)/1000 represents an
enriched mantle source [128]; (D) Ba/Sr vs. K2O/Na2O diagram [125]; and (E) ternary classification
diagram for late Archean granitoids: 2.A/CNK (=2.[Al2O3/(CaO + Na2O + K2O)]mol); Na2O/K2O;
FMSB (=2.(FeOt + MgO)wt%.(Sr + Ba)wt% [4]). Comparative data references: [4,30,32,64].

6.2.2. Origin of Granodiorites and Granites

Granodiorites and granites differ markedly from tonalites in both major- and trace-
element compositions. They display higher SiO2 contents (average of 74.3 wt%), lower Mg#
values (average of 0.21), lower ferromagnesian oxide sums (<4.0 wt%), and higher K2O
contents, resulting in higher K2O/Na2O ratios (average of 0.66) compared to tonalites. Only
sample UP-70A shows a distinctly potassic character (K2O/Na2O > 1), likely reflecting the
presence of minor K-feldspar derived from anatectic melts; this sample is therefore treated
separately.

All samples are slightly peraluminous, A/CNK values (A/CNK ≈ 1.0; Figure 6E), and
plot within the field of ferroan granitoids [90,106]. In the normative Ab–Or–An diagram,
they fall within the trondhjemite, granodiorite, and granite fields [105]. On Na–K–Ca
plots, these rocks define an intermediate trend between the calc-alkaline and trondhjemitic
evolutionary paths, reflecting their transitional character [11,12].

LILE contents are significantly higher than in the tonalites (Ba ≈ 1082 ppm;
Rb ≈ 94 ppm), whereas Sr is lower (average 393 ppm). Y contents overlap those of the
tonalites, leading to a wide range of Sr/Y ratios (15–277).

In a K2O/Na2O vs. Ba/Sr plot (Figure 15D), the samples overlap the Rio Maria
leucogranodiorite–granite suite [130] and transitional TTGs from the Yilgarn Craton [131].
In the 2A/CNK–Na2O/K2O–2FMSB ternary diagram (Figure 15E [4]), the span the compo-
sitional fields of TTG and biotite granitoids and overlap the domain of hybrid granitoids.

The low Mg# values and low concentrations of compatible elements (V ≈ 16.5 ppm
and Cr ≈ 15.5 ppm on average), combined with higher K contents, indicate a more evolved
source than that of the tonalites. This is supported by the Al2O3/(FeO* + MgO)–(3CaO)–
(5K2O/Na2O) ternary diagram (Figure 14A [4]), where the samples plot near melts derived
from tonalitic and high-K mafic sources, similar to the RMD leucogranodiorite-granite
suite [130]. These geochemical characteristics imply the involvement of preexisting felsic
continental crust and an enriched source component, possibly of mantle affinity.

However, a purely tonalitic source does not account for the trace-element signatures.
The general absence of pronounced negative Eu and Sr anomalies in multi-element dia-
grams argues against significant plagioclase retention in the residue, as would be expected
during tonalitic crustal melting (Figure 8D). Instead the moderately fractionated REE pat-
terns require the presence of a phase preferentially retaining HREE, such as garnet. The
involvement of amphibole and garnet in the source region is further supported by Sr/Y
vs. Y (Figure 14B) and LaN/YbN vs. Yb (Figure 15A) relationships [13,124]. Additionally,
strong negative Nb, Ta, and Ti anomalies indicate retention by Ti-bearing phases, while
preferential Nb depletion relative to Ta suggests rutile and/or ilmenite as the dominant
controlling accessory phases [132].

Experimental studies have demonstrated that voluminous granodioritic magmas can
form through interaction between hydrous, mantle-derived mafic magmas and felsic tonalitic
crust [133]. In this model, water released from hydrous, LILE-enriched mafic magmas lowers
the solidus of the surrounding felsic crust, promoting granodioritic melt generation. An
alternative model proposed by [32,121] for the Rio Maria leucogranodiorite-granite suite
invokes the transfer of LILE-rich fluids derived from sanukitoid magmas into TTG crust,
supplying both H2O and incompatible elements. Regardless of the specific mechanism, the
recognition of transitional TTGs in the AVC indicates the presence of both felsic and mafic
crust that was rapidly reworked shortly after its formation during the Mesoarchean.
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6.2.3. Integrated Petrogenetic Model and Regional Tectonic Implications

The coeval occurrence of tonalites and granodiorites/granites indicates that multiple
processes operated simultaneously: (i) partial melting of metabasalt at variable depths,
producing low-HREE (high-pressure, garnet ± rutile) and high-HREE (low-pressure,
plagioclase) tonalites; (ii) mantle–crust interaction, with hydrated mafic magmas induc-
ing melting of tonalitic crust and LILE enrichment; and (iii) fluid transfer, supplying
H2O and incompatible elements to the TTG crust and generating leucogranodiorites and
granites [32,64,93,120,130,134,135].

This model explains the magmatic diversity and indicates that the AVC records both
deep crustal melting and interaction with mantle-derived magmas, pointing to a complex,
multi-stage Mesoarchean crustal evolution.

The diversity of coeval magmas suggests that the Carajás Province developed under
complex Mesoarchean tectonic conditions, where plume-related vertical processes may
have coexisted with incipient subduction [34,39,45,120]. Tonalites reflect melting of mafic
crust at variable depths, whereas granodiorites/granites record hybridization and crustal
reworking.

This interpretation is consistent with models proposing a transition from stagnant-
lid to mobile tectonics, involving both vertical processes and early subduction [4,13,23].
Similar TTG–potassic granitoid associations in other Archean cratons (Barberton, [136];
Pilbara, [137]; Yilgarn, [137]; Karelia) indicate that Mesoarchean crustal evolution was
widely controlled by coeval processes. In the AVC, this diversity reflects rapid crustal
reorganization with implications for early continental crust formation

6.3. Crustal Growth in the Carajás Province

The combined U–Pb–Lu–Hf zircon and whole-rock Sm–Nd isotopic dataset obtained
for the oldest magmatic rocks of the CP provides a robust framework for investigating
Mesoarchean continental crust generation. Notably, these data include the first Lu–Hf
isotopic results for the Mesoarchean basement of the RMD, enabling integration with
existing isotopic constraints from the CD and contributing to a more comprehensive
understanding of the CP. The integration of zircon Hf and whole-rock Nd systems provides
strong constraints on magma sources and crustal evolution, reducing ambiguities inherent
to single-isotope approaches.

The Sm–Nd isotopic data for both samples yield Nd–TDM model ages of 2.9–3.0 Ga and
positive εNd(t) values (+2.9 and +2.5), consistent with a depleted mantle signature. These
results indicate that the Mesoarchean magmatism in the Serra do Inajá region originated
predominantly from mantle-derived sources, with negligible contribution from older crustal
components.

Zircons from the granodiorite sample RF-130 yield exclusively suprachondritic εHf(t)

values (+0.5 to +3.7) and Hf-TDM
C model ages between 3.0 and 3.2 Ga, close to the crys-

tallization age of ca. 2.98 Ga. These features are consistent with derivation from juvenile
sources and suggest magma generation from recently extracted mantle-derived crust. Simi-
larly, zircons from the granodiorite sample UP-63A display predominantly suprachondritic
εHf(t) values (+1.1 to +3.4) and comparable model ages (Hf-TDM

C ≈ 3.0–3.1 Ga), pointing to
a dominantly juvenile crustal source. However, two zircon grains from this sample yield
negative εHf(t) values (−3.5 and −2.6) associated with slightly older Hf model ages around
3.4 Ga, indicating minor input of an older crustal component.

The concordance between the Sm–Nd and Lu–Hf model ages, both pointing to a
juvenile origin, supports the hypothesis that the geological evolution of the Serra do Inajá
region was marked by primitive magmatic pulses around 3.0–3.2 Ga, which played an
important role in the initial construction of the crust within the Rio Maria Domain.
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A comparison of compiled Nd–TDM model ages for the Archean magmatic rocks
of the CD and RMD domains reveals a common age peak at ca. 3.05 Ga (Figure 16A),
supporting the interpretation that the continental crust of the Carajás Province formed
during a single Mesoarchean magmatic episode. Hf isotopic data from Archean magmatic
rocks of both domains similarly define age peaks at ~3.1 Ga (Figure 16B), further indicating
significant crustal generation during Mesoarchean in the CP, with no clear distinction
between northern and southern sectors. These observations suggest that the province
represents a coherent crustal block formed during a major Mesoarchean crustal growth
event, in agreement with [120].

 

Figure 16. Frequency histograms showing the depleted mantle ages (TDM) obtained for the Archean
rocks of the CD and RMD, from the CP. In (A), the Nd-TDM ages [33,35,42,46,61,70,76,91,94,138,139],
and in (B), the Hf-TDM

C ages [36–40,45,47–49,116].
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The adoption of a depleted mantle Hf evolution model initiated at ca. 3.8 Ga [89] (see
discussion below) allows reconciliation of the Hf and Nd isotopic datasets by reducing
discrepancies between model ages derived from the two systems, further supporting
predominantly juvenile crust formation during this stage of the Carajás Province evolution
(Figure 16A).

6.4. Differentiation of the Depleted Mantle Beneath the Carajás Province

Hafnium crustal model ages (Hf–TDM
C) reported for magmatic rocks from the CP and,

more broadly, the Amazonian Craton have commonly been calculated using the classical
depleted mantle (DM) model of [119] and references therein. In this approach, the isotopic
composition of the DM is assumed to be represented by average mid-ocean ridge basalt
(MORB), with 176Lu/177Hf = 0.0388 and 176Hf/177Hf = 0.283250, and mantle differentiation
is assumed to start at 4.56 Ga. Application of this model has yielded very old Hf model
ages, reaching up to ca. 4.0 Ga for magmatic rocks and detrital zircons from the Amazonian
Craton.

However, the timing of the establishment of a depleted mantle reservoir for Hf iso-
topes has been widely debated over the past decade (e.g., refs. [89,140–142] and references
therein), and alternative evolutionary models have been proposed. Based on a global com-
pilation of zircon Hf isotope data, ref. [89] argued that there is no compelling evidence for
early Hadean mantle depletion. The near-complete destruction of Hadean continental crust,
combined with the scarcity of Eoarchean zircons with suprachondritic εHf values, suggests
that a globally depleted mantle reservoir did not exist prior to ca. 3.8 Ga. Mulder et al. [143]
suggested a major shift in global mantle–crust geodynamics during the Hadean–Eoarchean
transition when the stabilization of a depleted mantle enabled the crustal rejuvenation
and formation of stable evolved crust. More recently, Ref. [142] emphasized the strong
heterogeneity of Hf isotopic signatures among Archean–Proterozoic terranes and proposed
that regionally defined mantle reference curves are more appropriate.

For the Carajás Province, we adopt the model of [89], which assumes that mantle
depletion began at ca. 3.8 Ga. Constraining the onset of mantle depletion beneath the
province would require isotopic and geochronological data from Paleo- to Eoarchean rocks
(i.e., U–Pb zircon ages up to ~3.8 Ga), which are not currently recognized. The oldest
magmatic event identified in the province is early Mesoarchean (~3.0 Ga). Initiating mantle
depletion at this age would be inconsistent with the Hf isotope data, as suprachondritic εHf

values from Mesoarchean rocks would plot above the corresponding DM evolution line. In
contrast, assuming an onset at ca. 3.8 Ga yields a DM trajectory compatible with the Hf
isotope composition of most magmatic rocks from the province (Figure 16). Only a single
xenocrystic zircon from a Mesoarchean sanukitoid plots above the DM curve [45].

Using a mantle differentiation age of ca. 3.8 Ga also affects model age calculations.
Under this assumption, Hf–TDM

C model ages are systematically younger by ~150 Myr,
yielding values between ca. 3.0 and 3.4 Ga. These revised ages show improved agreement
with Nd–TDM model ages (ca. 3.0–3.2 Ga), supporting the internal consistency of the
adopted mantle evolution model and reinforcing the interpretation of Mesoarchean crustal
growth in the province (Figure 16A).

Additionally, indirect evidence supports the possible existence of Eoarchean crust
beneath or adjacent to the CP. Orosirian granites commonly yield slightly older Hf–TDM

C

model ages than the exposed Archean basement (Figure 16B), suggesting the involvement
of an older crustal component. In contrast, Nd–TDM model ages cluster around 2.9 Ga in
Orosirian granites of both the CD and RMD, suggesting a contribution from juvenile mate-
rial alongside a dominant Mesoarchean crustal source. However, some of these granites
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record older whole-rock Nd–TDM ages of 3.3–3.4 Ga in the CD Figure 16A; refs. [51,144],
pointing to older, unexposed crustal remnants.

Detrital zircons from quartzites of the Carajás and Rio Maria domains yield U–Pb ages
between 3.4 and 3.7 Ga [49,73], and an inherited zircon age of 3.68 Ga has been reported
from gneisses in the westernmost sector [145]. Moreover, detrital zircons yield Hf–TDM

C

model ages up to 3.85–3.90 Ga [49], consistent with a mantle depletion onset at ca. 3.8 Ga
(Figures 11 and 16B).

The predominance of chondritic to suprachondritic Hf isotopic signatures in
Mesoarchean zircons, together with sub-chondritic signatures in detrital zircons, provides
further evidence for juvenile magmatic sources with minor contributions from older crust.
These observations, combined with a mantle depletion onset at ca. 3.8 Ga, are consistent
with the models proposed by [89,142,143]. Although additional Lu–Hf data from Archean
rocks of the RMD are required to further test this interpretation, these models currently
provide a coherent framework for interpreting Hf isotope systematics and crust–mantle
evolution in the CP.

7. Conclusions
The integrated petrographic, geochemical, U–Pb zircon geochronological, and Nd–Hf

isotopic study of granitoids from the AVC in the Serra do Inajá region establishes important
constraints on the crustal evolution of the southern sector of the RMD.

The AVC is dominantly composed of tonalites, with subordinate granodiorites and
monzogranites. Crystallization ages of 2979 ± 8 Ma and 2979 ± 11 Ma obtained for
two granodiorites, together with the previously published ages of ca. 2.98 Ga for tonalites,
suggest that TTG magmatism in the southern RMD is broadly contemporaneous with that
of the northern sector. This confirms the regional extent of the Mesoarchean magmatic
event and consolidates the AVC as one of the oldest and most extensive granitoid units of
the RMD.

Geochemical characteristics indicate that the tonalites correspond to typical TTGs
generated by partial melting of a compositionally similar mafic source at different crustal
depths. In contrast, the granodiorites and monzogranites display affinities with transi-
tional TTGs, indicating the coexistence of felsic and mafic crust in the AVC during the
Mesoarchean. Both crustal components were rapidly reworked shortly after their formation.

Hf and Nd model ages between 3.0 and 3.2 Ga, combined with positive εHf and εNd

values at 2.98 Ga, are further evidence that the main period of crustal extraction and growth
in the Carajás Province occurred during the Early Mesoarchean.

Based on the available Hf isotopic dataset for the Carajás Province, we further propose
that the differentiation of the depleted mantle (DM) beneath the province may have initiated
around 3.8 Ga. Although this interpretation is supported by the current dataset, additional
Lu–Hf isotopic data from Archean rocks of the Rio Maria Domain are required to validate
this interpretation.
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