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Archean sanukitoids provide crucial insights into crust-mantle interactions during the early Earth’s geo-
dynamic evolution. However, the role of crustal contamination in their genesis remains uncertain.
Sanukitoids identified in the Sapucaia subdomain of the southern Carajás Province are represented by
two plutons Água Limpa and Água Azul, collectively referred to as the Água Limpa sanukitoid suite.
These plutons are compositionally similar to low-Ti sanukitoids (< 0.63 % TiO2) and their zircon isotopic
data record a short period of magmatic activity around ca. 2.87 Ga. Sanukitoids zircons reveal eHf(t) values
ranging from –3.31 to + 2.14, Hf and Nd model ages between 2.91 Ga and 3.28 Ga, whole-rock eNd(t) val-
ues from –1.64 to + 1.76, and d18O values ranging from 5.0‰ to 7.6‰. The Pb isotopic compositions in K-
feldspar (l > 10) suggests a Mesoarchean mantle source affected by slight crustal contribution and/or
contamination. Result of geochemical modelling indicates that the sanukitoids were formed by ∼ 15 %
partial melting of mantle peridotite previously enriched by ∼ 30 % of slab-derived melts, with orthopy-
roxene, garnet, clinopyroxene, phlogopite, and magnetite as residual phases. The integration of our data
with previously published results leads us to suggest that modern-style plate tectonics may have initi-
ated along the northern Carajás Province during the Mesoarchean, while the Rio Maria domain to the
south remained dominated by mantle plume-driven crustal growth and vertical tectonics.
© 2025 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Archean continental evolution is characterized by recurrent
events of juvenile crustal growth and reworking, with varying con-
tributions from mantle input (Laurent et al., 2014). Models
explaining Archean crustal growth range from plume-driven
mechanisms (e.g., Bédard, 2018) to processes akin to modern plate
tectonics (e.g., Cawood et al., 2018). While there is significant
debate about when plate tectonics began and its extension on early
Earth (Palin et al., 2020), there is consensus that the transition
between these mechanisms is witnessed by specific rocks, gener-
ally referred as late Archean sanukitoids (Martin et al., 2009).
Sanukitoids play a significant role in elucidating uppermost mantle
processes and the recycling of crustal materials within Archean
cratons (Heilimo et al., 2013; Jiang et al., 2016; Fu et al., 2018;
Sun et al., 2019, 2020, 2023; Silva et al., 2023). These rocks are
interpreted to represent the earliest signs of interaction between
felsic melts and a metasomatized mantle, potentially linked to an
enriched mantle wedge (Martin et al., 2005). However, such signa-
tures can also result from alternative crust-mantle dynamics not
necessarily related to modern-style plate tectonics, such as litho-
g).
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spheric dripping (Nebel et al., 2018; Smithies et al., 2021) or lower
crustal delamination (Johnson et al., 2014; Hu et al., 2019).

The term sanukitoid describes high-Mg plutonic granitoids with
elevated Mg numbers (45 – 65), enriched in Ni (> 100 ppm), Cr (>
200 ppm), large-ion lithophile elements (Ba + Sr > 1400 ppm)
(Heilimo et al., 2010). The oldest sanukitoids have been identified
in the Pilbara Craton, Western Australia (2.95 Ga; Smithies and
Champion, 2000) and the Amazonian Craton, Carajás Province
(2.92 Ga and 2.89 – 2.87 Ga; Oliveira et al., 2011; Silva et al.,
2023; Nascimento et al., 2024), although most of them are formed
around 2.70 Ga (Heilimo et al., 2013). They are commonly associ-
ated with shear zones or tectonic boundaries, intruding basement
rocks in Archean granite-greenstone terrains as late- to post-
kinematic intrusions (Moyen et al., 2003). Petrogenetic models
and experimental studies suggest that sanukitoids result from
interactions between mantle peridotite and components enriched
in incompatible trace elements, either through interaction with
TTG melts formed by slab melting or with melts derived from sub-
ducted sedimentary rocks, both ultimately sourced from reworked
ancient crust (Stern and Hanson, 1991; Stevenson et al., 1999;
Rapp et al., 2010).

Mantle upwelling and heat conduction from the asthenosphere
to the lithosphere play crucial role in crust-mantle interaction and
the formation of distinct geochemical reservoirs (Laurent et al.,
2020). Such recycling systems have been active since 3.85 Ga, as
evidenced in early Archean rocks, and are better understood for
post-Archean terranes (Schneider et al., 2018). U-Pb-Hf isotopes
in zircon and Nd isotopes in whole rock have been widely used
to investigate crust formation processes and their timing during
the Early to Mid-Archean, although interpretations remain debated
(Laurent et al., 2020). Some contradictions can be better con-
strained by the additional application of stable oxygen isotopes
(d18O) in zircon and Pb isotopes in K-feldspar, as these isotopic sys-
tems serve as magma source tracers, providing insights into the
incorporation of subducted sediments and magma genesis under
varying surface and magmatic conditions (e.g, Kemp et al., 2010;
Vervoort and Kemp, 2016; Halla, 2018). Understanding these inter-
actions is essential for unraveling Earth’s recycling engine and its
role in magmatic evolution (Vervoort and Kemp, 2016).

To investigate crustal recycling and isotopic signatures of
Mesoarchean sanukitoids, we obtained Sm-Nd data in whole-
rock, Lu-Hf and d18O isotope in zircon, and Pb isotopic composi-
tions in K-feldspar from the Água Limpa and Água Azul plutons,
Carajás Province. Hf-O-Nd-Pb isotopic systematics help distinguish
between well-mixed mantle sources, ancient mafic components or
recycled sedimentary materials (Halla, 2005, 2018; Heilimo et al.,
2013). By targeting igneous zircon domains previously dated by
U-Pb SHRIMP methodology (Nascimento et al., 2024), we provide
a detailed temporal view of source evolution, magmatic processes
and mantle-crust interactions, either through mantle contamina-
tion via subduction or direct crustal assimilation. This study eluci-
dates: (1) the petrogenesis of the Água Limpa sanukitoid suite, (2)
isotopic constraints (Hf-O-Nd-Pb) on crust-mantle interactions,
and (3) geodynamic mechanisms underlying crustal growth in
the Sapucaia subdomain. These insights from the Carajás Province
contribute to understanding the diachronous transition to modern
tectonic processes.

2. Geological background

The Amazonian Craton is situated north of the South American
platform and represents one of the most well-preserved cratons
worldwide (Fig. 1a; Almeida et al., 1981). This continental block
formed through amalgamation of Paleoproterozoic and Mesopro-
terozoic belts, achieved stability by the end of the Mesoprotero-
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zoic, with minimal impact from the surrounding Brasiliano-Pan
African orogens (Cordani et al., 2000). The Carajás Province repre-
sents the Archean nucleus of the Amazonian Craton and consists of
two main tectonic domains separated by E–W regional shear
zones: the Rio Maria Domain to the south and the Carajás Domain
to the north (Fig. 1b). These two terranes evolved independently
before amalgamating during the Mesoarchean (Cordani et al.,
2000; Vasquez and Rosa-Costa, 2008).

The Mesoarchean Rio Maria Domain (3.07 – 2.93 Ga) is a typical
low-grade granite-greenstone terrane featuring large (45 – 35 km
diameter) dome-like structures flanked by curvilinear belts of
metavolcanic and metasedimentary rocks (the Andorinhas green-
stone belts with ages of 3.02 – 2.97 Ga; Vasquez and Rosa-Costa,
2008). The basement also includes TTG suites 2.98 – 2.92 Ga in
age (Almeida et al., 2011, 2013). Granitic complexes are repre-
sented mostly by sanukitoids from the Rio Maria Suite, with minor
occurrence of stocks of potassic and hybrid granites that are 2.88 –
2.87 Ga in age, displaying a regional fabric with a NW–SE to E–W
orientation (Oliveira et al., 2010; Santos and Oliveira, 2016).
Archean sedimentary sequences partly overlie these lithologies
(Vasquez and Rosa-Costa, 2008). In opposite, the Meso- to
Neoarchean Carajás Domain (3.07 – 2.70 Ga) is a high-grade gneiss
terrane interpreted to be dominated by vertical tectonics. It is sub-
divided into three subdomains: the Sapucaia Subdomain, Canaã
dos Carajás Subdomain, and Carajás Basin (Fig. 1c; Dall’Agnol
et al., 2013). Its basement assemblage underwent regional defor-
mation in the Mesoarchean (3.02 – 2.85 Ga) related to the collision
of the Carajás and Rio Maria Domains (Marangoanha et al., 2020).
During this event, WNW–ESE-trending ductile sinistral strike-slip
and thrust shear zones with SW to NE transport developed
(Pinheiro and Holdsworth, 2000). However, the rocks of the Rio
Maria Domain were weakly affected by this event (Almeida et al.,
2011). The Canaã dos Carajás Subdomain comprises the basement
of the basin and represents an imbricated and anastomosing struc-
ture (oriented E–W) (Pinheiro and Holdsworth, 2000). This terrane
differs from the Rio Maria Domain in terms of the scarcity of TTGs,
the dominance of biotite granites and the presence of migmatites,
granulites and charnockites (Feio et al., 2013; Felix et al., 2020;
Marangoanha et al., 2020). The Sapucaia Subdomain, hosting the
study area, is formed by migmatized gneisses and greenstone belt
featuring deformational episodes of varying intensity (Nascimento
et al., 2024). These rocks are intruded by sanukitoids of the Água
Limpa Suite, potassic and hybrid granites from Xinguara and Nova
Canadá units, respectively, and diverse mafic rocks including the
Surucucu amphibolite (Oliveira et al., 2023; Fig. 1c). Neoarchean
magmatism is represented mostly by the Vila Jussara granites
(Silva et al., 2020). The Carajás Basin consists of metavolcanosedi-
mentary sequences (> 2.76 Ga) intruded by mafic − ultramafic
rocks and subalkaline granites (Vasquez and Rosa-Costa, 2008).
At 1.88 Ga, the province experienced voluminous anorogenic
granitic plutonism (Dall’Agnol and Oliveira, 2007).

3. Geology, age, structural aspects and petrography

The Água Limpa suite comprise two plutons of sanukitoid affin-
ity, known as Água Limpa and Água Azul (Fig. 2). The former covers
an area of 126 km2 and is located to the north of the studied area,
while the latter spans 62 km2 to the south (Fig. 3a; Gabriel and
Oliveira, 2014). These granitoids intrude the Sapucaia greenstone
belt and the gneiss migmatized basement of the Sapucaia subdo-
main, dated at 3.02 – 2.95 Ga (Fig. 3b; Nascimento et al., 2023).
The sanukitoids exhibit flattened amphibolite and metabasalt
xenoliths at outcrop (Fig. 3c). They are intruded by the Boa Sorte
potassic granite (Fig. 3d) and Nova Canadá hybrid leucogranodior-
ite (Fig. 3e), both dated at 2.87 Ga (Leite-Santos and Oliveira, 2016).



Fig. 1. Regional context of the Carajás Province: (a) location of the Amazonian Craton and Carajás Province (highlighted in a yellow square) on the South American platform
(Almeida et al., 1981), with geochronological provinces based on Tassinari and Macambira (2004) and tectonic boundaries sourced from Santos (2003); (b) updated
subdivision of the lithotectonic terranes (Dall’Agnol et al., 2013; Oliveira et al., 2023); (c) geological map of the Carajás Province, illustrating the detailed study area
(Nascimento et al., 2023, 2024).
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Additionally, potassic and subalkaline granites, from the Velha
Canadá leucogranite and the Vila Jussara suite, respectively, with
ages from 2.73 Ga to 2.74 Ga, crosscut the sanukitoid plutons
(Silva et al., 2020). Zircon Pb–Pb ages of 2.88 Ga and 2.87 Ga were
obtained for the Água Azul and Água Limpa plutons, respectively,
by Gabriel et al. (2010) and Sousa et al. (2010). Recently, new U-
Pb SHRIMP dating yielded ages of 2.87 Ga for the Água Limpa plu-
ton and 2.87 Ga for the Água Azul pluton, corroborating previous
dating results (Nascimento et al., 2024).

These sanukitoid rocks occur along the borders of the E–W-
trending transpressive shear zones, acting as a boundary between
the Carajás and Rio Maria domains (Fig. 1). They exhibit heteroge-
neous deformation, with mylonitic foliation trending E–W to
3

WNW–ESE and displaying moderate to steep dips (40° – 89°)
toward the south (Fig. 2; Nascimento et al., 2024). Asymmetries,
such as C/S fabric, stair-stepping rotated porphyroclasts and ‘‘s”
folds, indicate a sinistral sense of shear in this zone. Mineral
stretching lineation also show steep to subvertical plunges (60° –
85°) toward both the N and S, suggesting transpression. Fractures
with N–S, NW–SE and NE–SW orientations crosscut the studied
sanukitoids, coinciding with those observed in the Neoarchean
mafic dikes (Nascimento et al., 2024).

The dominant lithology in both sanukitoid plutons is por-
phyritic granodiorite, with minor occurrences of tonalites and
monzogranites (Fig. 3f–l; Gabriel and Oliveira, 2014). Foliation is
characterized by the preferred orientation of mafic minerals and,



Fig. 2. Geological map of the Água Azul do Norte area, showing the locations of samples analyzed using Hf-O-Pb-Nd isotopes. The map illustrates the petrographic facies
identified in the Água Limpa sanukitoid suite (Gabriel and Oliveira, 2014). A schematic profile (A-A’) provides interpretations of the deep structure, while equal-area
stereographic projections (Schmidt-Lambert) display the measured foliations and lineations (Nascimento et al., 2024). The coordinate system used for latitude and longitude
is SIRGAS 2000. Abbreviations: NM = Magnetic North; NG = Geographic North; L = lineation; S = foliation; Ms = muscovite; Bt = biotite; Amp = amphibole; Ep = epidote; U =
uranium; Pb = lead; O = oxygen; Hf = hafnium; Nd = neodymium; Sm = samarium.
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locally, by mafic enclaves that align with the E-W foliation trend
(Fig. 3j). These rocks are dark gray to dark green in color, exhibiting
porphyritic or medium- to coarse-grained textures. The phe-
nocrysts consist of microcline and orthoclase (0.5 − 3.0 cm in size)
with subordinate plagioclase, set within a medium- to fine-grained
matrix (< 3 mm) enriched in mafic minerals (Fig. 3m; M =
29 − 21 wt.%; Gabriel and Oliveira, 2014). The matrix is composed
primarily of orthoclase and plagioclase (49.5 − 32.9 wt.%), quartz
(29.2 − 19.7 wt.%), and microcline (∼11 − 1 wt.%), with biotite,
amphibole, and epidote are the main varietal phases (∼
27 − 10 wt.%). Accessory minerals include zircon, apatite, mag-
netite, ilmenite, titanite, muscovite, and allanite (5 wt.%). Second-
ary phases such as chlorite, muscovite, hematite, goethite, pyrite,
sericite, carbonate, scapolite, titanite, and epidote are also present.
All petrographic varieties across both sanukitoid plutons exhibit
similar mineral assemblages (Fig. 3n–p; Gabriel and Oliveira,
2014; Nascimento et al., 2024).

Intense and widespread deformation is evident in these sanuk-
itoid rocks, where the original porphyritic texture has been over-
printed by a mylonitic texture, showing a gradual transition
between the two (Fig. 3q). The heterogeneous strain observed in
sanukitoids is reflected in the feldspar phenocrystals, which vary
from tabular (euhedral) forms to elliptical porphyroclast
(Nascimento et al., 2024). In the high-strain domains, the grani-
toids exhibit foliation defined by the preferred orientation of clus-
tered mafic aggregates, feldspar porphyroclasts, core-and-mantle
4

structures, and stretched polycrystalline aggregates within a bul-
ging (BLG) and subgrain rotation (SGR) recrystallized matrix. Evi-
dence of grain boundary migration recrystallization (GBAR) is
also locally present. The clustered aggregates consist of amphibole
porphyroclasts, sometimes displaying ocellar fish-like format, bor-
dered by biotite and minor quartz and epidote. The matrix primar-
ily comprises a medium- to fine-grained polygonal granoblastic
fabric of K-feldspar, plagioclase, quartz, biotite, muscovite, minor
epidote and amphibole in stretched aggregates surrounding the
porphyroclasts, along with quartz ribbons (Fig. 3q; Nascimento
et al., 2024).
4. Whole-rock geochemistry

In the Na2O/K2O vs. 2A/CNK vs. 2FMBS diagram (Fig. 4a; Laurent
et al., 2014), the sanukitoids of the Água Limpa suite plot within
the global field typical of Archean sanukitoids latu sensu, character-
ized by high Fe (1.3 – 6.7 wt.%), Mg (2.5 – 4.8 wt.%), K (2.1 – 4.3 wt.
%), Ba (519 – 1966 ppm), Sr (477 – 912 ppm) and P (262 –
1047 ppm) contents (Gabriel and Oliveira, 2014). They exhibit
moderate (Ce/Yb)N values ranging from 14.0 to 30.6, except for
the muscovite-bearing sanukitoids from the Água Limpa pluton,
which show significantly higher values (44.2 – 95.6) (Fig. 4b).
These rocks are calc-alkaline to calcic with metaluminous to
slightly peraluminous nature (0.8 < A/CNK < 0.9) (Figs. 4c, d).



Fig. 3. Field relationships and microstructural aspects of the Água Limpa sanukitoid suite. (a) An outcrop of granodiorite from the type area; (b-d) granodiorite and tonalite
facies from the Água Limpa pluton, both characterized by porphyritic textures, displaying deformed alkali feldspar phenocrysts; (e-h) granodiorite, tonalite, and
monzogranite facies from the Água Azul pluton, showing a porphyritic texture with a crenulated aspect and the presence of rare mafic enclaves oriented according to the rock
foliation trend; (i-l) field relationship characterized by a xenolith of metabasalt from the Sapucaia greenstone belt enclosed in the studied sanukitoid, contact with
migmatized gneiss, potassic and hybrid granites (Boa Sorte and Nova Canadá, respectively); (m-p) microstructural features with feldspar phenocrysts bordered by a
recrystallized quartz-feldspathic matrix and amphibole phenocrysts with an ocellar (fish-type) format. It mineral shows disequilibrium texture; (q) general overview of the
microstructural aspect of granodioritic facies of sanukitoids in high-strain domain. Abbreviations: Bt = biotite; Amp = amphibole; Ms = muscovite; Ep = epidote; Kf = alkali
feldspar; Plag = plagioclase; Qtz = quartz; GrD = granodiorite; Tnl = tonalite; MzG = monzogranite; BLG = bulding; SGR = subgrain rotation; GBAR = grain-boundary area
rotation.

A.C. do Nascimento, D.C. de Oliveira, E. Heilimo et al. Geoscience Frontiers 16 (2025) 102172
According to the FeOT/ (FeOT + MgO) vs. SiO2 diagram (Fig. 4e; Frost
et al., 2001), samples from both sanukitoid plutons resemble high
magnesium granitoids and are classified as low Ti sanukitoids
(Fig. 4f; Martin et al., 2009). They display geochemical signatures
indicative of sanukitoids originating from a high-K mafic source,
reflective of an enriched mantle (Fig. 4g; Laurent et al., 2014), with
a contribution from crustal mixing source (Fig. 4h). The muscovite-
5

bearing granodiorite variety from the Água Limpa pluton repre-
sents a more evolved member associated with a garnet-
controlled source, whereas the amphibole-bearing granodiorite
from the Água Azul pluton represents a less evolved member asso-
ciated with a nongarnet-controlled source (Fig. 4i). Further geo-
chemical discussion can be found in Gabriel and Oliveira (2014)
and Nascimento et al. (2024).



Fig. 4. Geochemical classification diagrams for magmatic rocks and series. (a) Ternary diagram for late Archean granitoids (Laurent et al., 2014), with axes defined as Na2O/
K2O (wt.%); 2A/CNK = 2 × [Al2O3 / (CaO + Na2O + K2O)] molar; FMBS = 2 × (FeOT + MgO, wt.%) × (Sr + Ba, ppm). (b) Binary discriminant diagram, (Ce/Yb)N vs. Yb (ppm). (c) Na2O
+ K2O – CaO vs. SiO2 diagram (Frost et al., 2001). (d) A/NK [Al2O3 / (Na2O + K2O), molar] vs. A/CNK [Al2O3 / (CaO + Na2O + K2O), molar]. (e) FeOT/ (FeOT + MgO) vs. SiO2 (wt.%)
(Frost et al., 2001; Terentiev and Santosh, 2018). (f) TiO2 (wt.%) vs. MgO (wt.%), with fields of high- and low-TiO2 sanukitoids fromMartin et al. (2009) shaded in light and dark
gray, respectively. (g) Source discriminant diagram for Archean granitoids (Laurent et al., 2014). (h) Discriminant diagram of TiO2 (wt.%) vs. Al2O3 (wt.%) based on mineral
chemistry in amphibole (Nascimento et al., 2023). (i) Discriminant diagram of garnet-controlled (pole 1/Er) and nongarnet-controlled (pole Er) sources; the third pole,
(Ba + Sr)/1000, represents an enriched mantle source (Heilimo et al., 2010).
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5. Significance of the present study

While previous studies have provided robust petrographic,
structural, geochemical, and geochronological frameworks, critical
gaps remain in understanding the isotopic characteristics of the
magma source, the role of crust–mantle interactions, and the geo-
dynamic setting of magma emplacement. This study pioneers the
application of Lu-Hf isotopes in zircon (via LA-ICP-MS) and oxygen
isotopes (d18O) in zircon (via SIMS) in sanukitoids from the Carajás
Province. These data enable the discrimination between juvenile
6

mantle-derived magmas and reworked crustal components, pro-
viding new constraints on source heterogeneity. In addition, the
integration of whole-rock Sm-Nd isotopes, Pb isotopes in K-
feldspar (via LA-ICP-MS), and geochemical modeling allows for
detailed quantification of partial melting processes, crustal assim-
ilation, and mantle metasomatism. This multi-isotopic approach
addresses ongoing controversies about the extent of crustal versus
mantle contributions to Archean sanukitoid magmatism of the
Água Limpa suite. By combining these innovative isotopic tools
with detailed petrological and tectonic analysis, this study con-
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tributes significantly to refining models for Archean crustal
growth, the tectono-magmatic evolution of the Carajás Province,
and the broader understanding of sanukitoid petrogenesis in
high-strain settings. A summary of the available geochronological
and isotopic data for the sanukitoids from the studied area is pro-
vided in Table 1.

6. Analytical techniques

6.1. Sample preparation and scanning electron microscopy

Zircon crystals were extracted from 2 – 5 kg whole-rock sam-
ples using a combination of crushing, gravimetric and Frantz mag-
netic separation techniques. The material was sieved into four size
fractions (250, 180, 125 and 75 lm) and subsequently hand-picked
under a binocular microscope at the Laboratory of Mineral Prepa-
ration, Geoscience Institute, UFPA, Brazil. Approximately 100 zir-
con grains per sample were mounted in epoxy resin and polished
to expose their cores. Internal zircon structures were imaged using
a JEOL JXA-8230 scanning electron microscope (SEM) equipped
with a Gatan MiniCL system at the Microanalyses Laboratory
(UFPA, Brazil) and the Apreo S field-emission (Thermo Scientific,
The Netherlands), at the Department of Physics and Astronomy,
University of Turku, Turku. U-Pb geochronological analyses were
conducted as reported by Nascimento et al. (2024). In a subsequent
session, isotopic data were obtained.

6.2. Lu-Hf in zircon isotope by LA-ICP-MS

Zircon Lu–Hf isotopic analyses were performed at Pará–Iso/
UFPA using a Thermo-Finnigan Neptune High Resolution Multicol-
lector Inductively Coupled PlasmaMass Spectrometer (HR-MC-ICP-
MS) coupled to a Nd: YAG 213 nm NewWave laser ablation system
(LSX-213 G2 CETAC laser microprobe). The laser spot size was
30 lm, with an ablation time of 60 s, a repetition rate of 10 Hz,
and helium used as the carrier gas. The analytical sequence alter-
nated between zircon samples and the GJ-1 reference zircon, whose
176Hf/177Hf ratio is well characterized by solution analysis (0.2820
00 ± 0.000005; 2r; n = 24; Morel et al., 2008). Lutetium, hafnium,
and ytterbium isotopes were measured simultaneously during
MC-ICP-MS analysis. Instrumental mass bias was corrected using
the exponential law based on the 179Hf/18⁰Hf ratio of 0.7325
(Milhomem Neto and Lafon, 2019), following the procedure estab-
lished at Pará-Iso. The Mud Tank and GJ-1 zircon standards were
analyzed as external monitors to assess data accuracy and preci-
sion, ensuring the reliability of 176Hf/177Hf ratios after mass bias
correction. The raw data were processed offline using an Excel-
based reduction protocol to calculate the 176Hf/177Hf and 176Lu/177-
Hf ratios, the Hf-TDMC model age, and the eHf(t) values for each ana-
lytical spot (Supplementary Data Table S1). eHf(t) was calculated
using the present-day CHUR values of 176Hf/177Hf = 0.282785 and
176Lu/177Hf = 0.0336 (Bouvier et al., 2008). Values of 176Lu/177-
Hf = 0.0388 and 176Hf/177Hf = 0.28325 were used for the depleted
mantle (Andersen et al., 2009), and a 176Lu/177Hf ratio of 0.015
was used as the average value for the continental crust to calculate
the two-stage crustal Hfmodel age (Hf-TDMC ; DePaolo, 1981; Scherer
et al., 2001; Griffin et al., 2002, 2006; Belousova et al., 2010). Addi-
tional details about the Lu-Hf methodology developed at Pará-Iso/
UFPA can be found in Milhomem Neto and Lafon (2019). Lu-Hf iso-
topic data are reported in Supplementary Data Table S1.

6.3. Oxygen (d18O) in zircon isotope by SIMS

Zircon oxygen isotopes analyses were conducted using a
Cameca IMS-1280 multicollector ion microprobe via secondary
7

ion mass spectrometry (SIMS) at the NordSIMS facility, National
Museum of Natural History, Stockholm, Sweden. Analytical proto-
cols closely follow those reported by Heinonen et al. (2015). A crit-
ically focused Cs+ primary beam with 20 keV impact was used to
sputter the sample, and a low-energy electron flooding gun was
used for charge compensation. The primary beam current was ca.
2 nA yielding a ca. 15 lm analytical spots, including a 10 lm raster
to homogenize the beam profile. Each analysis consisted of an ini-
tial pre-sputter over a rastered 20 lm area to remove the gold
coating, followed by centering of the secondary beam in the field
aperture (field of view on the sample of 30 lm with 90x magnifi-
cation transmission ion optics). The 16O (ca. 2 × 109 cps) and 18O
ion beams were mass filtered at a mass resolution of ca. 2500
(M/DM) and analysed simultaneously using two Faraday detectors
with, respectively, 1010X and 1012 X amplifiers housed in an evac-
uated, temperature stabilized chamber. The secondary magnet
field was locked at high stability using an NMR field sensor operat-
ing in regulation mode. All pre-sputter, beam centering and data
acquisition steps were automated in the run definition. Typical
internal precision obtained for individual run 18O/16O ratios was
ca. 0.1‰ (SE), based on 12 integrations of 4 s each. Fully automated
sequences comprised two measurements of the reference zircon,
M257 (Kent, 2008; Nasdala et al., 2008) bracketing six measure-
ments of unknown targets and a secondary reference zircon, Qin-
ghu (Li et al., 2013). The regularly interspersed M257
measurements were used to correct measured isotope ratios for
any drift during the analytical session and for instrumental mass
fractionation (IMF), assuming d18OV-SMOW = 13.93 ‰. External pre-
cision on d18OV-SMOW was 0.11 ‰ and 0.10 ‰ (SD) in the two ana-
lytical sessions and is propagated onto the internal precision to
yield the overall uncertainty reported in Supplementary Data
Table S2. Analyses of the Qinghu zircon yielded averages of
5.05 ‰ ± 0.24 ‰ (2SD, n = 12) and 5.24 ‰ ± 0.36 ‰ (2SD,
n = 13) in each of the two sessions, within uncertainty of the value
of 5.4 ‰ ± 0.2 ‰ (2SD) reported by Li et al. (2013). d18O isotopic
data are reported in the Supplementary Table S2.

6.4. Whole-rock Sm-Nd isotope

The whole-rock Sm-Nd analyses were conducted using a
Thermo Finnigan Neptune multiple collector ICP-MS (MC-ICP-
MS) equipped with Faraday detectors at the Pará-Iso Laboratory
(UFPA, Brazil). For each sample, ∼100 mg of rock powder was
weighed in a Teflon high-pressure vessel, mixed with a 150Nd/149-
Sm tracer solution and HF + HNO3 acids, and reacted at 150°C, fol-
lowing the procedures described by Oliveira et al. (2008). Post-
digestion, the solution was evaporated to dryness and then redis-
solved in HF + HNO3 acids. This solution was then dried and taken
up in 6 N HCl, followed by sequential drying down and addition of
2 N HCl. Subsequently, rare earth elements (REE) were isolated
through ion exchange chromatography using BioRad Dowex
50WX-8 cationic resin, along with 2 N HCl and 3 N HNO3. Sm
and Nd were separated from the other REE and collected by pass-
ing the solution through a further set of ion exchange columns
loaded with Dowex AGI-X4, 7 N HNO3 and methanol. After evapo-
ration, each separated Sm and Nd fraction was diluted with 1 mL
HNO3** (2 %) and then analyzed by MC-ICP-MS. During this study,
mass fractionation correction for 143Nd/144Nd was performed using
an exponential law relative to a 143Nd/144Nd of 0.7219. The decay
constant used was 6.54 × 10-12 year−1 (Lugmair and Marti, 1978)
and chondritic values used to calculate eNd parameter were 143-
Nd/144Nd = 0.512638 and 147Sm/144Nd = 0.1967 (Ben Othman
et al., 1984). Nd model ages (Nd-TDM) for all the samples were cal-
culated using the DePaolo (1981) and DePaolo and Wasserburg
(1976) model for a depleted mantle evolution. The La Jolla standard
yielded a mean 143Nd/144Nd value of 0.511834 ± 0.000005 (n = 6).
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Whole-rock Sm-Nd isotopic data are reported in the Supplemen-
tary Data Table S3.

6.5. Pb isotope in K-feldspar by LA-ICP-MS

For common Pb in situ isotope measurements, five representa-
tive samples with large and clean K-feldspar grains were selected.
Thick sections of all samples (25 mm in diameter) were prepared
and polished at the Laboratory of Mineral Preparation, University
of Turku, Finland. The Pb isotopic ratios (206Pb/204Pb, 207Pb/204Pb,
and 208Pb/2

04Pb) in alkali feldspar were measured using a Thermo
Fisher Neoma multicollector inductively coupled plasma mass
spectrometer (MC-ICP-MS) coupled to an Analyte G2 193 nm ArF
excimer laser ablation system at the Laboratory for Isotope Geol-
ogy, Geological Survey of Finland (GTK), Espoo. The laser operated
at a pulse frequency of 10 Hz, with a pulse energy of 5 mJ at 50 %
attenuation, producing an energy density of 1.64 J/cm2 on the sam-
ple surface with a 110 lm spot size. Instrumental mass bias was
corrected via continuous nebulization of a 2 ppb Tl solution, using
the 205Tl/203Tl ratio of 2.416 for normalization. The Pb isotopic data
were further corrected for isobaric interference of Hg on mass 204.
Reported ratios include absolute and propagated 2r uncertainties
(Armistead et al., 2023). Calibration was performed using the NIST
SRM 612 silicate glass reference material. The external repro-
ducibility for Pb isotopic ratios on NIST 612 during the analytical
sessions was better than ± 0.1 % (2SD), consistent with values
reported in the literature (Kent, 2008), thereby confirming the
accuracy and reliability of the results. Analyses yielding Pb signals
lower than 100 mV on mass 208 were discarded due to insufficient
signal intensity. Analytical results of Pb isotopes in K-feldspar are
provided in the Supplementary Data Table S4.
6.6. Geochemical modelling

Geochemical modeling involves three steps. In the first step, a
simple mixing model was applied between the tonalite from the
basement of the studied area (Santos et al., 2018) and the primitive
mantle (McDonough, 2014) to represent an enriched metasoma-
tized mantle. Binary mixing calculations followed the equation:
XM = XA.f + XB(1−f ), where XA and XB are the concentrations of
the elements or oxides in the end members, XM is the element or
oxide content in the calculated mixture, and f is an index described
by A/(A + B) (Armistead et al., 2023). The starting compositions for
the modelling are provided in the Supplementary Data Table S5. In
the second step, the residual mineral assemblage was modeled to
replicate the expected melt composition using the software GEN-
ESIS 4.0 (Janoušek et al., 2015). In this stage, mineral chemistry
data for garnet, orthopyroxene, clinopyroxene, phlogopite, mag-
netite, plagioclase, and muscovite were sourced from Rapp et al.
(2010), Leite (2001), and Moyen et al. (2001), considering a garnet
peridotite source composition. The mineral–liquid partition coeffi-
cients used for trace element modeling were obtained from the
Geochemical Earth Reference Model (GERM) database (https://
kdd.earthref.org/KdD/) (Supplementary Data Table S6). The mod-
eled data are considered reliable when the sum of the squared
residuals (RR2) is ≤ 1.2 (Albaréde, 1995; Ersoy and Helvaci, 2010;
Janoušek et al., 2015). In the third step, a batch melting model
was employed to simulate the composition of sanukitoid melts
extracted from the enriched mantle (as defined in step 1), using
the mineralogical compositions modeled in step 2. An in-house
Excel spreadsheet was used to calculate modeled trace element
concentrations based on the batch melting equation: CL/Co = 1/D
(1 – F)(1/D – 1), where CL and Co are the trace element concentrations
in the melt (liquid) and the source (solid), respectively (Albaréde,
1995). F is the weight fraction of the melt formed, and D is the bulk
8

distribution coefficient for the residual solids at the moment when
the melt is removed from the system.

For the isotopic modeling involving Nd, Hf, Pb, and O systems, a
mixing model was applied to evaluate the contributions to the
reservoirs source (Supplementary Data Table S7). The endmembers
considered include one depleted mantle reservoir (Workman and
Hart, 2005) and three distinct metasomatic agents: (1) melts
derived from subducted sediments (Plank and Langmuir, 1998),
(2) slab-derived hydrous fluids (Plank and Langmuir, 1998), and
(3) TTG-type silicic melts (Santos et al., 2018). Oxygen isotope val-
ues were assumed to follow mantle-like or TTG-derived ranges as
appropriate. Zircon d18O values below 5.0‰, recorded in a subset of
grains, were excluded due to clear evidence of alteration (inclu-
sions, fractures). Similarly, anomalously radiogenic Pb isotope data
in K-feldspar grains with visible alteration halos were removed
from modeling datasets. The parameters used in the calculations
are provided in the Supplementary Data Table S7.

7. Results

7.1. Lu-Hf in zircon

The zircon Hf isotope data for the Bt-Amp granodiorite of the
Água Limpa pluton (sample ADK-39) were obtained from 12 spots
within zircon domains exhibiting the same or similar internal
structure as those analyzed for U-Pb SHRIMP dating (Nascimento
et al., 2024). For this study, all the Hf isotopic measurements were
performed on zircons with over 95 % concordance on U-Pb ages
(Supplementary Data Table S1). The 176Hf/177Hf(2.87 Ga) ratios
yielded values ranging from 0.280896 to 0.280982. The eHf(2.87 Ga)

values calculated from their crystallization ages ranged from −1.41
to +1.65 (Fig. 5a), with Mesoarchean Hf-TDMC model ages varying
from 3.01 Ga to 3.18 Ga (Fig. 5a). Similarly, for the Amp-Bt tonalite
of the Água Limpa pluton (sample SE-17A), 13 spots Hf isotope
analysis were conducted on selected zircons, with initial 176Hf/177-
Hf(2.87 Ga) ratios ranging from 0.280842 to 0.280993 and eHf(2.87 Ga)

values from −3.31 to +2.06. The Hf-TDMC model ages for these zir-
cons ranged from 2.98 Ga to 3.28 Ga (Fig. 5a).

Zircon grains from the Água Azul pluton (samples SE-94 and
EDC-76) were also analyzed for Lu-Hf isotopes (Supplementary
Data Table S1). The Ep-Amp-Bt granodiorite (sample SE-94) dis-
played initial 176Hf/177Hf(2.87 Ga) ratios between 0.280942 and
0.280994 and eHf(2.87 Ga) values from + 0.27 to + 2.14 (Fig. 5a), with
Mesoarchean Hf-TDMC model ages ranging from 2.98 Ga to 3.08 Ga.
Similarly, the Ep-Amp-Bt tonalite (sample EDC-76) exhibited initial
176Hf/177Hf(2.87 Ga) ratios between 0.280938 and 0.280982 and eHf
(2.87 Ga) values from + 0.08 to + 1.65 (Fig. 5a), with Mesoarchean
Hf-TDMC model ages from 3.01 Ga to 3.09 Ga.

7.2. d18O isotope in zircon

The oxygen isotopic results of zircon obtained via SIMS are pre-
sented in Fig. 5b. A total of 188 analyses were conducted on zircons
from six distinct varieties of sanukitoids belonging to the Água
Limpa Suite (Supplementary Data Table S2). These include three
samples from the Água Limpa Pluton (ADK-39, SE-22A, and SE-
17A) and three from the Água Azul Pluton (EDC-74A, EDC-76,
and SDA-01). All zircon domains exhibit > 95 % age concordance
(Nascimento et al., 2024).

Among the screened analyses, 139 display mantle-like to ele-
vated d18O values, with weighted mean d18O values ranging
from + 5.03 ‰ ± 0.01 ‰ to + 7.61 ‰ ± 0.01 ‰. For the biotite-
amphibole granodiorite sample ADK-39, 31 analyses yielded d18O
values between + 5.25 ‰ and + 6.76 ‰. Sample SE-22A underwent
30 analyses, showing d18O values ranging from + 5.10 ‰ to + 6.7

https://kdd.earthref.org/KdD/
https://kdd.earthref.org/KdD/


Table 1
Summary of geochronological and isotopic data for the sanukitoids of the Sapucaia Subdomain, Carajás Province, Amazonian Craton.

Sample Location (UTM) Rock type Age 2sig 176Hf/177Hf(t) eHf(t) 2sig TDM
C

(Ga)
d18O Sm 2sig Nd 2sig 147Sm/144Nd 2sig 143/

144Nd
2sig eNd(t) Nd-

TDM

206Pb/204Pb
(t)

207Pb/204Pb
(t)

208Pb/204Pb
(t)

Northing Easting (Ma) (95 %) (95 %) (ppm) sd (ppm) sd sd sd

Água Limpa
pluton

ADK-39 9,262,332 589,600 granodiorite 2870 ± 4 1.6 0.280896 to
0.280992

−1.4 to
1.6

1.0 3.0 to
3.2

2.8 to
6.9

3.15 0.5 19.31 0.5 0.0985 9 0.51070 9 −1.64 3.1 14.14 to
14.60

15.15 to
15.50

33.15 to
33.82

SE-17A 9,258,605 580,625 tonalite 2870* − 0.280842 to
0.280993

−3.3 to
2.0

0.7 2.9 to
3.0

3.0 to
6.8

3.05 0.6 20.67 0.6 0.08926 14 0.51062 14 0.39 3.0 − − −

SE-22A 9,259,897 577,526 granodiorite 2870* − − − − − 3.4 to
6.7

3.02 0.5 23.33 0.5 0.0782 6 0.51045 6 1.17 2.9 − − −

ADK-70 9,259,958 581,663 granodiorite 2870* − − − − − − − − − − − − − − − − 13.64 to
19.05

14.80 to
18.70

33.20 to
42.60

EDC-12C 9,249,384 579,591 granodiorite 2870* − − − − − − − − − − − − − − − − 13.25 to
14.69

14.51 to
15.55

32.59 to
35.30

Água Azul
pluton

SE-94 9,247,789 575,492 granodiorite 2872 ± 5 0.78 0.280949 to
0.280994

0.2 to
2.1

1.0 2.9 to
3.0

− − − − − − − − − − − − − −

SE-14 9,253,167 578,557 granodiorite 2870* − − − − − − 5.0 0.6 29.06 0.6 0.10393 48 0.51090 48 0.37 3.0 − − −
SE-51 9,249,482 570,536 granodiorite 2870* − − − − − − 3.21 0.6 18.31 0.6 0.10590 41 0.51089 41 −0.62 3.0 − − −
EDC-76 9,247,938 556,123 tonalite 2870 ± 4 0.30 0.280940 to

0.280982
0.1 to
1.6

1.0 3.0 4.9 to
7.6

2.77 0.5 19.67 0.5 0.09507 7 0.51074 7 0.5 2.9 − − −

EDC-74A 9,249,090 562,815 monzogranite 2887 ± 9 1.8 − − − − 1.5 to
6.5

− − − − − − − − − − − − −

SDA-01 9,250,586 571,090 monzogranite 2870* − − − − − 3.2 to
6.5

4.18 0.6 25.98 0.6 0.09724 11 0.51076 11 0.11 3.0 − − −

EDC-75 9,247,880 555,454 granodiorite 2870* − − − − − − − − − − − − − − − − 16.31 to
18.27

16.72 to
17.61

34.64 to
36.56

EDC-71 9,249,060 563,660 monzogranite 2870* − − − − − − − − − − − − − − − − 14.44 to
15.07

15.37 to
16.23

33.64 to
36.18

EDC-08 9,253,656 551,322 granodiorite 2870* − − − − − − 3.04 0.5 24.03 0.5 0.07658 9 0.51045 9 1.76 2.9 − − −

Note: * Inferred age.
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Fig. 5. Isotopic data for the Mesoarchean Água Limpa sanukitoid suite. (a) eHf(t) vs. age (Ma) evolution diagram, (b) d18O (zircon) ‰ vs. eHf(t), (c) eNd(t) vs. age (Ga), and (d)
207Pb/204Pb vs. 206Pb/204Pb ratios for the K-feldspar along with the Stacey and Kramers (1975) evolution curve. Two single-stage growth curves for fixed l value (232Th/238U)
of 11.5 and 13 are shown for reference. The mantle zircon value is from Valley et al. (2005). The present-day parameters for the CHUR and DM models were taken from
Bouvier et al. (2008) and Andersen et al. (2009), respectively. The crustal evolutionary trend (0.015) is from Griffin et al. (2006) and Belousova et al. (2010). Peak regional
metamorphism at 2.89–2.84 Ga (Marangoanha et al., 2020). Isotopic shifts after ∼ 3.6 Ga and ∼ 3.1 Ga are from Bauer et al. (2017) and Kemp et al. (2023), respectively.
Abbreviations: CHUR = Chondritic Uniform Reservoir; DM = Depleted Mantle.
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0 ‰. Similarly, the amphibole-biotite tonalite sample SE-17A was
subjected to 35 analyses, which revealed d18O values varying
from + 5.04 ‰ to + 6.89 ‰. In the Água Azul Pluton, the
amphibole-epidote-biotite monzogranite sample EDC-74A yielded
35 analyses, with d18O values ranging from + 5.03 ‰ to + 6.65 ‰.
Another monzogranite sample, SDA-01, from the same pluton
showed d18O values between + 5.12 ‰ and + 7.10 ‰. The
amphibole-epidote-biotite tonalite sample EDC-76 yielded d18O
values ranging from + 5.13 ‰ to + 7.61 ‰ (Supplementary Data
Table S2). The majority of analyses plot within the crustal rework-
ing field on the eHf(t) vs. d18Ozircon (‰) diagram (Fig. 5b).

7.3. Whole-rock Sm-Nd

Whole-rock Sm-Nd data for the Água Limpa Suite sanukitoids
are listed in the Supplementary Data Table S3 and illustrated in
10
an eNd(t) vs. Age (Ga) evolution diagram (Fig. 5c). Assuming a crys-
tallization age of 2.87 Ga (Nascimento et al., 2024), the initial 143-
Nd/144Nd values fall between 0.510450 and 0.510899 across all
samples of sanukitoids. Suprachondritic to subchondritic eNd(t) val-
ues (+1.17 to –1.64) and Mesoarchean model ages (Nd-TDM = 2.94 –
3.15 Ga) were obtained for the Água Limpa pluton. In contrast, the
Água Azul pluton showed eNd(t) values ranging from + 1.76
to −0.62, with Mesoarchean Nd-TDM ages between 3.09 Ga and
2.91 Ga.

7.4. Pb isotope in feldspar

A total of 109 single K-feldspar grains were analyzed from the
sanukitoids samples of the Água Limpa suite (Supplementary Data
Table S4). These include three samples from the Água Limpa pluton
(samples ADK-39, ADK-70 and EDC-12C) and two from the Água
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Azul pluton (samples EDC-75 and EDC-71). Their Pb isotopes are
shown in Fig. 5d, alongside the evolution curve for the Bulk Silicate
Earth (l > 10, j = 4.05; Stacey and Kramers, 1975; Armistead et al.,
2023) and the primitive mantle (l = 8.2, j = 4.21).

In the Água Limpa pluton, K-feldspar grains from the biotite-
amphibole granodiorite facies (AKD-39 and ADK-70) exhibit age-
corrected Pb isotope compositions ranging from 13.64 < 206Pb/204-
Pb < 19.05, 14.79 < 207Pb/204Pb < 18.70, and 36.15 < 208Pb/204-
Pb < 42.60. The muscovite-biotite granodiorite (EDC-12C)
displays ratios of 13.25 < 206Pb/204Pb < 14.69, 14.51 < 207Pb/204-
Pb < 15.55, and 32.59 < 208Pb/204Pb < 35.30. For the Água Azul plu-
ton, K-feldspar grains from the epidote-amphibole-biotite
granodiorite (EDC-75) show values of 16.30 < 206Pb/204Pb < 18.27,
16.78 < 207Pb/204Pb < 18.13, and 34.64 < 208Pb/204Pb < 35.86. Sim-
ilarly, those from the amphibole-epidote-biotite monzogranite
(EDC-71) exhibit ratios of 14.44 < 206Pb/204Pb < 15.63, 15.37 < 207-
Pb/204Pb < 16.23, and 34.65 < 208Pb/204Pb < 34.92.

Overall, the Pb isotopic results from all five samples form a
tight, linear array extending from 207Pb/204Pb of 14.8 to 18.7, cor-
responding to l (238U/204Pb) values between 11.5 and 15.0. These
results align well with enriched crust Pb evolution frameworks
(Fig. 5d). Pb model ages calculated using the two-stage Stacey
and Kramers (1975) model yield ages for the K-feldspar grains that
are 2.0 Ga to 3.5 Ga younger (on average, > 2.0 Ga) than the estab-
lished U-Pb crystallization ages from the Água Limpa suite sanuk-
itoids (Nascimento et al., 2024).

7.5. Geochemical modelling

Previously proposed genetic models for the granodiorite and
tonalite varieties of the Água Limpa and Água Azul sanukitoid-
affinity plutons suggest ∼ 20% partial melting of subcontinental
lithospheric mantle (SCLM) enriched by ∼ 30% TTG-type melt.
These models assume a residual mineral assemblage of garnet,
orthopyroxene, clinopyroxene, and magnetite, indicating signifi-
cant crust–mantle interaction (Nascimento et al., 2024). However,
they do not account for the muscovite-bearing and monzogranite
varieties, which display distinct geochemical signatures in most
diagrams, implying a more evolved or variably modified source.

To refine the interpretation of the mantle source for all sanuki-
toid varieties in the Água Limpa suite, new geochemical modeling
was conducted for the muscovite-bearing and monzogranite types
(Supplementary Data Table S8). This analysis evaluated whether
their compositional differences result from variations in the inher-
ited source, distinct metasomatic agents, or increased crustal
assimilation during magma ascent. The metasomatized mantle
source was modeled as a binary mixture of primitive mantle
(McDonough, 2014) and a local TTG-type tonalite (Santos et al.,
2018), with residual mineral compositions derived from Moyen
et al. (2001), Rapp et al. (2010), and Leite (2001).

Results indicate that the muscovite-bearing and monzogranite
varieties formed via 11 % – 15 % equilibrium partial melting of
SCLM enriched by 30 % – 32 % TTG-type melt (Fig. 6). The residual
assemblage comprises orthopyroxene (58.6 % – 59.8 %), garnet
(23.5 % – 24.1 %), clinopyroxene (9.2 % – 10.1 %), phlogopite
(5.8 % – 6.9 %), and magnetite (0.9 % – 1.3 %), with RR2 < 1.
8. Discussion

8.1. Geochemical and isotopic constraints on reservoir source:
Evidence of crustal assimilation

The petrogenesis of the Água Limpa and Água Azul plutons is
constrained by a combination of geochemical signatures and iso-
topic systematics that collectively point to a complex magmatic
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history. Three key observations emerge as factual constraints: (i)
Geochemical affinity to sanukitoids: all granitoid varieties — tona-
lite, granodiorite, monzogranite, and muscovite-bearing types —
exhibit high Mg# contents (Mg# = 45 – 65), enrichments in LILEs
(e.g., Ba > 700 ppm, Sr > 800 ppm), Cr (> 200 ppm), Ni (>
100 ppm) and positive trends in LREE, along with Nb–Ta and HREE
depletions (Gabriel and Oliveira, 2014; Nascimento et al., 2024).
The presence of phlogopite in the residue further supports a K-
rich, hydrous, and oxidized mantle source (Hermann et al., 2006).
The residual mineralogy obtained through modeling suggests that,
in addition to TTG-derived silicic melt metasomatism — primarily
contributing Na and Si — the mantle source was modified by
hydrous fluids or melts enriched in K and LILEs. Such metasomatic
agents are typically sourced from the dehydration of altered ocea-
nic crust, common in convergent margin settings (Laurent et al.,
2014). These traits match the geochemical fingerprint of Archean
sanukitoids and indicate derivation from a metasomatized mantle
source. (ii) Isotopic (Nd-Hf-O-Pb) evidence show that the studied
sanukitoids were not derived solely from depleted mantle sources
but contain significant amounts of crustal input (eNd(t) values rang-
ing from −1.64 to + 1.76, and eHf(t) from −3.31 to + 2.06), placing
most samples near CHUR and significantly away from depleted
mantle (DM) trends. Corresponding TDM ages of 2.98 – 3.28 Ga
and zircon d18O values up to 6.0‰ confirm involvement of older
supracrustal components, either inherited or assimilated. Pb iso-
topes (e.g., high l > 10 in K-feldspar) also reflect an enriched,
evolved source. (iii) Textural and chemical indicators of crustal
modification: the muscovite-bearing granodiorites, characterized
by high Al2O3 (>15 wt.%) and elevated SiO2 (>62 wt.%), differ from
the tonalitic and granodioritic varieties (Nascimento et al., 2024).
These geochemical distinctions imply progressive crustal assimila-
tion (Fig. 7).

To evaluate the origin of the crustal isotopic signature, two
main models were tested. The first model refers to the metasoma-
tized mantle with subducted sediment input. However, isotopic
mixing models using plots of 208Pb/204Pb versus 206Pb/204Pb and
eHf(t) versus eNd(t) show that mixing of bulk sediment or
sediment-derived fluids with DM fails to reproduce the high Th/
Nd ratios (>0.50), negative to positive eNd(t) and eHf(t) observed
in the Água Limpa suite sanukitoids (Fig. 8a-c). For instance, Pb–
Pb isotope arrays (208Pb/204Pb vs. 206Pb/204Pb) predicted by
sediment-DM mixing exceed observed ratios and mixing vectors
on eHf–eNd diagrams plot outside the samples field. Therefore,
the geochemical fingerprint does not support significant involve-
ment of subducted sediment-derived melts. Based on the lack of
diagnostic sediment melt signatures (e.g., low Th/U, negative
DNd isotope), we conclude that such input was negligible or
absent in the source region. The second model refers to the crustal
assimilation and/or contamination by the ancient continental crust
(Fig. 8c-f). A more consistent interpretation arises from a two-stage
model involving: (1) source hybridization: the mantle was metaso-
matized by ∼ 30% TTG-type melt (Santos et al., 2018), derived from
melting of older crustal material; yielding an enriched source,
which corroborates with the geochemical modelling that simu-
lated equilibrium partial melting of a TTG-enriched mantle source
(Fig. 8c). These results (RR2 < 1.0) closely match observed trace ele-
ment patterns of the studied sanukitoids, especially for Sr, Ba, Th,
Nb, and REE profiles (Nascimento et al., 2024). However, the
enrichment in K, Ba, and Sr also suggests subsequent interaction
with LILE-rich hydrous fluids. Moreover, the possibility of interac-
tion with the upwelling asthenosphere is indirectly supported by
the hybrid trace element signature (e.g., elevated HFSEs relative
to TTGs) and overall melt fertility. (2) Shallow-level crustal assim-
ilation: isotopic variations between Água Limpa-Água Azul sanuk-
itoid plutons, especially lower eNd(t), eHf(t), and higher d18O values
in the Água Limpa samples compared to the Água Azul pluton, sug-



Fig. 6. Results of mixing modelling to explain the sanukitoid trace element composition of the Água Limpa sanukitoid suite. Água Limpa pluton: (a) muscovite-biotite
granodiorite. Água Azul pluton: (b) epidote-biotite monzogranite; (c) muscovite-biotite granodiorite. Normalization values for the primitive mantle (McDonough, 2014).
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Fig. 7. Nature of mantle source and overprint for the Água Limpa sanukitoid suite: (a) (Ce/Yb)N vs. YbN; (b) Sr/Nd vs. K/Na; (c) Rb/Sr vs. Ba/Rb; (d) Th/Yb vs. Ba/La; (e) (La/Sm)N
vs. SiO2 (wt.%); (f) Sr + Ba vs. FeOT + MgO (wt.%). Abbreviations: PM = partial melting; AFC = assimilation and fractional crystallization; TTG = tonalite-trondhjemite-
granodiorite.
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gest varying degrees of assimilation during ascent through the
ancient Amazonian upper crust. Further modeling using three
13
crustal reservoirs—lower crust, sediment-derived melt, and bulk
continental crust — suggests that the crustal contribution to the



Fig. 8. Pb-Hf-Nd-O isotopic modelling of recycled components and its relationship with mantle. DM trace element concentrations are from Vervoort et al. (2011) and
references therein. The composition of the ancient continental crust is based on the data of Workman and Hart (2005) and Plank and Langmuir (1998). The compositions of
the slab-derived fluids are based on 0 % – 20 % recycled sediment and 80 % – 100 % upper oceanic crust of Valley et al. (1998) and references therein. Other parameters used in
the mixing calculation can be found in Valley et al. (1998), Johnson and Plank (1999), Eiler (2001), Kessel et al. (2005), Chauvel et al. (2008), and Song et al. (2013). (a)
208Pb/204Pb vs. 206Pb/204Pb in K-feldspar; (b) plot of eHf(t) vs. eNd(t); (c) eNd(t) vs. Th/Nd; (d) and (e) plot of d18O (zircon) vs. eHf(t); (f) plot of d18O (zircon) vs. eNd(t) average.
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hybrid source is typically around 10 % – 5 % assimilation of evolved
crust (eNd(t) ≈ −5, eHf(t) ≈ −2, d18O ≈ 7.5‰) which is sufficient to
reproduce the isotopic characteristics of the Água Limpa-Água Azul
sanukitoids (Fig. 8d, e, f). High-Al contents in muscovite-bearing
granodiorites (>15 wt.%) and the presence of peraluminous miner-
als such as muscovite and phlogopite as residual phase provide fur-
ther petrochemical evidence for crustal assimilation.

The Água Limpa–Água Azul sanukitoids exemplifies a magmatic
regime where deep mantle-derived melts hybridized with ancient
crustal material both in the source and during ascent. The observed
14
isotopic heterogeneity reflects the combined influence of TTG-
derived melts, hydrous metasomatic fluids, and crustal assimila-
tion in modifying the mantle source. Hf model ages and elevated
d18O values corroborates that crustal recycling processes intensi-
fied after 2.87 Ga, consistent with global Archean trends (Fig. 9).

8.2. The change in geodynamic regime at the end of the Mesoarchean

The deformation patterns observed in Archean terrains have
long been a subject of scientific debate (Choukroune et al., 1997;



Fig. 9. Comparison of Hf-oxygen isotope data from the Amazonian Craton with selected global sources: (a) eHf(t) vs. Age (Ma), with global data compiled from Mulder et al.
(2021) and references therein; (b) d18O ‰ versus Age (Ma) for zircons from rocks with known age (Valley et al., 2005). Periods of supercontinent growth are shown by short
bars at bottom: P = Pangea; G = Gondwana; R = Rodinia, EP = Early Proterozoic; A = Archean; and MA = Middle Archean. LTB = Late Terminal bombardment, CEE = Cool Early
Earth, and O2 = rise of oxygen in the atmosphere. The mantle zircon value is sourced from Valley et al. (2005). The present-day parameters for the CHUR and DMmodels were
taken from Bouvier et al. (2008) and Andersen et al. (2009), respectively. The crustal evolutionary trend is from Griffin et al. (2006) and Belousova et al. (2010). Compiled
sources: Amazonian craton [Carajás province: Marangoanha et al., 2020; Silva et al., 2021, 2023; Zeh and Cabral, 2021]; Amapá Block (Milhomem Neto and Lafon, 2019);
Araguaia belt (Assis et al., 2021); São Francisco craton (Albert et al., 2016; Kuribara et al., 2019); ; Pilbara craton (Kemp et al., 2023); Kaapvaal craton (Laurent and Zeh, 2015;
Moyen et al., 2024); Dharwar craton (Ravindran et al., 2023); Karelian craton (Heilimo et al., 2013); Superior province/Acasta complex (Davis et al., 2005; Bauer et al., 2017);
Greenland (Fisher and Vervoort, 2018); North China craton (Diwu et al., 2024); Other sources (Mulder et al., 2021).
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Fig. 10. Proposed geotectonic model for the Archean crust of the Sapucaia
Subdomain. (a) Dome-and-keels setting (> 2.95 Ga): The initial phase is character-
ized by sagduction, drip-tectonics, or vertical tectonics, leading to the formation of
greenstone belt sequences. The partial melting of basalts (altered oceanic crust),
transformed into amphibolites, generated tonalite-trondhjemite-granodiorite (TTG)
magmas. The ascent of these magmas intruded into the greenstone sequences,
resulting in the characteristic domes-and-keels structural configuration. (b) Tran-
sitional tectonic regime (2.95 – 2.92 Ga): This phase marks a progressive transition
in the tectonic regime. The collision between the Carajás Domain and the Rio Maria
Domain induced continuous crustal thickening, faulting and the onset of subduc-
tion processes. A propagation of E-W-oriented shear zones, predominantly dipping
southward, was accompanied by the emplacement of TTG magmas and amphibo-
lites. Sanukitoid magmatism, although limited, is documented at approximately
2.92 Ga. (c) Subduction (2.89 – 2.84 Ga): Following a period of tectonic quiescence,
subduction processes became more effective. During this phase, the Sapucaia
Subdomain crust underwent exhumation, and concurrent with this activity,
granulitic rocks from the lower crust were uplifted and the older TTG basement
(migmatized gneisses) underwent reworking. Around 2.87 Ga, partial melting of an
enriched mantle produced Mg-rich parental magmas of the Água Limpa suite
sanukitoids. After 2.87 Ga, the melting of TTG granitoids at the base of the crust
generated granitic liquids. The reactivation of shear zones facilitated interactions
between compositionally distinct magmas, resulting in the formation of hybrid
granitoids. Abbreviation: SCLM = Subcontinental Lithospheric Mantle.
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Polat et al., 2015). A central issue revolves around the tectonic
mechanisms responsible for the geometric configuration of
granite-greenstone terrains and the processes involved in the for-
mation of sanukitoids and other calc-alkaline granites within
Archean cratons (Laurent et al., 2014). Some researchers attribute
the shift in granitoid chemistry — from TTGs to late calc-alkaline
16
granites — to the onset of modern-style tectonics (Cawood et al.,
2018; Palin et al., 2020). However, others argue that this shift could
occur in a non-subductive setting (Nebel et al., 2018; Mole et al.,
2019). In the Carajás Province, recent studies suggest that a period
of drip tectonics (vertical tectonics or sagduction) could promote
metasomatism of the sub-continental lithospheric mantle (SCLM),
implying that the presence of sanukitoids and K-granites does not
necessarily require prior subduction processes (Costa et al., 2020).
Conversely, other studies attribute this geochemical transition to
the onset of a subduction regime in the province (Leite et al.,
2004; Marangoanha et al., 2020; Silva et al., 2023). This study high-
lights that the dichotomy between vertical and horizontal tectonic
models underscores the complexity of Archean crustal evolution,
with both mechanisms potentially contributing to the observed
geological and structural patterns in the Carajás Province during
distinct periods. According to Li et al. (2018) and Sun et al.
(2025), microplates may also have played an important role in that
transitional tectonic regime.

The Carajás Province consists of two tectonic domains: Rio
Maria (3.07 – 2.93 Ga) and Carajás (3.07 – 2.70 Ga; age of crystal-
lization). Rio Maria features low-grade granite-greenstone terrains
with dome-and-keel structures (Fig. 10a), while Carajás is a high-
grade gneiss terrain with intense east–west shearing
(Marangoanha et al., 2020; Silva et al., 2023). Their structural con-
trast results from a Mesoarchean north–south collision, which
caused significant crustal compression and shear zone reactivation
in Carajás, whereas Rio Maria largely retained its original architec-
ture (Pinheiro and Holdsworth, 2000). The Sapucaia Subdomain, at
their boundary, records this transition. It exhibits basement flat-
tening, folding, intense shearing, and transposition of deformation,
with migmatization, metamorphism, and mylonitization (Leite
et al., 2004; Nascimento et al., 2024). While previously considered
distinct, isotopic data suggest Rio Maria and Carajás share a com-
mon evolution with heterogeneous deformation (Nascimento
et al., 2024; This study). Before 2.95 Ga, sagduction and drip tec-
tonics formed dome-and-keel structures, with TTG magmas
intruding greenstone sequences (Fig. 10a). The 2.95 – 2.92 Ga col-
lision induced crustal thickening, faulting, and TTG emplacement
(Fig. 10b). Between 2.89 – 2.84 Ga, intensified subduction led to
granulite exhumation and sanukitoid intrusion. Tectonic reactiva-
tion facilitated syntectonic granite emplacement, marking a shift
from vertical to horizontal tectonics and stabilizing the continental
crust (Fig. 10c). These events reflect global Archean tectonics,
demonstrating lithospheric reworking via subduction and collision,
shaping the complex history of the Sapucaia Subdomain and
broader Carajás Province (Palin et al., 2020).

The genesis of sanukitoids in the Carajás Province is also dis-
cussed in this proposed model. As previously reported, Costa
et al. (2020) proposed that sanukitoids formed under a vertical tec-
tonic regime. However, this model lacks robust petrological, iso-
topic, and structural evidence to explain mantle metasomatism.
The vertical tectonics may account for localized melting and mod-
erate enrichment in large-ion lithophile elements (LILE), but it fails
to fully explain the pronounced geochemical features of Archean
sanukitoids, such as high Mg, Cr, and Ni contents and significant
HFSE depletion. Conversely, subduction models provide a more
plausible framework, with slab-derived fluids metasomatizing
the mantle wedge, leading to enhanced LILE enrichment and arc-
like geochemical signatures (Heilimo et al., 2013; Laurent et al.,
2014). Isotopic data from this study also supports a subduction-
related origin, indicating mantle-derived sources with slab input
and crustal contamination. A possible process causing the partial
melting of the mantle is the breakoff of the subducting slab
(Silva et al., 2023). This mechanism could allow for variable input
from high d18O reservoirs (altered upper oceanic crust, fluids, or
sediments) and lower d18O reservoirs (lower oceanic crust, man-
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tle), as well as asthenospheric upwelling causing mantle metaso-
matism and partial melting in the mantle wedge, as suggested in
other Archean cratons worldwide (Whalen et al., 2004; Heilimo
et al., 2013). An alternative mechanism could involve abrupt crus-
tal delamination after the accretion of continental crust, as dis-
cussed by Whalen et al. (2004) and Heilimo et al. (2010). The
temporal restriction of sanukitoids to the late Archean further
aligns with a transition from vertical to horizontal tectonic pro-
cesses, associated with terrane amalgamation and continental col-
lision (Cawood et al., 2018; Palin et al., 2020; Silva et al., 2023).

8.3. Can sanukitoids be produced in a vertical tectonic regime?

The formation of sanukitoids within a vertical tectonic regime
underscores the challenges involved of applying uniformitarian
models to Archaean craton formation (Bédard, 2018; Cawood
et al., 2018; Nebel et al., 2018). The role of mantle plumes or ver-
tical tectonics (e.g., sagduction) in mantle metasomatism remains
unclear. Could vertical tectonic models provide an alternative
framework in which to interpret our observations? Sanukitoids
are often encountered bordering dome-and-keel structures or
associated with regional shear zones within Archean granite–
greenstone terranes worldwide (Moyen et al., 2003). In the Sapu-
caia subdomain of the Carajás Province, the Água Limpa and
Água Azul sanukitoid plutons are spatially associated with east–
west sinistral transpressive shear zones, which border dome-and-
keel structures (Gabriel and Oliveira, 2014; Nascimento et al.,
2024). Some researchers have attributed the occurrence of sanuk-
itoids and others calc-alkaline granitoids in a dome-and-keel set-
ting to their formation related to vertical regime (Costa et al.,
2020), however the structural setting fail to fully explain the dis-
tinct geochemical features of Archean sanukitoids. These include
LILE (e.g., K, Ba, and Sr) enrichment, HFSE depletion (Nb-Ta-Ti
anomalies), trace element ratios (low Nb/Th), and high Mg#, Cr,
and Ni contents (Heilimo et al., 2013; Nascimento et al., 2024). Ver-
tical tectonic regimes, if responsible for sanukitoid genesis, would
produce low LILE enrichment (< 200 ppm) due to intracrustal recy-
cling and partial melting, less pronounced HFSE depletion, and
moderate Sr/Y and La/Yb ratios (Nascimento et al., 2024). These
features would result from localized melting and assimilation of
lower crustal material. Conversely, subduction setting provides a
more plausible explanation for sanukitoids genesis, as they
account for significant LILE enrichment through slab-derived fluids
or melts metasomatizing the mantle wedge. Additionally, this
regime explains HFSE depletion due to residual phases retention
(e.g., rutile), elevated Sr/Y (> 2.0) and La/Yb (> 1.5) ratios indicative
of garnet stability in the source, and arc-like geochemical signa-
tures, such as high Ba/Th and Th/Nb ratios reflective of slab contri-
butions (Heilimo et al., 2013; Silva et al., 2023).

Regarding isotopic characteristics, vertical tectonic regimes
might produce sanukitoids with subchondritic isotopic values,
including negative eHf(t) and eNd(t), short crustal residence times
(older model ages > 3.0 Ga), elevated d18O values (> 6.5 ‰), and
moderate l (238U/204Pb = 4 % – 6 %) values in K-feldspar, indicative
of dominantly crustal sources with minimal mantle interaction
(Halla, 2005; Valley et al., 2005). However, the findings of this
study indicate that Archean sanukitoids predominantly exhibit
suprachondritic isotopic values, including positive eHf(t) and eNd(t)
with slightly negative components, short crustal residence times (<
3.0 Ga), mantle-like d18O values (5.0‰ ± 0.5‰) or slightly elevated
d18O values in some samples (> 6.5 ‰), and high l values (> 10)
related to an enriched mantle source. These features underscore
a dual geochemical origin, reflecting mantle-derived source with
significant slab input and potential crustal contamination (Valley
et al., 2005). Furthermore, vertical tectonic processes, character-
ized by localized heat, limited recycling scales, and shallow depths,
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are generally insufficient to generate the substantial mantle meta-
somatism and significant sanukitoid volumes observed (Nebel
et al., 2018). The limited efficiency of vertical tectonics in facilitat-
ing mantle-crust interactions and mantle metasomatism, com-
bined with their localized nature and lower thermal gradients,
renders this model less favorable for explaining sanukitoid genesis.
Additionally, the pure vertical mechanism cannot adequately
account for the ascent of dense mafic and ultramafic rocks from
lower crustal levels (Nebel et al., 2018).

9. Conclusions

(1) The Água Limpa suite sanukitoids exhibit zircon eHf(t) values
between –3.31 and + 2.14, Hf model ages (TDMC ) from 2.98 Ga
to 3.28 Ga, Nd-TDM ages spanning 2.91 Ga to 3.15 Ga, and
d18O values ranging from 5.0 ‰ to 7.6 ‰. These isotopic sig-
natures are compatible with magmas derived mainly from a
juvenile mantle source that experienced crustal assimila-
tion. Whole-rock eNd(t) values (–1.64 to +1.76) and high l
Pb compositions in K-feldspar further support a mantle ori-
gin modified by interaction with crustal materials.

(2) Geochemical modeling suggests the origin of these sanuki-
toids involved partial melting (∼15 %) of a mantle source
metasomatized by approximately 30 % slab-derived compo-
nents. Residual assemblages include phases such as orthopy-
roxene, garnet, clinopyroxene, magnetite, and phlogopite —
the latter indicating more pronounced crustal input in speci-
fic rock types.

(3) The ascent and emplacement of the studied sanukitoid mag-
mas likely occurred in upper crustal levels, facilitated by
pre-existing shear zones that enhanced interaction between
ascending mantle-derived magmas and the continental
crust.

(4) The petrogenesis of the Água Limpa suite is best explained
by geodynamic settings involving lateral tectonic move-
ment, particularly subduction of oceanic lithosphere fol-
lowed by accretionary collision. This tectonic scenario
allowed for rapid generation and emplacement of mantle-
and crust-derived melts around 2.87 Ga, in agreement with
models for sanukitoid formation elsewhere in the Carajás
Province and other Archean terranes.
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