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ARTICLE INFO ABSTRACT

Keywords: Precambrian terrains preserving rocks older than 3.5 Ga contain an essential record of the crustal evolution of the

Paleoarchean primitive Earth. In this study, we investigated Eo-Paleoarchean rocks from the northern Sao Francisco Craton

ngb %eOChmHOIOgy (NSFC) and the Borborema Province in northeastern Brazil to contribute to a more complete global isotopic
isotopes

record of this pivotal time in Earth’s history. Zircon U-Pb ages along with zircon Hf isotope compositions were
obtained for migmatitic gneiss complexes in both terrains. Zircon U-Pb data from the NSFC yield well-defined
populations with 2°’Pb/2%Pb ages from 3.61 to 3.59 Ga and younger components at ~3.5 and ~3.4 Ga. Simi-
larly, the Borborema Province gneiss yields a main zircon age population of 3.58 Ga and a younger ~3.5 Ga age
component. The ~3.6 Ga zircon components yield consistently sub-chondritic Hf isotopic compositions with
initial eyr between —1.9 and —3.1 for the NSFC and of eyf —0.5 for the Borborema Province. Gneisses from
northeastern Brazil record a main crust forming period at 3.65-3.60 Ga with sub-chondritic Hf isotope com-
positions that indicate derivation from melting of a ~3.8 Ga source of broadly chondritic isotope composition,
similar to that of many Eo-Paleoarchean gneisses worldwide. This Hf isotope record supports the existence of
broadly chondritic mantle reservoir in the Eoarchean with development of depleted mantle and the appearance

Sao Francisco Craton
Borborema Province
Global Hf isotope record.

of evolved crust later in the Paleoarchean.

1. Introduction

The nature, extent, and mechanisms driving the growth of the con-
tinental crust in the early history of the Earth remain highly debated.
Models for crustal growth in Earth’s early history fall into two end-
member scenarios: The first proposes that continental crust formed
early in the Hadean (often called the no-growth model), with volumes
similar to those of the present-day (e.g., Armstrong, 1991; Bowring and
Housh, 1995; Harrison et al., 2005; The second suggests progressive
crustal production over time, with significant volumes only forming
since the Eoarchean (e.g., McLennan and Taylor, 1982; Patchett and
Arndt, 1986). Archean cratons worldwide, which comprise about 7 % of
the present-day crustal volume (e.g., Bleeker, 2003), preserve the rock
record of Earth’s early history. This record shows a nearly total absence
of Hadean crust with increasing abundance from the Eoarchean to the
Paleoarchean. This sparse ancient rock record supports the progressive
crustal growth model. Proponents of the no-growth model, however,
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argue that the lack of rock record from the first ~500 million years of
Earth’s history, can be attributed to the effective destruction and recy-
cling of continental crust into the mantle during this time (e.g., Arm-
strong, 1991; Bowring and Housh, 1995; Harrison et al., 2005). Whether
the Eo-Paleoarchean crust represents increased crustal production
(Condie, 2000; Condie and Aster, 2010; Patchett and Arndt, 1986) or
enhanced crustal preservation (Cawood et al., 2013; Hawkesworth et al.,
2013; Hawkesworth et al., 2009; Hawkesworth et al., 2017) remains a
matter of considerable debate. The long-lived Lu-Hf and Sm-Nd isotope
systems have long been employed to unravel the complex geological
record of Eo-Paleoarchean remnants, with particular focus on Precam-
brian terrains such as the Kaapvaal and Pilbara cratons, the Acasta
gneiss complex, and west Greenland gneisses. The rock record of rela-
tively understudied Precambrian terrains is crucial to this discussion.
Incorporating data from these terrains will help build a more complete
global isotope record which, in turn, will improve our understanding of
mantle differentiation and crustal evolution in Earth’s early history.
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The Paleoarchean is a pivotal period in Earth’s evolution relevant to
the question of crustal growth as it is marked by the emergence of sig-
nificant volumes of continental crust in the geological record. In this
way, it provides crucial information to understand the formation of
stable continental crust, mantle differentiation, and transitions in geo-
dynamic modes (e.g., Cawood et al., 2022). Rocks older than 3.5 Ga are
preserved either as first additions of juvenile material or as reworked
crust in scattered locations on Earth (Fig. 1). Juvenile additions are
exposed in many locations including west Greenland (e.g., Fisher and
Vervoort, 2018; Kemp et al., 2019), the Pilbara (e.g., Kemp et al., 2023;
Petersson et al., 2020; Salerno et al., 2021), and Kaapvaal (e.g., Amelin
et al., 2000; Hoffmann et al., 2016; Laurent and Zeh, 2015; Moyen et al.,
2021; Zeh et al., 2009) cratons. Hadean detrital zircon from the Jack
Hills locality and Eoarchean zircon from the Acasta Gneiss complex, on
the other hand, record reworking of pre-existing crust (e.g., Bauer et al.,
2017; lizuka et al., 2009; Kemp et al., 2010). The Hf isotope record of
juvenile additions are mostly chondritic in composition (e.g., Fisher and
Vervoort, 2018; Kemp et al., 2023; Kemp et al., 2010; Vervoort and
Kemp, 2025) while zircon indicating crustal reworking are character-
ized by sub-chondritic Hf isotopes with progressively more negative
isotope compositions over time (e.g., Bauer et al., 2017; Kemp et al.,
2010; Mulder et al., 2021). Lack of super-chondritic Hf isotope com-
positions of Hadean-Eoarchean remnants has been used to argue against
the existence of extensive depleted mantle sources and Hadean evolved
crust (e.g., Fisher and Vervoort, 2018; Kemp et al., 2023, Kemp et al.,
2010; Vervoort and Kemp, 2025). Precambrian terranes such as the
Slave, Wyoming, and Yilgarn cratons exhibit shifts in the Hf isotope
record from dominantly crustal reworking signatures to the appearance
of juvenile additions that have been linked to changes in geodynamic
regimes (e.g., Mulder et al., 2021). Such isotopic shifts, however, are not
observed in all Precambrian terrains, and where they do occur, their
timing varies between cratons, suggesting localized geodynamic
changes rather than a global tectonic transition (e.g., Kemp et al., 2023;
Laurent et al., 2024).

In this study, we integrate zircon U-Pb and Hf isotope data with bulk-
rock geochemistry to study Eo-Paleoarchean remnants from the north-
ern Sao Francisco Craton and Borborema Province in northeastern
Brazil. The U-Pb and Hf isotope data obtained in this study allow us to
place Paleoarchean crustal evolution of northeastern Brazil and
contribute to a more representative record of Paleoarchean magmatic

Chemical Geology 678 (2025) 122646
events by filling gaps in the global isotope record.
2. Geological overview

The northern Sao Francisco Craton (NSFC) in northeastern Brazil,
exposes several Archean to Paleoproterozoic units that were assembled
during the Neoarchean and mid-Paleoproterozoic (e.g., Barbosa and
Barbosa, 2017; Barbosa and Sabaté, 2004; Martins de Sousa et al., 2020;
Oliveira et al., 2020; Teixeira et al., 2017). Archean blocks within the
NSFC, including the Gavido, Jequié, and Serrinha blocks (Fig. 2), are
primary composed of closely related tonalite-trondhjemite-granodiorite
(TTG) rocks and granite-greenstone associations (e.g., Teixeira et al.,
2017). The 3.64-3.60 Ga low to medium pressure TTG gneisses of the
Mairi Complex within the Gaviao Block are the oldest rocks that have
been dated in the South America continent (Moreira et al., 2022; Oli-
veira et al., 2020). Magmatic events late in the Paleoarchean (3.4-3.2
Ga) and in the Neoarchean (2.80-2.56 Ga) are also recorded within the
Gaviao Block (e.g., Barbosa et al., 2013; dos Santos et al.,, 2022;
Medeiros et al., 2017; Teixeira et al., 2017; Zincone et al., 2016).
Archean crust in the NSFC experienced high-grade metamorphism and
crustal reworking during the Paleoproterozoic in what has been called
the Itabuna-Salvador-Curaca orogeny (ISCO, Fig. 2) (e.g., Martins de
Sousa et al., 2020; Teixeira et al., 2017). This Paleoproterozoic orogenic
event is thought to have been the main driver of the amalgamation of the
Archean blocks in the NSFC (e.g., Teixeira et al., 2017; Barbosa and
Barbosa, 2017).

The Borborema Province is a late Neoproterozoic orogenic system
associated with the assembly of Gondwana (e.g., de Almeida et al., 2011;
Ganade de Araujo et al., 2014). This orogenic system surrounds the Sao
Francisco Craton to the northeast and includes Archean inliers in its
basement (Fig. 2), such as dismembered greenstones and ancient TTG
rocks, possibly representing crustal reworking of the craton (e.g.,
Ganade et al., 2021; Neves, 2003). Paleoproterozoic (2.5-2.0 Ga) mig-
matitic gneisses dominate the basement exposures throughout the
province (e.g., Neves, 2015; Fig. 2). Enclaves of Archean (~3.5 and
~3.2 Ga) tonalitic to monzogranitic gneisses are surrounded by Paleo-
proterozoic orthogneisses and Meso- to Neoproterozoic supracrustal
sequences (e.g., Dantas et al., 2004, 2013; Fachetti et al., 2024; Ferreira
et al., 2020; Pitarello et al., 2019). Pervasive magmatism and shearing
associated with the development of a continental-scale strike-slip shear
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Fig. 1. World map showing distribution of major Precambrian terranes and Phanerozoic orogens after Groves and Santosh (2021). Precambrian terranes with
preserved rocks >3.5 Ga are shown with a yellow star. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. Simplified sketch of West Gondwana (adapted after Schmitt et al.,
2018) and geological map of the northern Sao Francisco craton and Borborema
Province (modified from Delgado et al., 2021) showing the locations of samples
analyzed in this study. ISCO: Itabuna Salvador Curaca Orogen. The tectonic
boundary between the Sao Francisco craton and Borborema Province is shown
with a thick dashed black line. AM: Amazonian Craton; SF: Sao Francisco
Craton; RP: Rio de la Plata Craton; WA: West African Craton; CO: Congo Craton;
KA: Kalahari Craton; SA: Sahara Craton.

zone system affected the province during the 0.60-0.56 Ga time interval
(e.g., Neves, 2021).

3. Samples and Analytical techniques
3.1. Samples

A total of 10 samples from migmatitic gneiss complexes within the
Gaviao Block in the northeastern part of the Sao Francisco Craton as well
as one banded gray gneiss from the western part of Borborema Province
(Fig. 2), were analyzed in this study. A detailed description of individual
samples is given in the Supplementary materials. Samples from the
northern Sao Francisco Craton were collected from three outcrops (MB-
GB-21, MB-GB-22, and MB-GB-23) within the Mairi Complex, located in
the northern part of the Gaviao Block near the city of Piritiba (inset in
the Fig. 2). We used a cordless cut-off saw in the field to obtain fresh,
single-phase rock specimens from migmatitic complexes. The MB-GB-21
group of samples are different phases of a migmatitic-gneiss complex
from a single outcrop (Fig. 3a-e). This large and continuous outcrop
exposes tightly folded banded gray gneisses with evidence of partial
melting (metatexites; Figs. 3a-e) and local exposures of transitional
metatexite-diatexite rocks (Fig. 3b,d), as well as intrusive leucosomes
(Fig. 3d). The analyzed samples include a massive medium-grained
granitoid (MB-GB-21A, Fig. 3b) with pervasive K-feldspar veining
from a felsic band in the banded gneiss, a pyroxene-rich mafic band of
dioritic composition (MB-GB-21B; Fig. 3c), three fine-banded gray
gneisses (MB-GB-21C, MB-GB-21D, and MB-GB-21F; Fig. 3a,d,e), and a
biotite granitoid from a leucosome phase (MB-GB-21E; Fig. 3d). The
dominant phase of the outcrop, the gray banded gneiss, shows variations
in grain size from medium- to coarse-grained with millimeter to centi-
meter thick felsic and mafic bands (Fig. 3a-e). Two samples collected
from the MB-GB-22 outcrop are a residue rich phase of dioritic

Metatexitic gneiss - MB-GB-2:

}Masgive granite
[Diatexitic gneiss i Schlierer™s

_MB-GB-21

Fig. 3. Representative images from outcrops where samples were collected for
this study.

composition (MB-GB-22A; Fig. 3g) and a gray gneiss (MB-GB-22B;
Fig. 3f). A massive tonalite (MB-GB-23A; Fig. 3i), and a gray gneiss (MB-
GB-23C; Fig. 3h) from a third location were also collected and analyzed.
The sample from the Borborema Province is a banded gneiss (TEB-19b)
of trondhjemitic composition with evidence of shear deformation
(Fig. 3j) collected in the western part of the province (Fig. 2).

3.2. Analytical techniques

In this study we combine zircon U-Pb dating with Lu-Hf isotopes
from zircon along with bulk-rock chemistry. Methods used in this study
are described in detail in the supplementary materials. Mineral separa-
tion and rock powdering of samples from the northern Sao Francisco
Craton were performed at Zirchron LLC, Tucson, AZ using an Electro
Pulse Disaggregator (EPD, Marx generator) and Spex mill with silica
grinding balls, respectively. Zircon separates from the Borborema
Province gneiss were obtained in Brazil at the University of Campinas.
Mineral mounts and isotopic analyses were performed in-house at the
Radiogenic Isotope and Geochronology Laboratory (RIGL) at Washing-
ton State University.

Uranium-Pb and Hf in-situ measurements were obtained from zircon
grains through laser ablation-inductively coupled plasma mass spec-
trometry (LA-ICPMS) and by the laser ablation split stream (LASS)
method. With LASS, two individual mass spectrometers, the Element2
HR-MS-ICPMS and Neptune Plus MC-ICPMS, are connected to simulta-
neously determine the U-Pb dates and Hf isotopic composition from the
same volume (e.g., Fisher et al., 2014). The U-Pb and Hf isotope data
were reduced using the “U-Pb Geochronology” and “Hf Isotopes” data
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reduction schemes, respectively, within Iolite v4 (Paton et al., 2011;
Paton et al., 2010).

Reference materials were analyzed along with unknowns—typically
a set of standards for every 10 unknowns. For zircon U-Pb, the FC1
(1099 Ma; Paces and Miller, 1993) and Plesovice (337.1 Ma; Slama
et al., 2008) standards were used as principal reference materials to
correct for 297Pb/2%°pb and 20°Pb,/238U, respectively. Secondary zircon
reference materials including the 91500 (1065 Ma; Wiedenbeck et al.,
1995), OGC-1 (3465.4 Ma; Stern et al., 2009), and GJ-1 (609 Ma;
Jackson et al., 2004) were used to evaluate the accuracy of the analyses
during each analytical session. The U-Pb data from reference materials
are reported in Table S4. The U-Pb ages obtained for each zircon stan-
dard in different analytical sessions are within ~1 % of their reported
“true” age and are shown in Figs. S1-S3 of supplementary materials

For the Lu-Hf isotope analytical sessions we analyzed natural zircon
standards and synthetic zircons MUNZirc along with unknowns in a
similar way as described above for U-Pb analytical sessions. The cali-
brated synthetic zircons with a large range of REE/Hf (MUNZirc; Fisher
et al., 2011) were analyzed to monitor the correction for isobaric in-
terferences of 7°Yb and 17%Lu on !7®Hf. The MUNZirc 142 and 144
standards as well as natural zircon and unknowns yielded homogeneous
176H1£/177Hf isotope ratios through the 76Yb/!”7Hf range (Tables S2 and
S5, Figs. S4 and S5) validating the interference correction. Following
mass-bias and interference corrections, the 7®Hf/!”7Hf isotope ratios of
unknowns were normalized to the PleSovice zircon standard
(}76Hf/Y77Hf = 0.282482 + 13; Slama et al., 2008). A mean *7°Hf/Y77Hf
of 0.282482 + 22 was obtained for the Plesovice standard during both
single stream (LA-ICPMS) and split stream (LASS) analytical sessions
(Table S5). Secondary reference materials including OGC-1 (Kemp et al.,
2017), FC1 (Fisher et al., 2014), and 91500 (Blichert-Toft, 2008) yielded
Hf isotope compositions within 1 epsilon unit of the reported values
(Table S5 and Fig. S6).

Bulk-rock geochemistry was performed at the Peter Hooper Geo-
Analytical Lab using X-Ray fluorescence (XRF) and ICP-MS. The long-
term precision for the geochemistry data is ~1 % for La, Ce, Pr, Nd,
Gd, Tb, Dy, Ho, Y, Hf, Sc, and Zr; ~2 % for Sm, Eu, Er, Tm, Yb, Ba, Th,
Nb, Ta, Cs, and Sr; ~3 % for Lu; and ~ 4-6 % for U, Pb, Rb (Steenberg
et al., 2017). Major and trace element data from bulk-rock samples are
reported in Table S3 and Figs. S7-S9.

4. Results

The U-Pb and Hf isotope results from this study are summarized in
Table 1 and presented in Figs. 4 to 7. Detailed results are reported in
supplementary Tables S1 and S5. Results are briefly described in the
following section, only highlighting special cases. For more detailed
descriptions of the results the reader is referred to the supplementary
materials.

4.1. Bulk-rock major and trace element chemistry

Bulk-rock compositions in this study span a wide range of silica
content from 51 to 73 % with the lowest SiO, percentages determined
for residue rich phases MB-GB-21B and MB-GB-22A (Table S3). Most
samples have low K50 (0.8-1.7 %) and high Na,O (4.8 to 7.5 %) with
K20/NayO < 0.5 (Table S3). The residue rich MB-GB-22A has a lower
NayO content of 2.6 % with K;0/NayO of 0.15 (Table S3). Gray gneisses
MB-GB-21C and MB-GB-21F and residue rich phases MB-GB-21B and
MB-GB-22A have high concentrations of ferromagnesian oxides (FeO +
MgO + MnO + TiO3 > 5 %) and CaO (CaO between 5 and 9 %) relative
to the other samples with ferromagnesian oxides <5 % and CaO content
<4 % (Table S3). Low Ce/Sr ratios (0.5-0.1), Th below 15 ppm, and
variable Y (55-2 ppm) are commonly observed in bulk rocks in this
study (Table S3). Additionally, most samples have light-REE (LREE)
enrichment relative to heavy-REE (HREE) with La/Yb generally >10 and
absent or minor negative Eu anomalies (Eu/Eu* between 0.7 and 1.0) in
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Table 1
Summary of the zircon U-Pb and Lu-Hf isotope results reported in this study.
Sample Latitude Longitude Age + 2 SE (Ma) €Hf(i) +2SD
MB-GB-21 A: Massive granitoid
—11.751878 —40.642128 3590 + 6 -19 + 1.6
3517 £11 +0.2 +1.4
MB-GB-21B: Residue rich dioritic phase
—11.751878 —40.642128 3598 +£ 5 —2.4 +1.7
MB-GB-21C: Gray gneiss
—11.751878 —40.642128 3593 +7 -3.1 +1.7
MB-GB-21D: Gray gneiss
—11.751878 —40.642128 3593 £ 5 —-2.4 +1.8
MB-GB-21E: Leucosome
—11.751878 —40.642128 3593 +7 -2.5 +1.6
3482+ 8 -3.2 + 1.5
MB-GB-21F: Gray gneiss
—11.751878 —40.642128 3612+ 7 -29 + 1.0
MB-GB-22B: Gray gneiss
—11.735144 —40.587633 3413 £ 6 -29 +1.9
3602 + 15 —2.6 +0.8
MB-GB-23 A: Massive tonalite
—11.735878 —40.585936 3515 + 20 +0.7 + 1.9
3698 + 25 -0.5 +0.8
MB-GB-23C: Gray gneiss
—11.735878 —40.585936 3592 +9 —-2.4 + 2.0
TBE-19b: Gray gneiss
—7.859776 —40.828594 3577 £11 -0.5 +1.5

3487 + 14 - -

Initial Hf isotope compositions are calculated at the zircon U-Pb age and are
reported as Eygiy.

Initial compositions were calculated using the Lu decay constant of Scherer et al.
(2001) and Soderlund et al. (2004) (A\7°Lu = 1.867 x 1071 y 1),

The Lu-Hf isotope compositions of CHUR of Bouvier et al. (2008) were used to
obtain epsilon values.

chondrite normalized REE plots (Fig. S7). Two samples, MB-GB-21A and
MB-GB-21E, exhibit REE patterns that differ from the general trend of
most samples. The massive granitoid MB-GB-21A shows a more frac-
tionated REE pattern and lower total REE in comparison to the rest of the
samples as well as strong positive Eu anomaly (Fig. S7). The leucosome
(MB-GB-21E) exhibits the least fractionated REE pattern (La/Yb = 0.8)
with slight depletion in both LREE and HREE and weak negative Eu
anomaly (Fig. S7).

4.2. Zircon U-Pb geochronology

Zircon separates were obtained from all samples in this study except
for the residue rich phase MB-GB-22A (Tables 1 and S1). In-situ zircon
U-Pb dates from NSFC samples can be placed in two groups. The first
group with zircon U-Pb dates ranging from 3.61 Ga to 3.59 Ga (Fig. 4),
and the second group with zircon U-Pb dates that range from 3.52 Ga to
3.41 Ga (Fig. 5). Within the first group, concordant to slightly reverse
discordant analyses define main zircon ~3.6 Ga populations in 5 sam-
ples (Fig. 4). The dioritic band (MB-GB-21B), gray gneiss (MB-GB-21D),
and granitoid (MB-GB-21A) yielded Concordia ages of 3598 + 5 Ma (n
=6, MSWD = 1.2; Fig. 4a), 3593 £ 5 Ma (n = 7, MSWD = 1.0; Fig. 4B),
and 3590 £+ 6 Ma (n = 5, MSWD = 1.4; Fig. 4c¢), respectively. Weighted
mean 2%’Pb/2%Pb ages (WMA) of 3593 + 7 Ma (n = 10, MSWD = 1.0)
and 3612 &+ 7 Ma (n = 10, MSWD = 1.3) were calculated from
concordant to slightly reverse discordant analyses for gray gneisses MB-
GB-21F (Fig. 4d) and MB-GB-21C (Fig. 4e), respectively. The main ~3.6
Ga population in the gray gneiss MB-GB-23C is defined by variably
concordant and discordant analyses plotting along a Discordia line with
an upper intercept at 3592 + 9 Ma (n = 15, MSWD = 1.3; Fig. 4f). The
leucosome MB-GB-21E yields concordant and discordant analyses that
define a ~ 3.6 Ga component with an upper intercept age of 3593 + 7
Ma for this sample (n = 12, MSWD = 1.6; Fig. 5a).

Within the second group, the leucosome MB-GB-21E yields variably
concordant to discordant analyses defining a linear regression with
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Fig. 4. Zircon U-Pb data from samples of the NSFC with main zircon age populations of ~3.6 Ga. (a) MB-GB-21B, (b) MB-GB21D, (c) MB-GB-21A, (d) MB-GB-21F, (e)

MB-GB-21C, and (f) MB-GB-23C.

upper intercept at 3482 + 8 Ma (n = 13, MSWD = 1.4; Fig. 5a). The
tonalite MB-GB-23A yields only discordant analyses that define a linear
regression with an upper intercept of 3515 + 20 Ma (n = 11, MSWD =
1.7; Fig. 5b). Concordant analyses of the gray gneiss MB-GB-22B define a
Concordia age of 3413 + 6 Ma (n = 8, MSWD = 1.1; Fig. 5c). The
massive tonalite, MB-GB-21A, with a main zircon population of ~3.6
Ga, yields an upper intercept age of 3517 + 11 Ma (n = 6, MSWD = 1.8;
Fig. 4c) defined by variably discordant analyses. Inheritance occurs in
two samples in this study (MB-GB-22B and MB-GB-23A). Three
concordant to slightly discordant analyses define a 2°”Pb/2%°Pb WMA of
3602 + 15 Ma in sample MB-GB-22B (n = 3, MSWD = 2.2; Fig. 5¢) while

a single concordant analysis with a 2°’Pb/2%Pb age of 3698 + 25 Ma
was obtained for sample MB-GB-23A (Fig. 5b).

The trondhjemitic gneiss (TBE-19b) from the Borborema Province
yields 2°7Pb/2%°Pb dates ranging from 3.59 to 3.53 Ga (Table S1).
Concordant to slightly discordant analyses, from —1 % to 2 % (Table S1),
define a regression line with upper intercept at 3577 + 11 Ma (n = 15,
MSWD = 2.0) and lower intercept towards ~2.1 Ga (Fig. 5d). Two
concordant analyses define a younger component with a 2%7Pb,/2%pb
WMA of 3487 + 14 Ma (Fig. 5d).
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Fig. 5. Zircon U-Pb data from samples of the NSFC with main zircon age populations of 3.5-3.4 Ga (a-c) and from the gray gneiss of the Borborema Province (d). (a)

MB-GB-21E, (b) MB-GB-23A, (c) MB-GB-22B, and (d) TBE-19b.
4.3. Zircon Lu-Hf isotopic results

Zircon Lu-Hf isotope compositions were determined from all samples
analyzed for U-Pb (Figs. 6 and 7, Tables 1 and S2). The 3.61-3.59 Ga age
cluster defined through zircon U-Pb in samples from the NSFC, define a
narrow range of sub-chondritic initial Hf isotope compositions with
weighted mean initial Ey¢ between —1.9 and —3.1 (Figs. 6 and 7, and
Tables 1 and S2). The younger age cluster, with U-Pb ages between 3.52
and 3.41 Ga, yields chondritic to sub-chondritic initial Hf isotope com-
positions with mean initial €y between +0.7 and —3.2 (Figs. 6 and 7,
Tables 1 and S2).

The initial Hf isotope compositions of samples with single age
components are homogeneous within each sample with invariant
176y£/1771f plotted at their measured 207pp /206, dates (F igs. 6 and 7).
When calculating initial Hf isotope compositions at the best age deter-
mined for each of these samples, the 2-standard deviation (2 SD) is
below 2 epsilon units, indicating single Hf isotope populations (Figs. 6
and 7). Complexities evidenced in the U-Pb data, with either concordant
analyses plotting from ~3.6 to 3.5 Ga as in gray gneisses MB-GB-21C
and MB-GB-21F (Figs. 4d-e) and the residue rich phase MB-GB-21B
(Fig. 4a) or variably discordant analyses plotting along Discordia lines
as in samples of the MB-GB-23 outcrop (Figs. 4f and 5b), are not re-
flected as heterogeneity in the Hf isotope data (Figs. 6 and 7).

Samples with two age clusters yield Hf isotope compositions
consistent with distinct age and isotope components. Initial 17°Hf/*77Hf
of zircon defining the old age component are lower than isotope ratios of
grains within the younger age components (Figs. 6 and 7). Initial

176H¢/177Hf isotopes are homogeneous within each age component with
sub-horizontal trends through the 207Pb,/2%°pb dates range. One example
of this is the massive granitoid MB-GB-21A with age components of 3.59
and 3.52 Ga and mean initial Hf isotope compositions of ¢y —1.9 +
1.6 and +0.2 + 1.0 at 3.59 Ga and 3.52 Ga respectively (Fig. 6f).
Similarly, inherited zircon yield Hf isotope compositions that differ from
the isotope compositions of the main zircon population. Inherited zircon
yield lower initial 178Hf/!77Hf isotope ratios that correspond to chon-
dritic to sub-chondritic mean E€yg37ca) of —0.5 £ 0.8 (MB-GB-23A;
Fig. 7b) and Eyg3.66a) Of —2.6 £ 0.8 (MB-GB-22B; Fig. 7c).

The trondhjemitic gneiss from the Borborema Province yields initial
Hf isotope compositions around CHUR with €3 6Ga) from +1.2to —1.6
(Table S2) and a weighted mean initial Eyg3 6Ga) of —0.5 + 1.5 (Fig. 7d).
The 17%Hf/177Hf isotope composition of this sample is homogeneous
through the measured 27Pb/2%Pb age range (3.59 to 3.54 Ga; Fig. 7d),
indicating a homogeneous population.

5. Discussion
5.1. Bulk-rock petrogenesis

The analyzed samples from northeastern Brazil consist of migmatitic
complexes, predominantly metatexites preserving gneissic structures,
characterized by highly deformed fabrics. The whole-rock geochemistry
from different components of migmatitic complexes are compositionally
heterogeneous even within single outcrops with large ranges in con-
centrations of SiOj, AlpO3, CaO, and ferromagnesian oxides (Table S3).
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Fig. 6. Zircon Lu-Hf isotope data from samples from the NSFC with main 3.6 Ga components. (a) MB-GB-21F, (b) MB-GB-21B, (c) MB-GB-21C, (d) MB-GB21D, (e)
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are shown for each sample. Error bars of individual analysis are 2 SE for 7SHf/*””Hf;) and 2°”Pb/2%°Pb dates.

In the compositional ternary diagram of Laurent et al. (2014) most
samples plot within the TTG field with three samples with higher con-
centrations of CaO, including residue rich phases, plotting in the field of
hybrid granites (Fig. S8). The main component in these NSFC migmatitic

complexes are gray gneisses of calc-alkaline composition. Some rock
phases such as the massive tonalite MB-GB-23A and three banded
gneisses (MB-GB-21D, MB-GB-22B, and MB-GB-23C) share major (e.g.,
K20/Na20 < 0.5 at high SiO5 > 65 %) and trace element (e.g., low to
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Fig. 7. Zircon Lu-Hf isotope from samples of the NSFC with main 3.5-3.4 Ga zircon age populations (a-c) and from the gray gneiss of the Borborema Province (d). (a)
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intermediate Sr and Y and high Nb concentrations) compositions with
low to medium pressure TTGs as described by Moyen (2011) (Fig. S9).
The major element chemistry of different rock phases is consistent with
derivation from mafic sources with low to moderate K;O (Fig. S8).
Tonalitic melts derived from the partial melting of a mafic source are
consistent with TTG-like components within the Eo-Paleoarchean
gneisses of the NSFC. Absent to weak negative Eu anomalies, observed
in most rock phases, indicate that the melting of sources occurred at
different crustal levels out of the stability of plagioclase (e.g., medium
pressure TTGs) and at shallower depths (e.g., low pressure TTGs) within
the stability of plagioclase (Moyen, 2011). The geochemical diversity of
the migmatitic gneisses in the NSFC indicates either derivation from
different sources or distinct fractionation processes during the genesis of
these rocks. The geochronological data obtained from different
geochemical components emphasize the complexity of the geological
history recorded in these rocks.

5.2. U-Pb geochronology of Eo-Paleoarchean remnants from the
northeastern Brazil

5.2.1. Zircon U-Pb geochronology of the northern Sao Francisco Craton
(NSFC)

The oldest components determined in this study include inherited
zircon with 27Pb/ 209pb dates of 3.7 Ga and a main Eo-Paleoarchean age
group with zircon U-Pb dates between 3.61 and 3.59 Ga (Fig. 8).
Younger components with zircon U-Pb dates between 3.52 and 3.41 Ga
are identified in four samples (MB-GB-21A, MB-GB-21E, MB-GB-23A,
and MB-GB-23C) (Fig. 8). The main population of Eo-Paleoarchean
zircon U-Pb ages between 3.61 and 3.59 Ga, determined for migma-
titic gneisses in this study, are slightly younger than the oldest crystal-
lization ages between 3.64 and 3.63 Ga that have been reported for
orthogneisses within the Gaviao Block (e.g., Moreira et al., 2022; Oli-
veira et al., 2020). The 3.64-3.63 Ga ages from previous studies were
obtained from concordant to slightly discordant zircon analyses defining
either Concordia ages or upper intercepts with MSWD around 1. Single
zircon 297Pb/2%°Pb dates around ~3.63 Ga are commonly found in
samples analyzed in this study (Table S1). The slightly younger ages
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used in this study as preferred crystallization ages result from calcu-
lating Concordia and/or weighted mean 2°’Pb/2%°Pb ages from consis-
tent zircon age clusters, with at least 5 overlapping analyses, as reported
in the results section. The U-Pb ages defining these age clusters, were
determined on inner zircon domains (i.e., not from rims or overgrowths)
with diverse textures in CL-images (e.g., homogeneous, patchy and
sector zoning, and convoluted). Therefore, the Eoarchean-early Paleo-
archean age components obtained in this study (3.61 and 3.59 Ga) are
interpreted as primary crystallization ages for igneous protoliths of
migmatitic gneiss complexes of the Gaviao Block in concordance with
previous studies. Together, the 3.64-3.59 Ga ages reported here and in
previous studies define an initial time of crustal formation within the
Sao Francisco Craton as previously suggested (e.g., dos Santos et al.,
2022; Moreira et al., 2022; Nutman and Cordani, 1993; Oliveira et al.,
2020; Paquette et al., 2015). Similar ages have not been reported for any
other block within the craton suggesting that this Eo-Paleoarchean crust
in the Gaviao Block is the oldest stable crust preserved in the craton, and
likely served as an old core from which the craton further grew.

The 3.64-3.59 Ga main crustal forming event in the Gaviao Block
was followed by renewed magmatism between 3.52 and 3.41 Ga
recorded by zircon U-Pb in this study. During this time, rocks experi-
enced anatexis, as supported by the 3.48 Ga component in leucosome
MB-GB-21E, and (re)crystallization of new zircon and zircon domains
defining 3.52-3.41 Ga age populations in gneisses and granitoids in this
study (Figs. 4 and 5). This high-temperature event is reflected as ancient
Pb-loss in the ~3.6 Ga rocks with concordant zircon analyses plotting
along the Concordia from ~3.63 to ~3.48 Ga (Figs. 4 and 5). Magma-
tism between 3.5 and 3.3 Ga, often accompanied by migmatization, is
widely recorded within the Gaviao Block (e.g., Lopes et al., 2021;
Martins de Sousa et al., 2020; Moreira et al., 2022; Zincone et al., 2016)
and to a lesser extent in other areas of the northern Sao Francisco Craton
(e.g., Barbosa et al., 2020). Furthermore, a longer thermal perturbation
is suggested by zircon domains, described as metamorphic in origin,
with reported U-Pb ages between ~3.4 and ~3.2 Ga in orthogneisses
within the Gaviao Block (e.g., Moreira et al., 2022).

Older crustal components have been inferred by inheritance in
granodioritic gneisses in the Gaviao Block with relict zircon with
207pp,/206ph ages between 3.70 and 3.67 Ga (Moreira et al., 2022; Oli-
veira et al., 2020). Two single zircon grains with 207Pb/2°Pb ages of

3698 + 25 Ma (1 % discordant) and 3698 + 18 Ma (3 % discordant)
were determined for the tonalite MB-GB-23A and massive granitoid MB-
GB-21A, respectively (Table S1). Hadean to Eoarchean single zircon
dates reported from a supracrustal sequence (2°’Pb,/2°°Pb age of 4.1 Ga;
Paquette et al., 2015), and from an orthogneiss (2*/Pb/2%°Pb age of 3.8
Ga; Guitreau et al., 2012) have been used to argue for the existence of
Hadean to Eoarchean crust in the northern Sao Francisco Craton. The
Hadean age reported in Paquette et al. (2015), was obtained from 16
individual spots performed on a single zircon, interpreted as igneous in
origin, with variable discordance between 2 % and 24 % defining a
Discordia line with an upper intercept at 4096 + 23 Ma. The 3.8 Ga
zircon reported in Guitreau et al. (2012) is highly discordant (54 %
discordant); accordingly, we do not consider this zircon date sufficiently
reliable to make inferences on the existence of Hadean-early Eoarchean
crust within the Sao Francisco Craton. Concordant to slightly discordant
inherited zircon within the Gaviao Block reported in this and previous
studies (i.e., Moreira et al., 2022; Oliveira et al., 2020), with 207pp, /206pp,
ages between 3.70 and 3.67 Ga, provide more robust evidence for pre-
existing evolved crust in the Sao Francisco Craton that either did not
survive as a coherent crustal block or that simply has not yet been found.
Suggestions of an older crustal component (i.e., Hadean) within the
craton based on a single Hadean zircon is speculative.

5.2.2. Zircon U-Pb geochronology of the Borborema Province

In this study we also dated a trondhjemitic gneiss from the Borbor-
ema Province. Concordant to slightly discordant zircon analyses with
207pp/206ph dates between 3.59 and 3.55 Ga plot along a regression line
and define an upper-intercept age of 3.58 Ga for this trondhjemite
(Fig. 5d). A younger component is defined by two overlapping concor-
dant zircon analyses at 3.48 Ga (Fig. 5d).

Paleoarchean zircon U-Pb ages reported for TTG gneisses in the
Borborema Province are dominantly 3.4 to 3.3 Ga (e.g., Dantas et al.,
2013; Dantas et al., 2004; Fachetti et al., 2024; Neves, 2021; Pitarello
et al., 2019). Older components, scarcer in the literature, include TTGs
and meta-mafic rocks with zircon U-Pb ages ranging from 3.55 to 3.51
Ga (e.g., Pitarello et al., 2019; Santos et al., 2020) and one serpentinite
in the northern part of the province with an Eoarchean age of 3.7 Ga
(Santos et al., 2020). Trondhjemitic and granodioritic gneisses, from the
same outcrop as the gneiss analyzed in this study, have reported zircon
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ages of 3.58 and 3.47 Ga, respectively (Neves et al., 2022) in concor-
dance with the age reported in this study for the trondhjemitic phase
(Fig. 5d). Meso- to Neoarchean components are abundant in the Bor-
borema Province with main age clusters at 3.1-3.0 Ga and ~2.9-2.6 Ga
(e.g., Neves et al., 2022; Fachetti et al., 2024; Ferreira et al., 2020;
Pitarello et al., 2019).

Data from this study confirm presence of a ~3.6 Ga component
within the Borborema Province previously identified for the trondhje-
mitic phase (Neves et al., 2022). The younger 3.48 Ga component in a
trondhjemitic phase is consistent with the 3.47 Ga age reported for a
granodioritic gneiss within the same TTG sequence (Neves et al., 2022).
Several magmatic pulses between 3.4 and 2.7 Ga, in most cases
accompanied with migmatization and metamorphism, are recorded
locally in TTG enclaves in the central and northern parts of the Bor-
borema Province (e.g., da Silva Filho et al., 2002; Dantas et al., 2013;
Dantas et al., 2004; Fachetti et al., 2024; Ferreira et al., 2020; Neves
et al., 2022; Pitarello et al., 2019).

Magmatic components identified in the Borborema Province at ~3.6
Ga, ~3.5 Ga, and 3.4-3.3 Ga (e.g., this study; Neves et al., 2022; Dantas
et al., 2004, 2013; Fachetti et al.,, 2024; Pitarello et al., 2019) are
comparable with periods of crustal formation at ~3.65-3.60 Ga,
~3.52-3.48 Ga, and 3.4-3.3 Ga in the northern Sao Francisco Craton (e.
g., this study; Moreira et al., 2022; Guitreau et al., 2012; Lopes et al.,
2021; Martins de Sousa et al., 2020; Oliveira et al., 2020; Zincone et al.,
2016). Similar records of Meso- and Neoarchean magmatism in both the
Gaviao Block and the Borborema Province have been discussed before
(e.g., Ganade et al., 2021) and led to the suggestion of a Neoarchean
Gaviao-Campestre nucleus (Neves, 2021). The fact that a TTG gneiss
enclave from the Borborema Province records a ~3.6 Ga age, only
identified in the Gaviao Block within the craton, along with comparable
3.5-3.3 Ga magmatic histories in both terrains, suggest a shared crustal
evolution from the Paleoarchean through at least the Neoarchean.
Disaggregation and displacement of ancient crustal fragments, including
those within the Borborema Province, along with deformation are sug-
gested to have occurred during Early Neoproterozoic rifting-driven
decratonization followed by orogenic reworking (Ganade et al., 2021).

5.3. Hf isotope evolution of Eo-Paleoarchean crust in northeastern Brazil

5.3.1. Northern Sao Francisco Craton

Eo-Paleoarchean components of migmatitic gneisses from this study
yield consistently chondritic to sub-chondritic initial Hf isotope com-
positions ranging from Eyg;y +0.7 to —3.2 (Fig. 8). Initial Hf isotope
compositions calculated for the 3.61-3.59 Ga components are within
error of each other with Eygi) between —1.9 and —3.1 (Fig. 8). Renewed
magmatism between 3.52 and 3.41 Ga yields chondritic to sub-
chondritic Hf isotope compositions with initial Ey¢ between +0.2 and
—3.2 (Fig. 8). Inherited zircon yield individual initial Eyf of +0.5 + 1.2
and —1.5 + 1.4 at ~3.7 Ga (Table S2) consistent with the chondritic Ey¢
(3.7Ga) Of —0.5 + 0.8 determined from three zircon grains in the tonalite
(MB-GB-23A) with overlapping initial 7®Hf/’Hf at individual
207pb,/2%6ph ages (Fig. 7b). The relatively homogenous Hf isotope
compositions of samples with main age component around 3.6 Ga,
despite showing complexities in the U-Pb system-such as in the diorite
(MB-GB-21B; Fig. 4a) and the gray gneiss MB-GB-21C (Fig. 4e), which
exhibit ancient and recent Pb-loss trends-support the interpretation that
the ~3.6 Ga component represents the most reliable estimate for crys-
tallization ages of these rocks.

Isotope compositions with initial Ey¢ between —1.5 and —3.0 have
been reported for 3.65-3.60 Ga orthogenesis within the Gaviao Block (e.
g., Moreira et al., 2022; Oliveira et al., 2020). Younger components
associated with magmatism and migmatization between 3.55 and 3.30
Ga have reported more variable initial Hf isotope compositions with €y
@ between +2.4 to —9.0 (e.g., dos Santos et al., 2022; Guitreau et al.,
2012; Martins de Sousa et al., 2020; Moreira et al., 2022; Santos-Pinto
et al., 2012) The Hf isotope compositions reported for some of the
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~3.65-3.60 Ga gneisses in previous studies show large dispersions in
initial Eyr with 2 SD over 3 epsilon units (e.g., Enf(3.64Ga) —3.0 £ 3.8
from Oliveira et al., 2020). Similarly, variations in initial Hf isotope
compositions in ~3.5-3.3 Ga gneisses calculated at assigned crystalli-
zation age are over 3 epsilon units (2 SD) in some samples reported in de
Moreira et al. (2022), dos Santos et al. (2022), and Guitreau et al.
(2012). Additionally, individual analyses with high in-run uncertainties
(e.g., 2 SE of 3 to 7 epsilon Hf units) are reported for some samples in dos
Santos et al. (2022) and Guitreau et al. (2012). The isotopic variability in
the Hf isotope data reported for Eo-Paleoarchean gneisses in previous
studies can reflect mixing of different components and/or high in-run
uncertainties. Metamorphic domains and xenocryst cores are
described in previous studies. Mixing of different domains within zircon
grains during analysis resulting in isotope heterogeneity, therefore, is
highly plausible. If the latter is the case, the Hf isotope composition of
even a “good” analysis with low in-run uncertainty (i.e., 2 SE < 2 epsilon
units) may not reflect the primary magmatic Hf isotope composition.
Additionally, positive correlations between *7®Hf/!77Hf and }76Yb/Y 77 Hf
ratios as evidenced in data from de Moreira et al. (2022), suggest under
correction of 176Yb interference resulting in higher 7®Hf/””Hf ratios
relative to a true value (e.g., Fisher et al., 2014) that will lead to inac-
curate calculation of initial Hf isotope compositions.

After filtering the available Hf isotope data, that involve exclusion of
analyses with high in-run errors (2 SE < 2 € units) and samples with
variations of 2 SD over 3 epsilon units, reported in previous studies for
the Gaviao block (Guitreau et al., 2012; Martins de Sousa et al., 2020;
Moreira et al., 2022; Oliveira et al., 2020; Santos-Pinto et al., 2012) the
initial Hf isotope compositions for the 3.65-3.60 Ga gneisses range from
€nfq) —1.5 to —3.5 (Fig. 11). This refined range in the Hf isotope com-
positions for 3.65-3.60 Ga gneisses is identical within error with Hf
isotope compositions determined here for the ~3.6 Ga orthogneisses
between E€nf3.66a) —1.9 to —3.1 (shaded red area in Fig. 8). The Hf
isotope data for the 3.55-3.31 Ga gneisses and granitoids can be roughly
separated into 4 groups (Fig. 8): 1) radiogenic Hf isotope compositions
with €ygg) from +1.1 to —1.0 between 3.55 and 3.49 Ga; 2) sub-
chondritic values, with progressively more negative Eyf values over
time, from Eygi) —2.5 at ~3.55 Ga to Eyg) —5.7 at 3.44 Ga; 3) more
radiogenic isotope compositions with Eygi) between —2.0 and —3.7 at
~3.41-3.35 Ga; and 4) slightly sub-chondritic Eygg;) from —0.5 to —1.7
at ~3.4-3.3 Ga. Isotope compositions determined for the ~3.52 Ga
components, (Epfiy of +0.7 and +0.2), and for the ~3.49-3.41 Ga
components (Eysi) of —2.9 and —3.2) are in good agreement with the
filtered isotope data from rocks of similar ages within the Gaviao Block
(Fig. 8).

Together, the Hf isotope data reported here, and in previous studies
for Eo-Paleoarchean gneisses in the northern Sao Francisco Craton, are
consistently sub-chondritic (Enf~3.6Ga) from —1.5 to —3.5) for the
3.65-3.59 Ga main crustal forming event and more variable for later
magmatic events between 3.55 and 3.30 Ga (Engi) between +1.1 to
—5.7) (Fig. 8). A Hadean precursor for the 3.65-3.59 Ga gneisses has
been proposed based on the assumption of derivation from a depleted
mantle reservoir (e.g., dos Santos et al., 2022; Oliveira et al., 2020).
Additionally, unradiogenic initial Hf isotope compositions determined
for ~3.7 Ga xenocrysts with negative Ey;) between —4.9 and —8.6 have
been used to support the existence of a Hadean precursor and early
mantle differentiation (e.g., dos Santos et al., 2022; Oliveira et al.,
2020). Such unradiogenic compositions reflect reworking and assimi-
lation of pre-existent Hadean crust without implying significant differ-
entiation of the mantle to produce a depleted mantle source in the
Hadean-early Eoarchean. Crustal reworking and assimilation alone
without involvement of juvenile mantle-derived material have been, in
fact, proposed for some of the oldest crustal components on Earth
including the Eoarchean Acasta gneiss complex and gneisses from west
Greenland, and Hadean Jack Hill zircons with chondritic to sub-
chondritic Hf isotope compositions (e.g., Bauer et al., 2017; Fisher and
Vervoort, 2018; lizuka et al., 2009; Kemp et al., 2010). The sub-
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chondritic initial Hf isotope compositions and lack of evidence for ju-
venile mantle-derived sources for the genesis of the 3.65-3.60 Ga
gneisses within the Gaviao Block do not support derivation from a
depleted mantle source.

We interpret the consistently sub-chondritic initial Hf isotope com-
positions reported here and previous studies (i.e., Moreira et al., 2022;
Oliveira et al., 2020) for the ~3.6 Ga orthogneisses within the Gaviao
Block to indicate derivation from a reservoir of broadly chondritic
isotope composition and/or reworking of a ~3.8 Ga pre-existing crust.
This is also supported by Hf trajectories of mafic- (*”%Lu/Y7”Hf ~0.022;
Amelin et al., 1999) and TTG-like (\”®Lu/"’Hf ~0.009; Gardiner et al.,
2018) reservoirs evolving from CHUR at 3.8 Ga to the Hf isotope com-
positions of ~3.6 Ga components of the NSFC (Fig. 8). An Eoarchean
precursor of broadly chondritic isotope composition is in agreement
with previous work within the Gaviao Block (Moreira et al., 2022) and
other 3.8-3.6 Ga gneisses worldwide (e.g., Amelin et al., 2011; Bauer
et al., 2017; Fisher and Vervoort, 2018; Kemp et al., 2019; Mulder et al.,
2021). Melting of a precursor of mafic composition, in agreement with
models for generation of TTG melts in the Archean (e.g., Martin, 1993;
Moyen and Martin, 2012), is consistent with ~3.6 Ga components of
TTG affinity within migmatitic complexes in the NSFC. Furthermore,
interaction of melts generated at different depths through mingling and/
or mixing combined with different degrees of melting and fractional
crystallization occurring on short-time scales could explain the compo-
sitional diversity observed in migmatitic gneisses in the NSFC, that
contrast with their relatively homogeneous isotope compositions (e.g.,
Laurent et al., 2014).

Reworking of a ~3.6 Ga crust alone, with isotope composition
similar to that of main ~3.6 Ga components of the NSFC (Ep¢(3.66a) —1.9
to —3.1; Fig. 8), with either mafic-like 1761,u/'77Hf ~ 0.022 or TTG-like
1761u/Y77Hf ~ 0.009 would result in Enfp) from —2.7 to —4.8 and Eyggj)
between —3.5 and —6.5 at 3.5 Ga and 3.4 Ga, respectively. Even more
unradiogenic values, Epf(3.56a) between —4.1 and —5.3 Ga and Eng(3.46a)
between —6.3 and —7.5, result from the isotope evolution of zircon
alone (e.g., recrystallization of zircon grains/domains) owing that
epsilon Hf values in zircon change by about 2.2 epsilon units per 100 Ma.
To produce the slightly super-chondritic initial Hf isotope composition
at ~3.5 Ga (Enf3.56a) +0.7 and +0.2) and the less unradiogenic isotope
composition determined at ~3.4 Ga (Eyf (3.46a) —2.9), a more radiogenic
component must be involved. Incorporation of juvenile material has
been invoked for the genesis of a 3.54 Ga gneiss within the Gaviao Block
with a slightly super-chondritic initial Hf isotope composition of Eyg) of
+1.1 (Fig. 8; Moreira et al., 2022). The radiogenic Hf isotope compo-
sition of the 3.52 Ga components (Eygi) of +0.7 and +0.2; Fig. 8) is
consistent with renewed magmatism involving more juvenile isotope
components and assimilation of ~3.6 Ga crust. Reworking of 3.6 and
3.5 Ga crustal components without significant transfer of radiogenic
components during anatexis and late magmatism are indicated by the
sub-chondritic isotope compositions of a leucosome (Enf(3.48Ga) —3.2)
and late magmatic component (Eygs.46a) —2.9) (Fig. 8). Similar Hf
isotope patterns with crustal reworking signatures followed by inputs of
more radiogenic Hf have been described in other Precambrian terranes
including the Acasta gneiss complex and Yilgarn craton (e.g., Bauer
et al., 2017; Kemp et al., 2010; Mulder et al., 2021). Isotope shifts to-
wards more juvenile Hf isotope compositions have been interpreted to
reflect changes in crust-forming mechanisms and geodynamic regimes
that promote crustal stabilization (e.g., Mulder et al., 2021; Neeraa et al.,
2012), at least at a local scale (e.g., Kemp et al., 2023; Laurent et al.,
2024).

5.3.2. The Borborema Province

A trondhjemitic gneiss analyzed here within the Borborema Province
yields a slightly sub-chondritic Hf isotope composition with initial Egg)
of —0.5 + 1.5 at 3.58 Ga. Homogeneous isotope composition is deter-
mined for this gneiss with initial ”®Hf/'7’Hf at individual 2’Pb/2%Pb
ages with a variation of 1.5 epsilon units (Fig. 7d).
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Isotope data in the literature are scarce for Paleoarchean components
within the Borborema Province. Fachetti et al. (2024) recently reported
Hf isotope compositions for Paleoarchean components from migmatitic
orthogneisses within the central part of the province that include 2 an-
alyses of a single grain with €y of +0.8 + 1.0 and +0.5 + 1.5 at 3.5
Ga, a single analysis with Egg) —1.4 + 3.4 at 3.4 Ga, and 3 analyses from
2 grains with Eyg) between —3.3 and —3.6 at 3.3 Ga. No Hf isotope data
have been reported for ~3.6 Ga components within the Borborema
Province before this study.

Nearly chondritic initial Hf isotope compositions (Epf(3.6Ga) Of —0.5
+ 1.5) obtained in this study, the first high-precision data reported for
the ~3.6 Ga component within the Borborema Province, is consistent
with derivation from a Eoarchean source of broadly chondritic compo-
sition. Furthermore, a chondritic reservoir is supported by Hf isotope
data reported in this study (Fig. 7d) and in Fachetti et al. (2024) for the
3.6 and 3.5 Ga components, respectively. Sub-chondritic isotope com-
positions between Eyf(3.36a) —3.3 and —3.6 (Fachetti et al., 2024) of the
~3.3 Ga magmatism suggest reworking of the 3.6-3.5 Ga components
with no significant addition of juvenile mantle-derived material. A main
crustal forming event at ~3.6 Ga with sub-chondritic initial Hf isotope
compositions (Eqgs 6Ga) from —1.5 to —3.5; Fig. 8) followed by younger
juvenile additions at ~3.5-3.3 Ga (€uf(3.6Ga) from —1.5 to —3.5; Fig. 8)
recorded in both the NSFC and the Borborema Province, support a
shared crustal evolution during the Paleoarchean for these ancient
remnants of northeastern Brazil.

5.4. Implications on the global Hf isotope record of the Primitive Earth

The Hf and Nd isotope records of Precambrian terranes have been
pivotal in constraining models of crustal growth during Earth’s early
history. These are grouped in 2 end-member models: one proposes that
present-day crustal volumes formed by 4 Ga with minimal subsequent
growth (e.g., Armstrong, 1991; Bowring and Housh, 1995); the other
suggests that crustal growth was progressive, with significant formation
and preservation of continental crust only after ~3.8 Ga (e.g., McLennan
and Taylor, 1982; Patchett and Arndt, 1986). Similarly, contrasting
views exist on the formation of the depleted mantle reservoir suggesting
either extensive development since the Hadean (e.g., Bennett et al.,
1993; Bowring and Housh, 1995) or significant depletion beginning at
~3.8 Ga (e.g., Vervoort et al., 2013; Vervoort et al., 2012; Vervoort and
Kemp, 2025; Vervoort and Kemp, 2016). Hf isotope records from well-
dated zircon in Eoarchean-Paleoarchean rocks, along with Hadean
detrital zircon from the Jack Hills, reveal key observations (Fig. 9): 1)
The oldest magmatic zircon from the Acasta gneiss complex and detrital
zircon from the Jack Hills are sub-chondritic with increasingly negative
€ufy) for younger grains, indicating intra-crustal reworking without
significant incorporation of radiogenic components; 2) The most
radiogenic zircons follow a chondritic evolution through ~3.8 to ~3.6
Ga; 3) It is not until ~3.6 Ga that the most radiogenic zircon deviate
above chondritic evolution. We take this as the beginning formation of a
sustained-and long lasting—depleted mantle reservoir; 4) Throughout all
of the Archean there is a trend towards more negative Ey¢ values with
increasingly younger samples, consistent with reworking of older crust.
The global Hf isotope record highlights the near absence of Hadean crust
and the increasing crustal abundance from the Eoarchean through the
Paleoarchean, with gradual appearance of mixing trends involving a
depleted mantle source and evolved crust. These observations support a
model of progressive crustal growth and the late development of a
depleted mantle reservoir.

Precambrian terrains such as Yilgarn, Wyoming, and Slave exhibit
shifts from sub-chondritic to more radiogenic Hf isotope compositions
(e.g., Bauer et al., 2017; Frost et al., 2017; Kemp et al., 2010; Mulder
et al., 2021). Although there are too few data to say anything definitive
for the NSFC, there is a hint of a shift in the Hf isotope record at around
~3.5 Ga consistent with this trend (Fig. 8). These shifts, potentially
indicating a transition from intra-crustal reworking to crustal
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rejuvenation, have been interpreted to reflect changes in crust-forming
mechanisms and geodynamics that promoted crustal stabilization (e.
g., Mulder et al., 2021). Isotopic shifts, however, are not recorded in all
Precambrian terranes. Individual Archean cratons display different
patterns in their Hf isotope records, with juvenile additions and depleted
mantle signatures appearing diachronously (Fig. 9). These variations
suggest that changes in geodynamics and crust-forming processes
occurred at regional scales, driven by local mantle and crustal compo-
nents and varying rates of crustal formation, rather than synchronous
global changes or the onset of convergent tectonics (e.g., Kemp et al.,
2023; Laurent et al., 2024).

An important remaining question is how the Hf isotope record cor-
relates with the Nd isotope record in ancient rocks from Brazil as well as
worldwide. The Nd isotope records show much greater isotope hetero-
geneity (Vervoort and Kemp, 2025) which has been interpreted to
indicate extensive extraction of crust and development of a depleted
mantle source in the Hadean-Eoarchean (e.g., Bennett et al., 1993;
Bowring and Housh, 1995; Hoffmann et al., 2011; Hoffmann et al.,
2010). These data, however, largely from bulk-rock samples, may have
been compromised by the mixing of different components in the
analyzed sample and by open-system behavior due to post-
crystallization thermal perturbations (e.g., Vervoort and Kemp, 2025).
Such disturbances have been illustrated by REE-rich mineral phases
from Eo-Paleoarchean rocks from west Greenland and Acasta gneiss
complexes which indicate Sm-Nd re-equilibration in the Neoarchean
and Paleoproterozoic (e.g., Fisher et al., 2020; Hammerli et al., 2019;
Kemp et al., 2019). Additionally, the coexistence of components with
distinct ages and isotope compositions within individual samples, as
demonstrated for Eo-Paleoarchean gneisses in the Sao Francisco Craton
(this study), as well as from west Greenland, Acasta, and Minnesota
River valley (e.g., Fisher et al., 2020; Hammerli et al., 2019; Kemp et al.,
2019; Wang et al., 2020), further indicate isotope complexities at the
bulk-rock scale. We suggest that Hf isotope compositions determined on
well-dated zircon samples provide a more reliable isotope record of the
primitive Earth, especially in complex polymetamorphic terrains such as
in northeastern Brazil. The zircon Hf isotope record, as shown here in
northeast Brazil as well as worldwide, suggests extensive development
of the depleted mantle and the appearance of evolved crust later in the
Paleoarchean, coinciding with the appearance of continental crust in the
geologic record.

5.5. Concluding remarks

Eo-Paleoarchean components of northeastern Brazil record a main
crust forming period at ~3.6 Ga followed by renewed magmatism and

12

anatexis between 3.5 and 3.4 Ga. The 3.65-3.60 Ga gneisses of the
northern Sao Francisco Craton yield sub-chondritic Hf isotope compo-
sitions consistent with derivation from melting of a ~3.8 Ga mafic
source of broadly chondritic composition. Late magmatism at ~3.52 and
3.41 Ga following the main ~3.6 Ga crustal forming episode, with
slightly supra-chondritic to sub-chondritic initial Hf isotope composi-
tions, suggests crustal reworking of the 3.65-3.60 Ga crust along with
inputs of a more radiogenic component. A similar Hf isotope record is
observed in the Borborema Province with a main ~3.6 Ga age compo-
nent with slightly sub-chondritic (€ugs.6Ga) of —1) isotope composition
followed by a younger juvenile addition at ~3.5 Ga with €y of +1
(Fig. 8). Comparable geochronological and Hf isotopic records of Eo-
Paleoarchean rocks from the northern Sao Francisco Craton and the
Borborema Province suggest a shared crustal evolution from the Pale-
oarchean through at least the Neoarchean.

The Hf isotope record of well-known Precambrian terranes world-
wide indicates that intra-crustal reworking prevailed through the Ha-
dean and early Eoarchean, while juvenile additions of chondritic isotope
composition appear after ~3.8 Ga (Fig. 9). Prominent depleted mantle
signatures only emerge after ~3.5 Ga. The Hf isotope record reported
here for Eo-Paleoarchean rocks of northeastern Brazil follows that of the
global zircon Hf isotope record. Poly-metamorphic rocks characteristic
of Precambrian terranes often record multiple post-crystallization
thermal perturbations and have distinct age and isotope components,
leading to isotope complexities at the bulk-rock scale. In complex, multi-
component rocks such Archean migmatitic gneisses, in-situ Hf isotope
compositions of magmatic zircon grains/domains provide the most
reliable isotope record for clarifying the evolution of the crust-mantle
system in the early Earth. This Hf isotope record is consistent with the
existence of a mantle reservoir of broadly chondritic isotope composi-
tion through the Hadean-Eoarchean, with a sustained depleted mantle
reservoir only forming later in the Paleoarchean.
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