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A B S T R A C T

We present the first evidence of Archean oceanic crust submitted to Proterozoic high-pressure (HP) meta-

morphism in the South American Platform. Sm–Nd and Lu–Hf isotopic data combined with U–Pb geochrono-

logical data from the Campo Grande area, Rio Grande do Norte domain, in the Northern Borborema Province,

reflect a complex Archean (2.9 Ga and 2.6 Ga) and Paleoproterozoic (2.0 Ga) evolution, culminating in the

Neoproterozoic Brasiliano/Pan-African orogeny (ca. 600 Ma). The preserved mafic rocks contain massive poiki-

loblastic garnet and granoblastic amphibole with variable proportions of plagioclase þ diopside in symplectitic

texture, typical of high-pressure rocks. These clinopyroxene-garnet amphibolites and the more common garnet

amphibolites from the Campo Grande area are exposed as rare lenses within an Archean migmatite complex. The

amphibolite lenses represent 2.65 Ga juvenile tholeiitic magmatism derived from depleted mantle sources

(positive εHf(t) values of þ3.81 to þ30.66) later enriched by mantle metasomatism (negative εNd(t) values of

–7.97). Chondrite and Primitive Mantle-normalized REE of analyzed samples and discriminant diagrams define

two different oceanic affinities, with E-MORB and OIB signature. Negative Eu anomalies (Eu/Eu* ¼ 0.75–0.95)

indicate depletion of plagioclase in the source. Inherited zircon cores of 3.0–2.9 Ga in analyzed samples indicate

that the Neoarchean tholeiitic magmatism was emplaced into 2923 � 14 Ma old Mesoarchean crust (εNd(t) ¼

–2.58 and Nd TDM ¼ 3.2 Ga) of the Rio Grande do Norte domain. The age of retro-eclogite facies metamorphism is

not yet completely understood. We suggest that two high-grade metamorphic events are recognized in the mafic

rocks: the first at 2.0 Ga, recorded in some samples, and the second, at ca. 600 Ma, stronger and more pervasive

and recorded in several of the mafic rock samples. The Neoproterozoic zircon grains are found in symplectite

texture as inclusions in the garnet grains and represent the age of HP conditions in the area. These zircon grains

show a younger cluster of concordant analyses between 623 � 3 Ma and 592 � 5 Ma with εHf(t) values of þ0.74 to

–65.88. Thus, the Campo Grande rock assemblage is composed of Archean units that were amalgamated to West

Gondwana during Neoproterozoic Brasiliano orogeny continent-continent collision and crustal reworking.

1. Introduction

Precambrian ultrahigh-pressure (UHP) and high-pressure (HP) rocks

can be evidence of subduction of ancient oceanic crust similar to modern

processes of eclogite formation (e.g. Rubatto and Hermann, 2001; Gor-

don et al., 2013; Zhang et al., 2019 and references therein). These relicts

of oceanic subduction may mark suture zones, allow the identification of

distinct magmatic and metamorphic events and suggest geodynamic

scenarios for the crustal accretion (e.g. Brown, 2009; McClelland and

Lapen, 2013). However, UHP and HP rocks are rare in Precambrian

orogens, since tectonic processes tend to subduct mafic residues into the

mantle (e.g. Weller and St-Onge, 2017; Zhang et al., 2019). Thus, only a

few remain preserved, and these are commonly retrogressed to lower

grade metamorphic conditions (e.g. Santos et al., 2009, 2015; Gilotti,

2013; Lanari et al., 2013). An additional reason for the uncommon

occurrence of eclogites in Precambrian terranes (e.g. Mints et al., 2010; Li
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et al., 2015; Liu et al., 2017) is that during Archean and Paleoproterozoic

times, the geothermal gradient was higher, favoring the occurrence of

granulite-facies ultrahigh-temperature metamorphism (G-UHTM) (e.g.

Brown, 2009). The opposite scenario occurs in the Phanerozoic orogenic

systems, where the medium-temperature eclogite-high-pressure granu-

lite metamorphism is mainly observed (E-HPGM) (e.g. Brown, 2014;

Sizova et al., 2014). In addition, the absence of high-pressure and

low-temperature metamorphism in the Archean record can also be

attributed to the secular changes in oceanic crust composition, i.e., pos-

itive correlation between high geothermal gradients and MgO content

throughout Earth history (e.g. Palin and White, 2016).

Almost all early mafic crusts were melted (and remelted) to form

tonalite-trondhjemite-granodiorite (TTG) associations, which represent

nearly 80% of the Archean continental crust (e.g. Rudnick and Gao,

2003; Rollinson, 2010; Moyen and Martin, 2012; Holder et al., 2019).

Trace elements contents and neodymium and hafnium isotope data from

the scarce Neoarchean tholeiitic basalts with high Nb/Th, Nb/U, Sm/Nd

and Lu/Hf ratios suggest mantle depletion in incompatible elements at

2.5 Ga (e.g. Hawkesworth et al., 2010). Independent of plate tectonic and

non-plate tectonic models, melting of basaltic crust under amphibolite or

eclogite facies is required for the origin of the Archean TTGs (Polat et al.,

2011; Polat, 2012). Therefore, the study of tholeiitic basalts (today am-

phibolites) allows the discussion of important questions like magma

source and tectonic setting of the Archean oceanic crust.

Oceanic crust submitted to high-pressure metamorphic conditions

(>15 GPa) (e.g. Carswell, 1990) generates eclogites that consist of

Na-rich clinopyroxene (omphacite) and commonly Na-rich amphibole.

The presence of plagioclase, usually developing symplectitic texture with

diopside, indicates the destabilization of omphacite during decompres-

sion (e.g. Carswell, 1990). This retrogression stage generates

retro-eclogites (e.g., Powell and Holland, 2008; Lanari and Engi, 2017;

Tedeschi et al., 2017). In the South American Platform (Fig. 1A), Neo-

proterozoic retro-eclogites are reported from fold-thrust belt systems in

the southern Brasília orogen (e.g. Reno et al., 2012; Trouw et al., 2013)

and from the Cear�a Central domain (Santos et al., 2009, 2015), northwest

portion of the Borborema Province. In both cases, the retro-eclogite oc-

currences are related to Brasiliano/Pan-African orogeny collision devel-

oped during West Gondwana amalgamation. However, in this study, we

present the first evidence of tholeiitic mafic crust remnants included in an

Archean nucleus in the Borborema Province, NE Brazil. Our study is

based on geological mapping, petrographic description, geochemical

analyses, Sm–Nd and Lu–Hf isotopic data, and U–Pb geochronology.

2. Geological setting

The Borborema Province (BP) is formed of discontinuous remnants of

Archean crust, Paleoproterozoic migmatite-gneiss complexes and Meso-

and Neoproterozoic supracrustal rocks (e.g. Jardim de S�a, 1994; Brito

Neves et al., 2000; Van Schmus et al., 2008). These units were amal-

gamated to West Gondwana during the complex and diachronic orogenic

collage that took place in distinct pulses from ca. 800 Ma to 500 Ma (e.g.

Arthaud et al., 2008; Van Schmus et al., 2008; Brito Neves and Fuck,

2014; Padilha et al., 2017). The position of these diverse crustal frag-

ments during convergence of West African-S~ao Luis and S~ao

Francisco-Congo cratons, and the presence of previous zones of weak-

ness, lead to the development of a continental-scale (>200,000 km2)

network of strike-slip shear zones (Fig. 1A) (e.g. Brito Neves et al., 2000;

Arthaud et al., 2008; Gray et al., 2008; Santos et al., 2008; Ganade et al.,

2014; Padilha et al., 2017). These several shear zones represent local

adjustments within each terrain, as well as divide the high-temperature,

medium- to low-pressure metamorphic Paleoproterozoic high-grade

migmatite-gneiss terranes. The shear zone system was coeval with ana-

texis processes and synkinematic magmatism, including crust- and

mantle-derived magmas (Corsini et al., 1991; Dantas et al., 2004;

Arthaud et al., 2008; Brito Neves, 2011; Archanjo et al., 2013; Oliveira

and Medeiros, 2018).

The Rio Grande do Norte domain (RGND) is located in the north-

eastern portion of the Borborema Province (Fig. 1B), and is limited

westwards by the NE-trending rectilinear. Portalegre dextral strike-slip

shear zone and by the Patos-Adamaoua EW-trending shear zone at the

southern boundary (e.g. Jardim de S�a, 1994; Brito Neves, 2011). In the

central portion (Fig. 1C), RGND includes Paleoproterozoic basement

banded gneiss underlying the Neoproterozoic Serid�o schist belt (e.g. Van

Schmus et al., 2008; Hollanda et al., 2015; Ferreira et al., 2019). Sys-

tematic U–Pb zircon geochronological studies indicate that Rhyacian

(2.25–2.15 Ga) metamorphic high-K calc-alkaline magmatic rocks (e.g.

Caic�o Complex; Souza et al., 2007; Hollanda et al., 2011) and Siderian

(2.3 Ga) supracrustal rocks form the basement of the Neoproterozoic

Serid�o Group (Dantas et al., 2008).

The Campo Grande Archean nucleus is one of the basement inlier of

the RGNT (Figs. 1C and 2). The area consists of a migmatitic gneiss

complex with supracrustal lenses and intrusive Neoproterozoic granites

(e.g. Galindo, 1993; Trindade et al., 1999). In this area (Fig. 2), we

discovered amphibolite lenses with preserved textures that we interpret

as evidence of high-pressure mafic rocks inside an Archean basement in

South America, a distinct setting from all retro-eclogites previously

described within Neoproterozoic supracrustal sequences in West

Gondwana.

3. Materials and methods

3.1. Geological mapping and petrography

Geological mapping in the Campo Grande area was carried out from

2016 to 2018 with the purpose of investigating the mafic bodies inserted

in the gneiss-migmatite complex. Geological mapping was supported by

geochronology, geochemical, geophysical and petrographic surveys.

Systematic thin sections cut relative to foliation were obtained from

representative samples from fourteen outcrops of mafic lenses and host

migmatite and investigated in the Microscopy Laboratory of the Institute

of Geosciences of Universidade de Brasília (Brazil). These samples are

from mafic lenses with a high modal concentration of pyroxene and

garnet, since most mafic rock outcrops consist almost exclusively of

amphibole and plagioclase, recording full retrogression of the HPmineral

assemblage.

3.2. Geochemistry

Geochemical analyses were performed on 16 samples of the mapped

mafic rocks. Analyses of major and trace elements were carried out by

ACME Analytical Laboratories (Vancouver, Canada). Major and minor

elements were obtained by X-ray fluorescence (XRF) after fusion of the

sample with lithium tetraborate. Trace elements were determined from

melting 0.2 g of the sample with lithium metaborate/tetraborate, diluted

nitric acid digestion and ICP-OES analysis. The loss on ignition (LOI) was

given by weight difference after heating at 100 �C. Precious metals and

base metals were determined after 0.5 g of sample digestion with Acqua

Regia with ICP-MS analysis.

3.3. U–Pb and Lu–Hf isotopes

Zircon grains from mafic lenses and host migmatite-gneiss were

separated by density and magnetic separator before concentration by

hand picking to assemble the grain mounts. U–Pb and Lu–Hf isotopic

analyses were performed on zircon grains using a Thermo-Fisher

Neptune High Resolution Multicollector Inductively Coupled Plasma

Mass Spectrometer (HR-MC-ICP-MS) coupled with a Nd:YAGUP213 New

Wave laser ablation system at the Laboratory of Geochronology of Uni-

versidade de Brasília. U–Pb analyses on zircon grains were carried out by

the standard-sample bracketing method (Albar�ede et al., 2004), using the

GJ-1 standard zircon (Jackson et al., 2004) in order to quantify the

amount of ICP-MS fractionation. The tuned masses were 238, 207, 206,

A.C.D. Ferreira et al. Geoscience Frontiers 11 (2020) 2221–2242

2222



204 and 202. The integration time was 1 s and the ablation time was 40 s.

A 30 μm spot size was used and the laser setting was 10 Hz and 2–3

J/cm2. Two to four unknown grains were analyzed between GJ-1 ana-

lyses. 206Pb/207Pb and 206Pb/238U ratios were time corrected. The raw

data were processed off-line and reduced using an Excel worksheet (Bühn

et al., 2009). During the analytical sessions, the zircon standard 91500

(Jackson et al., 2004) was also analyzed as an external standard.

Common 204Pb was monitored using the 202Hg and (204Hg þ
204Pb)

Fig. 1. Regional geological setting. (A) Localization map of the Borborema Province (BP) in West Gondwana. BNP–Benin-Nigeria Province, RPC–Rio de La Plata

Craton, SFC–S~ao Francisco Craton, TC–Tanzania Craton, TL–Transbrasiliano Lineament, KL–Kandi Lineament, IZL–Ifewara-Zungeru Lineament, PaL–Patos Lineament,

ADL–Adamaoua Lineament (modified from Gray et al., 2008; Brito Neves and Fuck, 2014; Ganade et al., 2016). (B) Equatorial Brazil-Africa correlation modified from

Jardim de S�a (1994) and Van Schmus et al. (2008). CD–Cear�a domain, RGND–Rio Grande do Norte domain, and SBP–Southern Borborema Province. (C) Geological

map of the Rio Grande do Norte domain modified from Jardim de S�a (1994). PJCSZ–Picuí-Jo~ao Câmara shear zone.
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masses. Common Pb corrections were not done due to very low signals of
204Pb (<30 cps) and high 206Pb/204Pb ratios. Reported errors are prop-

agated by quadratic addition [(2SD2
þ2SE2)/2] (SD ¼ standard devia-

tion; SE ¼ standard error) of external reproducibility and within-run

precision. External reproducibility is represented by the standard devi-

ation obtained from repeated analyses (~1.1% for 207Pb/206Pb and up to

~2% for 206Pb/238U) of the GJ-1 zircon standard during the analytical

sessions, and the within-run precision is the standard error calculated for

each analysis. Concordia diagrams (2σ error ellipses), probability density

plots and weighted average ages were calculated using the Isoplot-3/Ex

software (Ludwig, 2008).

Zircon crystals previously analyzed for U–Pb isotopes and showing

Fig. 2. Simplified geological map of the Campo Grande area. The Campo Grande area represents an ellipsoidal gneissic-migmatitic block generated due to the

combined stresses related to eastward push from the Neoproterozoic Portalegre shear zone and northward push from the Neoproterozoic Patos shear zone, which

produced NW–SE shortening and amalgamation/accretion of allochthonous terranes, leading to an extensive network of dextral strike-slip shear zones.

A.C.D. Ferreira et al. Geoscience Frontiers 11 (2020) 2221–2242
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concordant to slightly discordant (<10%) data were selected for Lu–Hf

analyses. Lu–Hf isotopic data were collected over 50 s of ablation time

and using a 50 μm spot size. During the analytical sessions, replicate

analyses of the GJ-1 standard zircon were performed, obtaining an

average 176Hf/177Hf ratio of 0.282006� 16 (2σ), in good agreement with

the reference value for the GJ standard zircon (Morel et al., 2008).

Measurement spots were carefully positioned in the same growth area

but not onto the same spot analyzed for U–Pb data. The signals of the

interference-free isotopes 171Yb, 173Yb and 175Lu were monitored during

analysis in order to correct for isobaric interferences of 176Yb and 176Lu

on the 176Hf signal. The 176Yb and 176Lu contributions were calculated

using the isotopic abundance of Lu and Hf (Chu et al., 2002). Contem-

poraneous measurements of 171Yb and 173Yb provide a method to correct

for mass-bias of Yb using a 173Yb/171Yb normalization factor of 1.132685

(Chu et al., 2002). The Hf isotope ratios were normalized to 179Hf/177Hf

of 0.7325 (Patchett, 1983). εHf(t) was calculated using the decay constant

λ ¼ 1.865 � 10–11(Scherer et al., 2001) and the 176Lu/177Hf and
176Hf/177Hf CHUR values of 0.0332 and 0.282772 (Blichert-Toft and

Albar�ede, 1997), respectively. Two-stage model ages (TDM) were calcu-

lated from the initial Hf isotopic composition of zircon, using an average

crustal Lu/Hf ratio (e.g. Gerdes and Zeh, 2009). The values of
176Lu/177Hf¼ 0.0384 and 176Hf/177Hf¼ 0.28325 were used for depleted

mantle (Chauvel and Blichert-Toft, 2001), and 176Lu/177Hf ¼ 0.0113 for

average crust (Wedepohl, 1995).

The Lu–Hf system is analogous to the Sm–Nd isotopic system (e.g.

Vervoort and Blichert-Toft, 1999) and provides an unparalleled time

series of changing magmatic and metamorphic conditions during crystal

growth (e.g. Hawkesworth and Kemp, 2006). The zircon grains preserve

the initial 176Hf/177Hf isotopic ratios inherited by the magma fromwhich

they crystallized. Since zircon is highly robust and has high Hf contents

(1%–3%), Hf isotope ratios are largely impervious to deep weathering,

deformation and alteration, all of which can disturb bulk rock isotope

systems, including Sm–Nd (e.g. Hawkesworth and Kemp, 2006).

The analyzed zircon grains are rounded and unzoned (50–100 μm) to

elongated (100–200 μm) with length/width ratio of 2:1 and 3:1,

respectively. Images of the selected zircon grains in backscattered elec-

trons (BSE) mode were obtained using a Scanning Electron Microprobe

(SEM) in order to gather information on the internal structure of the

studied grains. The BSE images allow to differentiate between Hf-rich

(bright) and Hf-poor (less bright) portions of the zircon grains. In addi-

tion, studied zircon grains from the amphibolite samples show unzoned

Hf-poor cores rimmed by Hf-rich rims.

Depleted mantle hafnium model ages give a qualitative estimate of

the time of separation of the source rocks (e.g. Hawkesworth and Kemp,

2006). Therefore, depleted mantle model ages do not necessarily provide

any real age information. However, Hf TDMwith εHf(t) values are useful in

identifying older crustal versus juvenile magmatic contributions (e.g.

Nebel et al., 2007; Gerdes and Zeh, 2009).

3.4. Sm–Nd isotopes

Sm–Nd isotopic analyses followed the method described by Gioia and

Pimentel (2000) and were also carried out at the Geochronology Labo-

ratory of Universidade de Brasília. Whole-rock powders (~50 mg) of 11

representative samples were mixed with 149Sm–
150Nd spike solution and

dissolved in Savillex Digestion Vessels. Sm and Nd extraction of

whole-rock samples followed conventional cation exchange chromatog-

raphy techniques, with Teflon columns containing LN-Spec resin

(HDEHP – diethylhexil phosphoric acid supported on PTFE powder). Sm

and Nd fractions were loaded on Re evaporation filaments of double

filament assemblies, and the isotopic measurements were carried out on a

multicollector TRITON thermal ionization mass spectrometer in static

mode. Uncertainties of Sm/Nd and 143Nd/144Nd ratios were better than

�0.1% (2σ standard error) and �0.0015% (1σ), respectively, according

to repeated analyses of the international rock standard

BHVO-1.143Nd/144Nd ratios were normalized to 146Nd/144Nd ¼ 0.7219,

and the decay constant used was 6.54 � 10–12. The TDM values were

calculated using the model of DePaolo (1981).

4. Results

4.1. Field relationships and petrography

Field description was based on mafic rocks found in outcrops in the

Campo Grande area, central portion of Rio Grande do Norte State,

Northeast Brazil. These rocks comprise clinopyroxene-garnet amphibo-

lites that crop out as discontinuous lenticular bodies, forming boudins,

with variable sizes (~30 cm–120 m long) (Fig. 2). The amphibolite

boudins are hosted in a migmatite-gneiss complex (Figs. 3A and 4A),

which includes alkali biotite to amphibole-biotite migmatite-gneiss, cli-

nopyroxenite and paragneiss. The amphibolite outcrops form a lenticular

pattern of concordant mafic bodies parallel to foliation of the host mig-

matites. They also occur as isolated lenses within the N–NE to E–W

trending shear zone systems (Fig. 2) that underline the ellipsoid shape of

the Campo Grande Block. Garnet-biotite paragneiss layers, calc-silicate

rocks, and alkaline granite intrusions also occur in the study area.

In the core portions, the mafic rocks are medium- to coarse-grained

and contain garnet porphyroblasts (15%–25%) with 200–800 μm, and

granoblastic amphibole (25%–45%), with variable proportions of

plagioclase þ clinopyroxene þ amphibole (35%–45%), forming a typical

symplectitic texture (Fig. 3C–H) within the inner domains of the bodies.

The symplectitic texture is a typical indication of a high-pressure meta-

morphic event (e.g. Santos et al., 2009, 2015; Tedeschi et al., 2017).

Garnet with symplectitic overgrowth of plagioclase þ clinopyroxene þ

amphibole represents the retrograded HP mineral assemblage. However,

most mafic rock outcrops consist mainly of granoblastic amphibole (ca.

60%) and plagioclase (ca. 40%), recording full retrogression of the

former mineral assemblage. These rocks show medium- to fine-grained

texture towards their rims, which are foliated due to deformation

related to the development of shear zones (Fig. 4A).

Garnet crystals exhibit irregular shapes with lobate edges, and a

composite corona texture is developed on their borders, composed of an

inner plagioclase and an outer amphibole corona. The garnet porphyro-

blasts display inclusions of quartz, ilmenite, clinopyroxene and zircon

(Fig. 3C). Garnet grains are irregular in shape due to breakdown reaction

rims imposed by retrogression. The deformation is better observed in

outcrop-scale mainly by the boudinage process along the Campo Grande

shear zones systems, indicating that the emplacement of these mafic

rocks was coeval or prior to the last deformation. Thus, zircon inclusions

in garnet may represent the time of the HP metamorphism or the pre-

vious phases recorded in the protolith sources or the host migmatite.

Clinopyroxene occurs as subhedral crystals in contact with amphibole

or developing symplectitic texture with plagioclase and amphibole.

Amphibole occurs by replacing both primary and secondary pyroxene

and garnet crystals as vermicular fine-grained crystals in symplectite,

inclusions in granoblastic garnet and developed corona texture

(Fig. 3C–H). Plagioclase grains occur in the symplectite and corona

texture. Rutile, ilmenite, apatite, zircon and titanite are accessory min-

erals (<3%). Quartz inclusions were examined by Raman spectroscopy,

but high-pressure polymorphs (e.g. coesite) were not found. Some lenses

are completely retrograded, marked by the increase in amphibole con-

centration. The amphibolite rims show the same tectonic foliation

imprinted in the host gneiss complex. Sometimes, 3–5 m wide shear

zones characterize the contact between mafic rocks and gneisses

(Fig. 4A).

The country rocks comprise mainly deformed tonalitic paleosome

(Fig. 4B) and garnet-biotite gneiss (Fig. 4C). Melanosome bands consist of

biotite (40%–50%) and amphibole (5%–15%), with feldspar (5%–10%)

and quartz (15%–25%) porphyroclasts surrounded by biotite and red

garnet (3%–5%) porphyroblasts. The leucosome bands are composed of

microcline (20%–30%) and plagioclase (30%–40%) with quartz ribbons

(30%–40%), forming augen textures and making up the major part of the
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felsic layers. Ilmenite, apatite and zircon are accessory mineral phases in

the leucosome. Garnet crystals from gneiss exhibit a pseudo-automorphic

shape (Fig. 4D) with some lobed edges and quartz inclusions, while

pressure shadows host biotite growths. Sometimes the idiomorphic shape

of the garnet crystals indicates deformation and resorption (Fig. 4E), with

feldspar and biotite along the mylonitic zone.

4.2. Geochemistry

Sixteen amphibolite samples were selected for geochemical analyses

in the study area (see localization in Fig. 2 and Supplementary Table 1).

The samples were collected mainly in the central portions of the mafic

boudins, where features indicating retrogression of HP mineral assem-

blages are preserved. Whole-rock chemical compositions of representa-

tive samples of the investigated amphibolites are listed in Table 1. The

plot of major element oxides (Al2O3, Na2O, CaO, Fe2O3, P2O5, TiO2 and

K2O) against the Mg# (¼Mg/(MgþFe)� 100) (Fig. 5A–G) indicates that

bulk compositions are mainly controlled by different amounts of

amphibole, garnet, clinopyroxene and plagioclase in the mafic rock.

Thus, samples rich in Na2O and CaO have higher modal concentrations of

Fig. 3. Petrographic features and symplectitic texture of the Campo Grande amphibolites. (A) AP-10 mafic lens parallel to foliation of the host migmatite. (B) Hand

ADE-20 sample. (C) Symplectitic texture in scanning electron microscope image of sample AP-14. Photomicrographs of (D) Sample ADE-16, (E) Sample ADE-24B, (F)

Sample ADE-20, (G) Sample AP-17, (H) Petrographic features and symplectitic texture of the ADE-29 sample. (D, E, F, H) Crossed polarizers, (G) parallel polarizers.

Mineral symbols follow Whitney and Evans (2010).
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clinopyroxene, while samples with high FeO have higher Fe-amphibole

content. In addition, lower K2O content corroborates the absence of K-

bearing minerals. Mg# was used as an index of fractionation because it

largely reflects the changes in the samples MgO content (e.g. Hills and

Haggerty, 1989; Defant and Drummond, 1990; Jacob, 2004).

Bivariate diagrams were used to characterize the sources and inves-

tigate the protolith evolution. These diagrams (Fig. 5A–G) indicate that

amphibolite protoliths crystallized from fractionated mafic magmas with

Mg# between 40.9 and 54.56, high Al2O3 (13.4–15.4 wt.%) and CaO

(9.77–11.90 wt.%) and low Fe2O3 (10.65–15.19 wt.%). A more frac-

tionated sample group was observed, with lower Al2O3 (<13.95 wt.%),

CaO (<5.67 wt.%) and Mg# ranging between 30.06 and 37.15, with

higher Fe2O3 (14.55–20.70 wt.%), P2O5 (0.19–0.45 wt.%) and TiO2

(1.78–3.21 wt.%). The group with lower Mg# has high Th (1.38–8.11

ppm), Ba (65.7–599 ppm) and Rb (4–47.6 ppm) when compared to the

group with higher Mg# that shows low Th (0.3–3.24 ppm), Ba (20–310

ppm) and Rb (0.9–13.5 ppm). The high Mg# group has a higher con-

centration (60%–80%) of garnet and pyroxene with well-developed

symplectitic texture, whereas the lower Mg# group consists mainly of

granoblastic amphibole. The samples in both groups, more fractionated

and more primitive, have relatively low contents of K2O (~0.1 wt.%) and

low concentration of lithophile elements (Table 1). These samples also

have tholeiitic affinity (Fig. 6A) (Irvine and Baragar, 1971) and

sub-alkaline basaltic composition, with low Na2O þ K2O (0.99–4.38

wt.%), Si2O (46.9–56.1 wt.%), Zr/Ti (0.007–0.02) and Nb/Y (0.1–0.8)

ratios (Fig. 6B) (Pearce, 2008).

Chondrite-normalized rare earth elements (REE) profiles show a

similar pattern to fractionated E-MORB from Sun andMcDonough (1989)

for the higher Mg# samples (Fig. 7A). These REE profiles have distinc-

tively positive slopes for light REE, (La/Yb)N ¼ 1.62–3.10, and flat dis-

tribution of heavy REE, (Tb/Yb)N ¼ 0.91–1.27. The lower Mg# group

shows a similar pattern to ocean island basalts (OIB) (Fig. 7A) with

higher enrichment of LREE, (La/Yb)N ¼ 1.92–8.34, and HREE, (Tb/Yb)N
¼ 1.17–1.89. A negative Eu anomaly (Eu/Eu* ¼ 0.75–1.06) indicates

plagioclase depletion in both amphibolite groups sources.

Primitive mantle normalized trace elements profiles exhibit slight

enrichment of Cs, Ba, Th, U, La, Pb and LREE (as Dy, Yb and Lu), and

depletion of Rb, Nb, K, Sr, and Ti in relation to the E-MORB pattern

(Fig. 7B). The samples are enriched in Dy, Y, Yb and Lu in comparison to

the OIB pattern, while the other elements are depleted (Fig. 7B). Pb

shows the strongest fractionation in relation to the E-MORB and OIB

patterns.

In the TiO2–K2O–P2O5 diagram (Pearce et al., 1975), amphibolite

samples plot in the oceanic basalt field (Fig. 8A), with the exception of

samples AT-02 and AP-14A, which high Ba (117 ppm and 564 ppm) and

Sr (152 ppm and 551 ppm). The Hf/3–Nb/16–Th ternary discrimination

diagram (Wood, 1980) shows that most samples plot in the D field of

island arc tholeiite; progressive enrichment of Th shifts samples from

E-MORB to arc-basalts (Fig. 8B). In the Nb�2–Zr/4–Y diagram

(Meschede, 1986), amphibolite samples also plot in the N-MORB to

volcanic arc basalts fields (Fig. 8C). Thus, discriminant diagrams

corroborate an oceanic crust, with E-MORB and OIB signatures, as source

of the studied mafic rocks.

4.3. U–Pb geochronology

Six amphibolite samples and one host tonalitic paleosome gneiss

sample were dated (Supplementary Table 2). The samples were selected

based on the presence of porphyroblastic garnet surrounded by sym-

plectitic growth of plagioclase þ clinopyroxene þ amphibole that may

represent the retrograded HP mineral assemblage, and the spatial dis-

tribution of the samples to map the geochronological extension of the

Fig. 4. Field views of amphibolites and host gneiss. (A) AT-26 mafic lens concordant and parallel to low-angle Sn foliation dipping 35� to the south. (B) Strongly

folded stromatic structure of tonalitic paleosome (sample ADE-10). (C) Strongly deformed garnet-biotite gneiss along a NE–SW-trending shear zone. (D) Hand sample

of garnet-biotite gneiss showing garnet crystals with pseudo-automorphic shape and some lobed edges. (E) Syntectonic garnet porphyroblast with internal zonation

(helicitic inclusion trails) that indicate top-to-the-SW rotation of more than 180�. Mineral symbols follow Whitney and Evans (2010).
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Table 1

Whole-rock analyses of representative samples from the Campo Grande amphibolite (major elements in wt.% and trace elements in ppm).

Sample ADE-09 ADE-29 AT-20 AT-10 AT-16 ADE-16 AP-10 AT-26 ADE-24A AT-24 ADE-24B ADE-20 AT-02 AP-14B AP-14A AP-17

SiO2 48.80 49.20 46.90 56.10 47.90 50.83 48.20 50.60 52.05 55.60 50.70 54.00 53.60 48.90 49.80 51.10

Al2O3 14.00 15.07 11.80 13.95 14.90 13.70 13.40 14.95 15.07 15.05 14.10 14.65 15.40 14.75 13.05 13.00

Fe2O3 13.50 14.10 20.70 15.95 17.10 15.19 16.30 14.00 11.49 10.45 12.45 12.55 10.65 12.50 14.55 18.25

MnO 0.20 0.21 0.25 0.25 0.24 0.22 0.21 0.20 0.18 0.16 0.22 0.22 0.21 0.20 0.20 0.25

MgO 7.11 6.59 4.99 4.67 5.67 5.92 7.06 6.42 5.69 5.37 6.43 6.54 5.68 8.42 4.36 4.70

CaO 10.65 10.36 9.37 7.17 9.46 10.01 11.00 10.15 11.02 11.05 11.90 11.25 9.77 11.20 7.40 8.71

Na2O 2.25 2.57 1.24 0.90 2.58 2.14 1.88 2.86 2.42 1.62 2.54 1.19 3.61 0.96 2.83 1.47

K2O 0.17 0.19 0.39 0.09 0.39 0.13 0.07 0.55 0.17 0.11 0.18 0.09 0.76 0.19 1.71 0.41

P2O5 0.14 0.14 0.25 0.21 0.19 0.20 0.23 0.13 0.15 0.08 0.16 0.06 0.06 0.11 0.45 0.34

TiO2 1.26 1.30 3.01 1.47 1.78 1.62 1.76 1.37 1.08 0.64 1.12 0.71 0.71 0.88 3.21 2.92

Cr2O3 0.04 0.05 <0.01 0.01 0.01 0.03 0.04 0.03 0.01 0.04 0.02 0.03 0.06 0.05 0.01 0.01

LOI 0.45 0.00 0.26 0.12 0.30 0.20 0.11 0.57 0.40 0.14 0.61 �0.02 1.01 1.00 2.41 0.20

TOTAL 98.60 99.79 98.65 100.96 100.54 99.80 100.28 101.87 99.75 100.33 100.46 101.28 101.53 99.17 100.11 101.41

Mg# 48.42 45.45 30.06 34.29 37.15 40.99 43.57 44.98 46.89 47.81 47.93 48.16 48.74 54.56 34.82 31.46

Sc 39.00 35.00 45.00 38.00 37.00 37.00 40.00 36.00 33.00 38.00 36.00 44.00 31.00 35.00 27.00 37.00

V 269.00 268.00 726.00 341.00 353.00 270.00 346.00 294.00 251.00 229.00 302.00 316.00 235.00 262.00 449.00 449.00

Cr 280.00 <10 <10 60.00 80.00 <10 300.00 170.00 <10 240.00 130.00 220.00 420.00 360.00 70.00 80.00

Co 83.00 56.80 113.00 116.00 91.00 55.90 60.00 70.00 66.50 88.00 70.00 81.00 46.00 76.00 41.00 68.00

Ni 102.00 89.00 71.00 65.00 94.00 64.00 117.00 104.00 124.00 47.00 120.00 65.00 176.00 105.00 43.00 62.00

Cu 28.00 94.90 329.00 128.00 155.00 102.60 61.00 85.00 61.20 107.00 45.00 149.00 85.00 10.00 127.00 461.00

Zn 101.00 7.00 124.00 78.00 120.00 6.00 181.00 107.00 5.00 61.00 96.00 76.00 105.00 92.00 134.00 147.00

Ga 17.30 16.70 21.70 16.60 22.40 15.60 16.80 19.00 17.40 16.10 17.50 14.80 20.60 17.10 24.90 22.60

Rb 1.80 4.20 12.40 4.00 11.90 2.20 0.90 13.50 2.60 2.60 2.60 2.00 8.70 5.30 47.60 23.80

Sr 79.40 95.10 64.80 64.50 121.00 71.40 68.40 127.50 492.80 221.00 99.70 78.50 152.50 37.20 551.00 132.50

Y 29.80 28.00 42.10 42.80 35.00 33.30 45.70 25.60 33.80 31.50 38.00 26.20 28.00 25.10 38.40 59.40

Zr 118.00 90.50 126.00 151.00 115.00 162.10 156.00 75.00 115.60 66.00 129.00 81.00 32.00 66.00 289.00 314.00

Nb 6.00 4.40 8.70 10.30 10.40 8.80 12.30 6.80 6.80 4.40 6.60 4.90 9.80 5.30 22.70 20.30

Cs 0.18 0.20 0.63 0.24 0.37 0.10 0.08 1.08 <0.1 0.11 0.17 0.17 0.34 0.44 0.79 2.16

Ba 199.50 35.00 65.70 599.00 181.00 20.00 118.00 310.00 179.00 109.50 93.90 29.10 117.00 109.00 564.00 324.00

Hf 3.10 2.60 3.40 3.90 3.20 4.20 4.20 2.00 3.30 1.90 3.30 2.30 1.30 1.70 7.20 8.20

Ta 0.80 0.30 0.80 1.00 0.80 0.60 0.80 0.50 0.60 0.50 0.70 0.90 1.10 0.40 1.40 1.40

Pb < 0.10 < < < 0.50 4.00 23.00 5.30 18.00 2.00 4.00 11.00 3.00 6.00 6.00

Th 0.30 0.70 1.38 8.11 1.73 2.60 1.79 0.66 2.40 3.24 1.90 2.56 1.60 0.72 4.30 4.45

U 0.34 0.20 0.58 1.71 0.29 0.70 0.42 0.19 0.90 0.74 0.81 0.45 1.66 0.21 0.90 1.11

La 7.30 7.80 11.40 22.30 16.20 14.00 14.30 10.40 11.90 18.80 10.90 8.40 19.30 7.20 34.90 31.60

Ce 17.70 18.00 26.60 47.50 31.70 31.30 32.50 16.90 31.60 32.60 23.80 17.60 53.70 13.90 76.20 61.30

Pr 2.46 2.46 3.41 5.51 4.30 3.78 4.56 2.40 3.51 4.07 3.50 2.26 4.33 1.94 10.65 8.87

Nd 11.20 12.10 16.10 22.70 19.80 15.80 20.60 11.70 15.40 16.80 15.70 9.10 17.20 8.90 43.70 38.80

Sm 3.10 3.16 4.44 5.70 5.04 4.00 5.19 2.97 3.93 4.23 4.35 2.32 3.85 2.63 9.44 9.21

Eu 1.12 1.27 1.57 1.53 1.89 1.36 1.65 1.30 1.38 1.65 1.34 0.66 1.02 1.23 2.83 2.67

Gd 4.52 4.25 6.36 6.64 6.08 5.00 7.12 4.19 4.93 5.45 6.13 3.10 4.33 3.64 8.74 10.75

Tb 0.78 0.76 1.10 1.14 1.01 0.89 1.17 0.67 0.89 0.90 1.04 0.59 0.76 0.65 1.25 1.55

Dy 4.89 5.10 6.95 7.21 6.11 6.07 7.56 4.35 5.89 5.20 6.28 3.89 4.87 4.11 7.00 9.79

Ho 1.12 1.05 1.49 1.53 1.28 1.28 1.65 0.89 1.26 1.06 1.40 0.94 1.03 0.87 1.41 2.16

Er 3.38 3.09 4.40 4.37 3.67 3.69 4.93 2.56 3.61 3.23 4.37 3.16 2.84 2.54 3.80 6.34

Tm 0.44 0.44 0.64 0.65 0.56 0.56 0.72 0.37 0.56 0.49 0.63 0.50 0.45 0.36 0.52 0.89

Yb 3.23 2.88 4.26 3.97 3.48 3.58 4.65 2.41 3.59 3.02 3.80 2.95 2.84 2.33 3.00 5.65

Lu 0.44 0.47 0.66 0.61 0.51 0.53 0.69 0.35 0.56 0.51 0.56 0.44 0.43 0.33 0.46 0.82

(La/Yb)N 1.62 1.94 1.92 4.03 3.34 2.81 2.21 3.10 2.38 4.47 2.06 2.04 4.87 2.22 8.34 4.01

(La/Sm)N 1.52 1.59 1.66 2.53 2.08 2.26 1.78 2.26 1.95 2.87 1.62 2.34 3.24 1.77 2.39 2.21

(Tb/Yb)N 1.10 1.20 1.17 1.31 1.32 1.13 1.14 1.26 1.13 1.35 1.24 0.91 1.22 1.27 1.89 1.25

Eu/Eu* 0.91 1.06 0.90 0.76 1.04 0.93 0.83 1.13 0.96 1.05 0.79 0.75 0.76 1.21 0.95 0.82

A
.C
.D
.
F
erreira

et
a
l.

G
eo
scien

ce
F
ro
n
tiers

1
1
(2
0
2
0
)
2
2
2
1
–
2
2
4
2

2
2
2
8



Fig. 5. Mg# vs. major and trace elements of Campo Grande amphibolites. Data from Table 1.
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high-pressure mafic rocks. These amphibolites contain two zircon pop-

ulations, one represented by elongated (between 100 μm and 200 μm in

length), euhedral to subhedral crystals, and the other by well-rounded

grains (50–100 μm across) (Fig. 9A–I). Cathodoluminescence and back-

scattered electrons imaging reveals zoned cores that are surrounded by

high luminescent rims (prismatic habit) and homogeneous crystals

(rounded shapes) of amphibolite zircon crystals (Fig. 9A–I). On the other

hand, the host migmatite sample only contains oscillatory-zoned pris-

matic grains (100–300 μm) (Fig. 9G).

4.3.1. Amphibolite ADE-29

Collected at the western limit of the mapped mafic lenses (Fig. 2), the

amphibolite sample ADE-29 has well-rounded (40–50 μm) zircon grains

surrounded by high luminescent rims with Th/U ratios ranging between

0.116 and 0.587. These zircon grains display a U–Pb discordia age of

2663� 16 Ma (Fig. 10A), that we interpreted as the crystallization age of

the mafic protolith. An inherited component is given by four prismatic

(100–150 μm) zircon grains from this amphibolite, providing the age of

2992 � 17 Ma (Fig. 10A). These Mesoarchean zircon grains show high

luminescent rims (Fig. 9A) and Th/U ratios between 0.412 and 0.842. A

metamorphic Neoproterozoic age (589 � 13 Ma; 206Pb/238U age), was

obtained on a subhedral (~150 μm) zircon core with low Th/U ratio of

0.002.

4.3.2. Amphibolite ADE-16

The amphibolite sample ADE-16, located in the central portion of the

area, displays a U–Pb discordia age of 2657 � 14 Ma (Fig. 10B). The

zircon grains are subhedral (~50 μm) and have Th/U ratios of

0.121–0.326. One Mesoarchean age of 3007 � 25 Ma (207Pb/206Pb age)

was obtained on an inherited prismatic (~100 μm) zircon core with the

highest Th/U ratio (0.461). This sample presents a similar evolution to

that recorded in sample ADE-29, but without the registration of Neo-

proterozoic metamorphic zircon.

4.3.3. Amphibolite ADE-20

The amphibolite sample ADE-20 shows a single group of zircon grains

(Fig. 9C), yielding a Neoproterozoic concordia age of 605 � 6 Ma

(Fig. 10C) in well-rounded (~50 μm) zircon crystals that exhibit low Th/

U ratios, ranging from 0.005 to 0.084.

4.3.4. Amphibolite AP-17

The amphibolite sample AP-17 displays an Archean age of 2675 � 21

Ma and concordant zircon grains at the lower intercept, near 600 Ma

(Fig. 10D). The latter subpopulation yields two concordia ages of 606 �

Fig. 6. (A) AFM diagram (after Irvine and Baragar, 1971) and (B) Zr/Ti vs. Nb/Y (after Pearce, 1996) plot for Campo Grande amphibolite samples. Data from Table 1.

Fig. 7. (A–B) Chondrite normalized REE and primitive mantle (after Sun and McDonough, 1989) normalized trace element pattern for the Campo Grande amphibolite

samples (data from Table 1). Samples with higher Mg# show a similar pattern to fractionated E-MORB, whereas amphibolites with lower Mg# have a similar pattern

to ocean island basalts (OIB).
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3 Ma and 623 � 3 Ma (Fig. 10D), indicating progression of metamorphic

ages with weighted mean concordia age of 614 � 10 Ma. All Neo-

proterozoic zircon grains are rounded, do not show internal zonation

(Fig. 9C and D), and have Th/U ratio from 0.009 to 0.050.

4.3.5. Amphibolite ADE-24A

The amphibolite sample ADE-24A, located in the central area, is

unique in that it defines a Paleoproterozoic discordia age of 2023 � 30

Ma (Fig. 10E), with concordant analyses between 2019 � 28 Ma and

1961� 31Ma, and a concordia age at 2005� 8Ma (Fig. 10E). The zircon

analyses show low Th/U ratio between 0.004 and 0.078. These Paleo-

proterozoic zircon crystals are well-rounded (100–200 μm)with unzoned

cores followed by CL-dark inner rim and outermost CL-bright over-

growths (Fig. 9E) possibly due to a subsequent event. The narrowness of

these zircon rims overgrowth prevented dating attempts. The Paleo-

proterozoic age obtained is taken as the record of a metamorphic event at

ca. 2.0 Ga.

4.3.6. Amphibolite ADE-09

Sample ADE-09 relays a more complex history, with three zircon

populations displaying different discordia ages (Fig. 10F), reflecting

polycyclic deformation in the area. The Neoarchean age of 2692� 13Ma

is taken as the crystallization age of the amphibolite protolith. The

Paleoproterozoic age of 1986� 21 Ma and the Neoproterozoic concordia

age of 592 � 5 Ma represent metamorphic events (Fig. 10F). Neoarchean

zircon grains are well rounded (~50 μm) (Fig. 9F) with Th/U ratio be-

tween 0.147 and 0.323. The concordant Paleoproterozoic zircon is rep-

resented by rims of prismatic grains (~200 μm), and displays Th/U ratio

between 0.011 and 0.162. Neoproterozoic zircon grains are rounded

(~100 μm) and show the lowest Th/U ratios (0.001–0.003).

4.3.7. Host migmatite ADE-10

The sample ADE-10 was collected in the tonalitic paleosome (Fig. 4B)

interpreted as portion of the migmatite that underwent zero partial

melting. All zircon crystals are prismatic (100–300 μm), with Th/U ratios

from 0.125 to 0.583 and internal zonation (Fig. 9G), typical magmatic

crystal features (e.g. Corfu et al., 2003). Their analyses define a discordia

age of 2923 � 14 Ma (Fig. 11) with a concordant age of 2921 � 16 Ma,

interpreted as the crystallization age of the precursor magmatic source,

i.e., before it was migmatized.

4.4. Lu–Hf isotope

19 analyzed zircon grains from five amphibolite samples were chosen

for Lu–Hf isotope analyses (Table 2, Fig. 12A and B). The Mesoarchean

zircon cores of ~3000 Ma yield low initial 176Hf/177Hf(t) ratios of

Fig. 8. (A) TiO2–K2O–P2O5 discriminant diagram (after Pearce el al., 1975). (B) Hf/3–Nb/16–Th ternary discrimination diagram (after Wood, 1980) and (C) Nb �

2–Zr/4–Y discriminant diagram (after Meschede, 1986) for Campo Grande amphibolites. Legend of Fig. 8C: VAB–volcanic arc basalts, WPAlk–within-plate alkali

basalts and WPTh–within-plate tholeiite.
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Fig. 9. (A to G) Representative CL (A, E and G) and BSE (B, C, D and F) images of zircon grains from amphibolite lenses and host migmatite from the Campo Grande

area. The 207Pb/206Pb (>1.0 Ga) and 206Pb/238U (<1.0 Ga) ages are in Ma. (H) Schematic model of different domains of zircon from center to rim show inherited core

followed by CL-bright oscillatory zoned rim. Amphibolite zircon core followed by CL-dark inner rim with oscillatory banding with outermost thin CL-bright rim.
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Fig. 10. Concordia diagrams of U–Pb zircon data of amphibolite samples. Data from Supplementary Table 2.
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0.280998–0.281280, and positive εHf(t) values of þ5.4 to þ15.3, with

TDM model ages of 2.65–3.02 Ga. On the other hand, Neoarchean zircon

grains of 2693 Ma to 2633 Ma show heterogeneous Hf composition with

high 176Hf/177Hf ratios of 0.281199–0.281926, with positive εHf(t)

values of þ3.8 to þ30.6, and TDM values of 1.78–2.76 Ga. The TDM ages

are less than the U–Pb crystallization age due to εHf(t) plotted above the

fractionated depleted mantle. The Lu–Hf Isotope analyses show Pb loss,

forming a horizontal distribution line, indicating that they are most likely

derived from the 176Hf/177Hf isotopic system of 2.65 Ga (Fig. 12A). The

Neoproterozoic zircon grains of 623–576 Ma yield initial 176Hf/177Hf(t)
ratios of 0.281586–0.282478 and εHf(t) values of þ1.98 to –28.9 for the

core and rim with younger TDM Hf model ages of 1.1–2.2 Ga. There is an

increase over time in the difference between the 176Hf/177Hf ratios of the

2.65 Ga igneous protolith and the Neoproterozoic metamorphism. The

Neoproterozoic ZR-02 and ZR-06 zircon grains from sample AP-17 have

lower 176Hf/177Hf(t) ratios (0.280531–0.280583) and strong negative εHf
values (–64.6 and –65.8). However, these zircon crystals were affected by

alteration and dissolution (Fig. 9D). In spite of metamict cores, they still

preserve Neoproterozoic metamorphic age. Such TDM model ages from

the magmatic zircon grains indicate 1.8–2.7 Ga crustal residence time for

the amphibolite lenses.

4.5. Sm–Nd isotope

TDM model ages and εNd(t) of thirteen whole rock samples suggest a

complex history for the amphibolites (Table 3, Fig. 13). The amphibolites

display two Nd isotopic groups (G1 and G2) based on TDM model ages

older and younger than 2.6 Ga, the crystallization age of the mafic pro-

tolith. In G1, four samples (ADE-24A, ADE-16, AT-14 and AT-16) have

negative εNd(2.65 Ma) values (�1.03 to �7.97) and older TDM model

ages, between 3.7 Ga and 3.3 Ga; in this group, sample AP-10 has a less

negative εNd(2.6 Ma) value (–1.12) and a younger TDM age of 3.19 Ga.

The second group, G2, shows positive εNd(2.6 Ma) values (þ1.97 to

þ8.17), with younger TDM model ages of 1.95–2.65 Ga. Nd isotopic data

obtained for the host tonalitic paleosome restite? (sample ADE-10) shows

TDM model age of 3.2 Ga, with negative εNd(2.9 Ma) ¼ –2.58 (Table 3,

Fig. 13).

εNd(2.6 Ma) plotted against 1/Nd and 147Sm/144Nd shows the evo-

lution and the distinction between amphibolites with different Nd iso-

topic signatures (Group 2) and preserved Nd Isotopic system (Group 1)

(Fig. 14A and B). TDM model age vs. 1/Nd and 147Sm/144Nd diagrams

also separate G1 and G2 amphibolite samples (Fig. 14C and D). The

samples of the G2 group have higher Mg# and modal concentration of

Fig. 11. Concordia diagram of U–Pb zircon data from host migmatitic biotite

gneiss. Data from Supplementary Table 2.
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garnet and pyroxene, with well-developed symplectitic texture, whereas

the samples of the G1 group show lower Mg# and consist mainly of

granoblastic amphiboles. Thus, we suggest that the more negative values

of εNd(2.65 Ga) and anomalously high TDM for the G1 group (Fig. 13) are

due to mantle enrichment processes.

5. Discussion

5.1. Origin of amphibolites

The studied amphibolites have basaltic composition, displaying sub-

alkaline character and tholeiitic affinity (Fig. 6A and B), which is

typical of basaltic melts in oceanic ridges or in supra-subduction zones

(e.g. Pearce, 2008). The studied tholeiitic samples from the Campo

Grande area display two different oceanic signatures, varying from

E-MORB to OIB types in the Th/Yb vs. Nb/Yb and TiO2/Yb vs. Nb/Yb

discriminant diagrams (Fig. 15) (Pearce, 2008).

The Th–Nb proxy demonstrates volcanic arc affinity and oceanic

subduction setting (Fig. 15A). The amphibolite samples are displaced

above the MORB–OIB trend, similar to basaltic melts in subduction

zones, while all oceanic basalts lie within a diagonal MORB–OIB array

(Pearce, 2008). The Ti–Yb proxy is used to indicate melting depth,

Fig. 12. Integrated zircon Lu–Hf isotope diagrams from the amphibolites samples. (A) Initial 176Hf/177Hf(t) value and (B) εHf(t) vs. age, including CL images of zircon

grains with analyzed spots for 207Pb/206Pb age and εHf(t). Data from Table 2.
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mantle temperature and the thickness of the conductive lithosphere

(Pearce, 2008). The TiO2/Yb vs. Nb/Yb diagram shows that the

amphibolite samples with MORB signature were generated at

shallow-melting setting, while samples with OIB signature indicate

deep-melting setting (Fig. 15B). In the Hf/Ta vs. Zr/Nb plot, mafic

samples define an approximately linear distribution (Fig. 15C), as ex-

pected for oceanic basalts (Jochum et al., 1986), with similar evolution

from primitive mantle to E-MORB. In this diagram, the analyzed samples

display a larger enrichment pattern than reference values, supporting an

enriched mantle source or continental assimilation of Zr and Hf. This

latter hypothesis is evidenced by the presence of inherited zircon cores of

3.0–2.9 Ga, possibly from the host migmatite. Low Th/La ratios between

0.10 and 0.20 (Fig. 15D) are also consistent with oceanic basalts (Plank,

2005) and a source similar to the primitive mantle (~0.11; Sun and

McDonough, 1989). High Th/La (~0.2) indicates an enriched source due

to the preferential partitioning of La over Th in mafic and accessory

minerals within the mantle (e.g. Rudnick and Gao, 2003; Plank, 2005).

Subsequent metasomatism of the amphibolite protoliths can be

observed in Nb/Ta, La/Sm and Y/Ho ratios. These elements exhibit

extremely coherent behavior during magmatic processes (e.g. Bau, 1996;

Bau and Dulski, 1999). Therefore, disturbances in these ratios indicate

hybridization processes with an enriched component (e.g. Pearce, 2008;

Zhang et al., 2013; Wang et al., 2019). Enrichment of Ta relative to Nb

(Fig. 16A) and enrichment in HREE (Fig. 16B) reflect the partitioning

process within the crust-mantle system (e.g. Green, 1995). Despite the

uniform Y/Ho ratio, increase in the absolute concentration of Y is

Table 3

Sm–Nd isotopic data for the Campo Grande amphibolite and host migmatite gneiss.

Sample Rock Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd � 2SE εNd(0) εNd(t) TDM (Ga)

ADE-29 Amph (G2) 3.57 12.7 0.17 0.512416�13 –4.32 4.63 2.17

ADE-09 3.30 12.74 0.1566 0.512121�3 –10.09 3.32 2.46

ADE-20 2.23 9.5 0.1419 0.512116�5 –10.18 8.17 1.95

ADE-24B 4.24 16.43 0.156 0.512077�2 –10.95 2.66 2.55

AT-16 5.33 20.7 0.1558 0.512099�12 –10.51 3.17 2.48

AT-10 5.9 24.52 0.1454 0.511922�19 –13.97 3.18 2.5

AT-32 3.98 14.95 0.1609 0.512125�15 -10.00 1.97 2.65

AP-17 9.59 39.15 0.148 0.512104�3 –10.42 5.88 2.17

AP-10 Amph (G1) 5.31 19.65 0.1634 0.512011�4 –12.23 –1.12 3.19

AT-26 3.59 12.53 0.1734 0.512187�12 –8.8 –1.03 3.34

AT-14 4.44 19.77 0.1358 0.511189�4 –28.27 –7.97 3.69

ADE-16 4.33 16.94 0.1545 0.511773�8 –16.87 –2.81 3.33

ADE–24A 4.5 16.93 0.1607 0.511780�20 –16.74 –4.76 3.75

ADE-10 Host 5.55 33.2 0.1011 0.510677�8 –38.25 –2.58 3.22

Fig. 13. Nd isotope compositions of amphibolites and host migmatitic gneiss samples. Data from Table 3.
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observed (25–45 ppm, Fig. 16C), while Y/Ho ratios show little variation

(29–26), indicating non-CHARAC (CHArge-and-RAdius-Controlled)

trace element behavior, possibly due to silicate melts or aqueous fluids

(e.g. Bau, 1996). The amphibolite samples display decreasing Nb/Ta

ratios from similar E-MORB compositions (~17.5) to more fractionated

melts (~5), suggesting Ta enrichment in the oceanic protoliths, possibly

during subduction.

The tectonic discriminant Ti–V diagram (Fig. 16D; Shervais, 1982)

shows the typical subalkaline (tholeiitic) differentiation trend from

arc-tholeiite to E-MORB. Strong Ti increase (0.4%–1.8%) is due to the

very low partition coefficient of this element, almost always <<1

(Shervais, 1982). Depletion of V relative to Ti is a function of ƒO2 of the

magma and its source, the degree of partial melting and subsequent

fractional crystallization (Shervais, 1982). Again, two groups are

described, based on vanadium concentration. The first group shows

values between 250 ppm and 350 ppm (MORB signature samples) and

the second group displays V around 450 ppm (OIB signature samples).

The increase in incompatible elements, mainly Na, K, Ba, Ta, Ti, Th

and LREE, can be attributed to the effect of mantle metasomatism,

leading to a more plausible enriched source, previous to subduction (e.g.

Willbold and Stracke, 2010; Huang et al., 2012; Kiseeva et al., 2016).

Consequently, mafic to ultramafic oceanic crust enriched in incompatible

elements implies that the mantle had already been strongly depleted at

2.65 Ga, as previously described in tholeiitic basalts enriched in Th and

LREEs associated to subducted oceanic crust processes in the Archean of

SW Greenland (Hawkesworth et al., 2010; Polat et al., 2011). The erratic

and enriched pattern of the distribution of Zr, Hf and mainly Pb (Fig. 7B)

is attributed to the assimilation of Archean zircon grains of the host

migmatite during protolith crystallization, while changes in Sr, Ba and

Nd patterns can be attributed to high-grade metamorphic processes

(section 5.2). In summary, the geochemical data allow us to propose that

the enriched amphibolite protoliths were crystallized at ca. 2.65 Ga in an

oceanic crust with E-MORB and OIB signature.

A similar inference can be drawn from Hf and Nd isotopes. Hafnium

compositions provide greater resolution in identifying discrete

crust–mantle differentiation and the εHf(t) values are useful to identifying

older crustal versus juvenile mantle components (e.g. Chauvel and

Blichert-Toft, 2001; Hawkesworth and kemp, 2006; Zeh et al., 2007;

Gerdes and Zeh, 2009). The 176Hf/177Hf(t) ratios, εHf(t) and TDM obtained

in the analyzed rocks indicate that the amphibolite protoliths crystallized

at 2.65 Ga from juvenile magma derived from sources with positive εHf(t)

values ofþ3.81 toþ30.66. Positive εHf(t) values support the preservation

of the juvenile Archean oceanic crust in the Borborema Province. How-

ever, Nd isotopic data of these juvenile mafic rocks show negative

εNd(2.65 Ga) values (�1.03 to�7.976) and TDMmodel ages of 3.7 Ga and

3.3 Ga, suggesting a component of metasomatism in the subcontinental

lithospheric mantle, causing enrichment in the Sm–Nd isotopic system

during Archean times. The group of mafic rocks with TDM¼ 1.95–2.65 Ga

(amphibolite G2) could represent a new juvenile magmatic event at 2.0

Ga with positive εNd(2.0 Ga) (up to þ5; Fig. 13B) due to ascent of

asthenospheric mantle in an extensional exhumation process in the re-

gion at this time. Therefore, we have two hypotheses for 2.0 Ga

amphibolite samples. These Paleoproterozoic ages represent the first

high-grade metamorphic event in the 2.6 Ga protoliths due to the similar

petrographic descriptions and geochemical fractionation pattern. All

zircon analyses show Th/U < 0.1 ratios and pervasive 2.0 Ga high-grade

metamorphism in the Northeast Borborema Province (2.0 Ga in zircon

rim; see Fig. 9F). In addition, 2.0 Ga eclogite conditions are recorded in

Africa (e.g. François et al., 2018; Loose and Schenk, 2018) and Russia

(e.g. Imayama et al., 2017). The other hypothesis is that they represent a

new Paleoproterozoic tholeiitic magmatic pulse based on positive

εNd(2.0 Ga).

Fig. 14. (A–B) εNd(t) vs. 1/Nd and 147Sm/144Nd ratios. (C–D) TDM model age vs. 1/Nd and 147Sm/144Nd ratios for Campo Grande amphibolites.
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5.2. Age of metamorphism and isotopic constraints

Several amphibolite lenses show the same age at around 2.65 Ga,

interpreted as the age of crystallization of the protolith, based on internal

zonation, morphology and high Th/U ratio in zircon cores. The presence

of inherited zircon cores of 3.0–2.9 Ga indicates that the amphibolites

represent tholeiitic magma emplaced into the Mesoarchean basement

during extension. The Archean age at 2.9 Ga of the basement migmatite-

gneiss suggests reworked Mesoarchean continental crust in this segment

of the Rio Grande do Norte domain and shows the existence of an old

block, not recognized previously in the regional context of the Borbor-

ema Province.

The age of metamorphic events in the region is still an open question.

Zircon crystals are crucial to support interpretation of their ages in the

context of the P-T history (e.g. Kohn et al., 2015). For new metamorphic

zircon to form under high-grade metamorphism conditions, either the

presence of a hydrous fluid or melt phase is required (e.g. Tichomirowa

et al., 2005) or else via solid-state recrystallization (e.g. Rubatto et al.,

2006). Several zircon grains analyzed in the amphibolite samples record

evidence of the first metamorphic event of 2.0 Ga. These grains are

rounded and unzoned, and generally have Th/U ratios <0.1 (Fig. 17),

characteristics that are attributed to metamorphic zircon (e.g. Rubatto

and Gebauer, 2000). However, it is known that metamorphic zircon in

some high-grade rocks (e.g. granulite facies) displays Th/U ratios >0.1

(e.g. Korhonen et al., 2013). The higher Th/U ratios in zircon formed

under granulite-eclogite facies conditions reflect both an increase in Th

and a decrease in U contents (e.g. Yakymchuk and Brown, 2019). Thus,

these ratios are controlled by other major or accessory mineral phases

and their partitioning coefficient with zircon.

The internal textures of the Campo Grande amphibolite zircon grains

are consistent with eclogite zircon (e.g. Corfu et al., 2003). These zircon

crystals occur both in the matrix (symplectic texture) and as inclusions in

different places within garnet porphyroblasts. They are subrounded and

somewhat irregular and show relatively homogeneous internal textures

(Fig. 9H). Retro-eclogites may contain complex zircon types: older ho-

mogeneous or growth zoned cores pre-dating eclogitization and meta-

morphic rims. The interfaces between irregular cores and rims are

well-defined, showing either very fine or very coarse bands (Fig. 9H),

and indicating resorption and recrystallization (e.g. Corfu et al., 2003).

Our findings indicate that this is the case of analyzed zircon grains from

Campo Grande mafic rocks.

The second metamorphic event at 600 Ma was more pervasive and is

recorded in the majority of dated amphibolite lenses. The Neoproterozoic

zircon grains, forming the youngest cluster of concordant analyses be-

tween 623 � 3 Ma and 592 � 5 Ma, display low Th/U ratios (<0.1;

Fig. 17). As indicated by zircon rims in the Campo Grande mafic rocks,

the high-grade metamorphic event resulted in negative εHf(t) values up to

–65.88.

Theoretical models show that the time required to produce unzoned

crystals of 2–3 mm size is in the order of 10–50 Ma (Caddick et al., 2010)

for metamorphic temperatures around 690 �C. Furthermore, zircon is

likely to grow under retrograde conditions when garnet is dissolved (e.g.

Kohn et al., 2015; Tedeschi et al., 2017). Hence, the data suggest that the

Campo Grande amphibolites experienced HP conditions for approxi-

mately 30 Ma (623–592 Ma). Therefore, we do not have the mineral

assemblage to prove that Th/U ratios <0.1 are an unfailing indicator of

metamorphic recrystallization. Symplectite texture formed through the

reaction omphacite þ H2O → clinopyroxene þ plagioclase þ amphibole

� quartz is observed in these rocks and is considered as related to ret-

rogressed mafic eclogites (e.g. Waters, 2003; Lanari et al., 2013; Tedeschi

et al., 2017). We found this texture developed as coronae around garnet

porphyroblasts in the studied rocks. The shape of the garnet crystals,

Fig. 15. (A) Th/Yb vs. Nb/Yb (after Pearce, 2008) for discrimination of oceanic basaltic rocks and (B) TiO2 vs. Nb/Yb (after Pearce, 2008) discriminating between

intra-oceanic settings of basaltic rocks formation. (C) Zr/Nb vs. Hf/Ta for source character identification (after Jochum et al., 1986). (D) Th/Nb vs. La/Nb (after Plank,

2005) for crustal contamination definition. Reference values for N-MORB, E-MORB, OIB and PM are from Sun and McDonough (1989).
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showing lobed edges, suggests resorption during the formation of the

coronae (e.g. White et al., 2008; Lanari et al., 2017). Similar reactions

have been observed in retrogressed mafic eclogites (e.g. Waters, 2003;

Lanari et al., 2013) and in HP rocks (Tedeschi et al., 2017), corre-

sponding to the amphibolite-eclogite facies transition (ca. 650–700 �C at

13–15 kbar), followed by near isothermal decompression.

Therefore, based on morphology, internal texture, Th/U ratios and

combined U–Pb and Lu–Hf in situ analyses on zircon, we propose that the

Campo Grande Block was generated from 2.9 Ga tonalitic and 2.65 Ga

mafic magmatism. The magmatic protoliths were submitted to two high-

grademetamorphic events at 2.0 Ga and 0.6 Ga. Therefore, the study area

shows a complex polycyclic evolution (Fig. 18).

5.3. Implications for West Gondwana

High-pressure amphibolites of the Campo Grande area display

Fig. 16. Plots of (A) Nb/Ta vs. Nb, (B) La/Sm vs. La and (C) Y/Ho vs. Y for Campo Grande amphibolites. Compatible behavior during igneous processes increases from

A to C. Reference values for N-MORB, E-MORB, OIB and PM are from Sun and McDonough (1989). (D) Vanadium vs. Ti/1000 variation diagram (after Shervais, 1982)

for Campo Grande amphibolites.

Fig. 17. Th/U ratio vs. 207Pb/206Pb ages from the Campo Grande amphibolite samples. Th/U ranges of 0.01–1.4 in magmatic cores and 0.01–0.1 in metamorphic rims

and grains.
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evidence of oceanic crust generation during the Archean in the Borbor-

ema Province. We interpret this assemblage as retro-eclogites that

represent a different context in terms of temporal and petrogenetic cor-

relation with other occurrences described in the Borborema Province and

in other Brazilian provinces. In the Southern Brasília orogen, 620–588

Ma (U–Th)–Pb monazite ages from matrix-hosted patchy monazite are

interpreted to date exhumation of HP rocks, as recorded by close-to-

isothermal decompression, and subsequent close-to-isobaric cooling

(Reno et al., 2012). The metamorphic peak for the Southern Brasília

orogen was also dated around 630 Ma and retrogression conditions at

603� 7 Ma (Tedeschi et al., 2017). In the Borborema Province, the Santa

Quit�eria Magmatic arc (Fetter et al., 2003; Ganade et al., 2016) is asso-

ciated to a collisional and high-grade metamorphic event dated at

640–620 Ma (Arthaud et al., 2008; Santos et al., 2008; Amaral et al.,

2017). The 614.9 � 7.9 Ma age of a metamafic rock, interpreted as

retro-eclogite, records the minimum age of the high-grade metamorphic

conditions (upper amphibolite/granulite facies) (Santos et al., 2009,

2015; Ganade et al., 2014).

The 630–590 Ma HP mafic rocks from the Borborema and Tocantins

provinces suggest that the Pharusian and Goi�as oceans were spatially

linked during the amalgamation of West Gondwana (Santos et al., 2009;

Reno et al., 2012; Ganade et al., 2016; Tedeschi et al., 2017). Therefore,

all eclogite evidences described before in Brazil (e.g. Santos et al., 2009;

Reno et al., 2012; Ganade et al., 2016; Tedeschi et al., 2017) are related

to tectonic events affecting piles of metasedimentary rocks inside Neo-

proterozoic fold-and-thrust belts. Although similar Neoproterozoic ages

were found in the Campo Grande high-pressure mafic rocks, they are

associated to a basement inlier within the Neoproterozoic supracrustal

sequences in the Borborema Province.

6. Conclusion

The main conclusions of this study are as follows:

(I) Amphibolites of the Campo Grande area, Rio Grande do Norte

domain, Borborema Province, Northeast Brazil, display typical

textures found in retro-eclogite, e.g. massive plagioclase-

clinopyroxene symplectite between poikiloblastic garnet and

granoblastic amphibole.

(II) Chondrite-normalized REE and trace elements suggest an

enriched mantle source with E-MORB and OIB signature for the

amphibolite protolith.

(III) Amphibolite samples have Archean crystallization age of 2.65 Ga

and were metamorphosed at 2.0 Ga and 600 Ma. Analyzed sam-

ples contain inherited zircon grains of 2.9 Ga compatible with host

migmatite gneiss zircon of 2923 � 14 Ma.

(IV) Petrographic analysis and symplectite texture of the amphibolites

suggest maximal conditions at the amphibolite/eclogite facies

boundary, followed by near isothermal decompression related to

orogenic collision stages between Archean and Paleoproterozoic

terranes.

(V) The Campo Grande rock assemblage is composed of Archean units

that were amalgamated to West Gondwana during crustal

reworking associated to the Neoproterozoic Brasiliano/Pan-

African orogeny.

(VI) The Campo Grande Block comprises tonalite magmatism at ca.

2.9 Ga, juvenile tholeiitic magmatism at ca. 2.65 Ga that formed

the amphibolite protoliths, followed by high-grade metamorphic

events at ca. 2.0 Ga and ca. 600 Ma.
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