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a b s t r a c t

The Alto Moxotó Terrane of the Borborema Province presents a wide exposure of Paleoproterozoic crust,
but unlike other continental blocks of South America, its orogenic history is strongly obliterated by late
Neoproterozoic deformation. New isotopic and geochemical studies were conducted in mafic-ultramafic
(Fazenda Carmo Suite) and granitic-gneissic rocks (Riacho do Navio Suite) within the terrane. The former
present zircon U-Pb crystallization ages at ca. 2.13 Ga, whereas Sm-Nd data suggests a juvenile origin via
melting of early Paleoproterozoic to Archean peridotitic sources. Geochemical data for these rocks are
compatible with tholeiitic magmas with some degree of crustal contamination and trace element distri-
bution points to a continental-arc related setting interpreted as remnants of the early stages of subduc-
tion. In contrast, the Riacho do Navio Suite was emplaced at ca. 2.08 Ga and has highly negative eNd(t)
values indicating crustal reworking. The suite displays calc-alkali to alkali-calcic and ferroan geochemical
signatures compatible with Cordilleran magmas. In addition, trace-element distribution as well as dis-
criminant diagrams suggest that the precursor magmas were generated during the later stages of a con-
tinental arc or in a syn-collisional setting. Based on our results, we suggest that the studied units might
represent missing pieces of a Paleoproterozoic accretionary orogen that formed the crustal framework of
the Alto Moxotó Terrane, and that this represents a block associated with assembly of the Nuna/Columbia
supercontinent, which is now largely hidden within the Neoproterozoic orogenic belts of West
Gondwana.

� 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Accretionary orogens have played a major role in lithospheric
processes throughout Earth history and involve the development
of large-scale mountain chains, which have provided resources
for the hydrosphere, atmosphere and biosphere (Ganade de
Araujo et al., 2014a, 2014b; Cawood et al., 2018). Unlike the
well-known Pangaea supercontinent that was assembled and
broke-up during the Phanerozoic (ca. 540–250 Ma), paleogeo-

graphic reconstructions for the Precambrian lithosphere are less
well constrained due to major gaps in the rock record.

Compilation of U-Pb, Sm-Nd and Hf data from different sources
have been considered proxies for ancient supercontinent assembly
events (e.g., Hawkesworth et al., 2017), which are closely associ-
ated with the crustal growth record (Nance and Murphy, 2013;
Condie et al., 2015). Integration of paleomagnetic, geochronologi-
cal and geochemical data has suggested that widespread
subduction-collisional episodes took place during the 2.2–2.0 Ga
interval, resulting in the assembly of the Paleoproterozoic Colum-
bia/Nuna supercontinent, and its later fragmentation starting from
around ca. 1.6 Ga (Zhao et al., 2002, 2004; Reddy and Evans, 2009;
Meert and Santosh, 2017).
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In West Gondwana, Paleoproterozoic orogenic belts are abun-
dant in its major cratons including the São Francisco-Congo and
the São-Luis West Africa paleocontinents (e.g., De Waele et al.,
2008; Pedreira and De Waele, 2008; Bruno et al., 2020; Caxito
et al., 2020). Within these blocks, evidence of crustal accretion is
strongly based on preserved eclogitic-granulitic belts (i.e. suture
zones), dismembered ophiolite remnants and juvenile material
from island-arc and continental arc sequences (e.g., Heilbron
et al., 2017; Klein et al., 2020).

Since missing Paleoproterozoic crustal pieces might be hidden
within the basement of younger orogenic belts (e.g., D’Agrella-
Filho et al., 2016; Xia and Xu, 2019), their investigation may pro-
vide crucial information for Precambrian paleogeographic recon-
structions. Within the South American Neoproterozoic orogens,
Paleoproterozoic crust is widespread and heterogeneously dis-
tributed, being mostly considered as basement inliers or exotic ter-
ranes (e.g., Brito Neves et al., 2014). Despite the petrogenetic and
geophysical evidence that suggests some degree of correlation
with the neighboring cratons, the deformational events that devel-
oped during the Brasiliano-Pan African orogeny (ca. 0.6–0.5 Ga)
strongly recycled the previous stratigraphic record.

Occupying the central portion of West Gondwana, the Bor-
borema Province in NE Brazil, as well its African counterparts, com-
prise a number of Paleoproterozoic domains bounded by
Neoproterozoic belts through regional-scale shear zones (e.g.,
Santos et al., 2008; Brito Neves et al., 2014; de Caxito et al.,
2020). Although the specific nature of the continent-forming
mechanisms is poorly understood, the addition of geochronological
data has revealed three major periods of crust accretion during the
early Paleoproterozoic (i.e., 2.3 Ga, 2.2 Ga and 2.1 Ga; Fetter et al.,
2000; Hollanda et al., 2011; Costa et al., 2015; Ferreira et al., 2020)
followed by crustal reworking at ca. 2.0–1.9 Ga (Santos et al.,
2013a, 2013b; Neves et al., 2015; Santos and Santos, 2019).

In this contribution, we present detailed geochronological (zir-
con U-Pb and whole-rock Sm-Nd) and geochemical data of meta-
mafic and metaultramafic rocks of the Fazenda Carmo Suite as
well as metagranitic and gneissic rocks of the Riacho do Navio
Suite. These units occur along the SW termination of the Alto
Moxotó Terrane of the Borborema Province and, despite the influ-
ence of the Brasiliano-related shear zones, this region preserves old
lithosphere, providing a unique opportunity to unravel hidden
crustal processes within a Neoproterozoic orogenic belt of West
Gondwana.

2. Geological setting

2.1. Regional geology

The Borborema Province constitutes most of the northeastern
portion of Brazil (Almeida et al., 1981) and prior to Gondwana
breakup, it extended into West Africa through Benin, Nigeria and
Cameroon (Fig. 1a; Brito Neves et al., 2000; Van Schmus et al.,
2008). Its ancient crustal record is represented by Paleoproterozoic
(ca. 2.2–2.0 Ga) gneissic-migmatitic basement inliers as well as
local Archean (ca. 3.5–2.6 Ga) nuclei (Brito Neves, 2011; Caxito
et al., 2015; Costa et al., 2018). These sequences are overlain or
bounded by variably metamorphosed early to late Neoproterozoic
(0.9–0.6 Ga) supracrustal fold belts (e.g., Van Schmus et al., 2003;
Santos et al., 2019; Caxito et al., 2021) that are intruded by several
late Neoproterozoic (ca. 0.6–0.5 Ga) granitic batholiths and stocks
that constitute the major tectonic markers of the Brasiliano Oro-
geny (Santos and Medeiros, 1999; Brito Neves et al., 2016; Sial
and Ferreira, 2016; Santos et al., 2020).

In addition to the vast occurrence of granitic batholiths, a
prominent feature of the Borborema Province is the dense network

of several kilometers-wide shear zones that are interpreted as
deep-seated crustal boundaries due to their strong geophysical
expression (Oliveira and Medeiros, 2018). Some of them are also
considered collisional sutures (Santos et al., 2015a), which frag-
mented the West Gondwana lithosphere during the late Neopro-
terozoic (Ganade de Araujo et al., 2014a, 2014b). Among them,
the E–W Patos and Pernambuco shear zones divide the province
into Northern, Central and Southern subprovinces (Fig. 1b; Van
Schmus et al., 1995), and are interpreted either as relics of terrane
accretion episodes (Santos et al., 2010; Caxito et al., 2014a, 2014b,
Caxito et al., 2016; Padilha et al., 2016), or as intracontinental shal-
low structures (Neves, 2015).

The Alto Moxotó Terrane is located within the Central Subpro-
vince (Fig. 1c) that also includes the Rio Capibaribe, Alto Pajeú,
Piancó Alto-Brigída and São José do Caiano terranes, which are
bounded by thrust and strike-slip shear zones (Brito Neves et al.,
2000). The Alto Moxotó Terrane is unique in the Central Subpro-
vince because it presents the oldest crustal record, mostly ranging
between ca. 2.6 and 2.1 Ga (Santos et al., 2015, Santos et al., 2017b;
Brito Neves and Silva Filho, 2020), also including local ca. 1.6 Ga
within-plate granites (Lages et al., 2019). The dominance of Paleo-
proterozoic crust as well as the minor occurrence of Neoprotero-
zoic rocks are contrasting features between this terrane and the
adjoining blocks (see Santos et al., 2017a, 2017b for details).

2.2. Local geology

The studied rocks crop out in the SW tail of the Alto Moxotó
Terrane in structural contact with the Alto Pajeú Terrane to the
north and the Southern Subprovince to the south, via the Serra
de Jabitacá and Pernambuco shear zones, respectively (Fig. 2).
The oldest unit in the area corresponds to the ca. 2.6 Ga Riacho
das Lages Suite that is composed of metagranites and gray
gneisses, interpreted as relics of TTG juvenile magmas derived
from slab melting (Santos et al., 2017a). In the southern portion
of the area, in tectonic contact with the Pernambuco Lineament,
lies the E–W elongated Floresta Batholith that comprises a set of
ca. 2.1 Ga metagranites, medadiorites and orthogneisses that are
interpreted as Cordilleran-like plutonic injections (Santos et al.,
2017a). Between these plutonic rocks, there are sillimanite-
garnet-biotite paragneisses, schists and fine-grained weathered
amphibolites, which are grouped as the Sertânia Complex. This
unit is the major supracrustal sequence of the Alto Moxotó Terrane,
presenting dominant maximum deposition age around ca. 2.1–
1.9 Ga (Santos et al., 2004; Brito Neves and Silva Filho, 2020). Nev-
ertheless, recent detrital zircon dating highlights a late Neopro-
terozoic contribution suggesting that at least part of the
supracrustal succession must be younger (Neves et al., 2017).

The Fazenda Carmo Suite occurs as up to 20 m long � 4–10 m
wide elongated lenses in the interior of the Floresta Batholith. They
mostly form slightly foliated rocks as the result of the imposed
deformation by the E–W Pernambuco Shear Zone. These rocks
were originally interpreted as intrusive into this Batholith
(Santos, 1995), but due to their limited exposure, we were not able
to clearly verify the intrusive contact. They crop out as metric boul-
ders or concordant lenses along regional foliation planes, being
mostly composed of medium- to fine-grained metamafic members
such as slightly foliated amphibolite blocks (Fig. 3a) that might
exhibit facies with well-developed centimetric garnet neoblasts
(Fig. 3b) or massive metagabbros (Fig. 3c). Minor coarse-grained
ultramafites are present, being mostly represented by garnet-free
metapyroxenites that might be partially retrogressed to chlorite-
bearing amphibolites (Fig. 3d).

Amphibolites are characterized by poorly developed nemato-
blastic texture (Fig. 3e), presenting subhedral hornblende (60%)
and euhedral to subhedral plagioclase (30%) with variable degrees
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of saussuritization, including neoformed tiny zoisite and chlorite
crystals. Minor euhedral diopside (5%) represents an early mag-
matic phase, whereas zircon and apatite correspond to less than
2% of the rock mineralogy. Subhedral granular ilmenite represents
the main opaque oxide mineral. The most foliated members exhibit
elongated amphibole crystals deformed along the foliation planes
(Fig. 3f), whereas garnet-bearing facies exhibit similar mineralogy,
but contains 0.5 cm euhedral and strongly fractured pink garnet
porphyroblasts that exhibit poikiloblastic texture with tiny rutile
and plagioclase inclusions.

The metagabbros are composed of subhedral pale green diop-
side (50%), subhedral to anhedral dark green augite (10%) and sub-
hedral dark gray plagioclase (40%). The latter is characterized by
low- to moderate degrees of sericitization. Uralitization processes
are marked by neophormed euhedral hornblende crystals that
are present but not common, whereas zircon crystals occur as tiny
inclusions in dark brown intercrystalline biotite films. Zircon, apa-
tite, and ilmenite occur in the same proportions of the amphibo-
lites. The metapyroxenites are composed of pale gray euhedral to
subhedral diopside (30%–55%) and bronzite (5%–25%) crystals,

Fig. 1. (a) Geodynamic context of the Borborema Province on a paleogeographic reconstruction of West Africa and Northeast South America; (b) Simplified tectonic sketch of
the Borborema Province; (c) Geological map of part of the Central Subprovince with the studied area highlighted by the yellow rectangle.
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whereas the surrounding groundmass is formed of aggregates of
subhedral hornblende (15%–25%) and anhedral plagioclase (5%).
They are classified as metaclinopyroxenites or metawebsterites,
depending on the orthopyroxene proportion and as in the meta-
mafic members, deformation and recrystallization obliterated the
magmatic fabric. Also, tiny chorite-epidote venules crosscut these
rocks filling local microfractures.

In contrast, the Riacho do Navio Suite is characterized by leuco-
to mesocratic metagranites and orthogneisses that crop out along
gentle dipping foliation planes related to the Serra de Jabitacá
Shear Zone (Fig. 3g). These rocks exhibit variable degrees of defor-
mation, including slightly deformed porphyritic members to highly
deformed augen-gneisses (Fig. 3h). Relics of muscovite-bearing
rocks described in the Alto Pajeú Terrane also occur interleaved
with these rocks, being interpreted as tectonic slices that were
thrust toward the Alto Moxotó Terrane (Santos et al., 2017b). The
metagranite members are medium- to coarse-grained and exhibit
weak foliation characterized by tiny phyllosilicate alignments.
They are composed by euhedral to subhedral quartz (35%), subhe-
dral plagioclase phenocrysts (30%), subhedral orthoclase and
microcline (25%), muscovite (4%) and biotite (4%). Millimetric
euhedral garnet porphyroblasts occur in some samples and along
with zircon, apatite, and ilmenite, correspond to less than 3% of
the rock mineralogy. The augen-gneiss samples present very simi-
lar mineralogy except for punctual euhedral to anhedral monazite
grains. Due to the high recrystallization degree, quartz ribbons
with well-developed undulose extinction and sigmoidal plagio-
clase and orthoclase are typical in the gneissic members (Fig. 3i).

3. Analytical methods

Representative fresh rock samples of the studied suites were
selected for isotopic U-Pb and whole-rock Sm-Nd measurements
as well as whole-rock geochemistry. Zircon crystals were extracted
from four samples, two of each unit for U-Pb dating at the
Geochronology Laboratory of the Universidade de Brasília, Brazil
and the results are listed in Tables 1–4. Standard techniques,
including sample crushing and sieving were performed, followed
by heavy mineral separation through gravimetric and magnetic
methods. The remaining zircon grains were handpicked using a
binocular microscope and mounted in epoxy resins for Laser Abla-
tion Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
isotope ratio acquisition. Cathodoluminescence and back-
scattered images were used to investigate the internal structure
of each zircon crystal prior the isotopic analysis.

A Thermo Finnigan Neptune Multi Collector ICPMS equipped
with a secondary electron multiplier-ion counter was used for U-
Pb data acquisition. Only coherent interval analyses were chosen
to avoid signal mixed ages. Normalization was performed with
the GJ-1 primary standard zircon (207Pb/206Pb age = 608.3 Ma,
206Pb/238U age = 600.7 Ma and 207Pb/235U age = 602.2 Ma;
Jackson et al., 2004), whereas the 91500 zircon standard (ID-
TIMS 1065.4 ± 0.3 Ma; Wiedenbeck et al., 2004) was analyzed as
a secondary reference material and the obtained ages are
1042 ± 27 Ma (207Pb/206Pb age), 1055 ± 14 Ma (207Pb/235U age)
and 1064 ± 10 Ma (206Pb/238U age). Data reduction followed
Bühn et al. (2009) and Matteini et al. (2010) and the obtained ages

Fig. 2. Geological map of the studied area. APT–Alto Pajeú Terrane, AMT–Alto Moxotó Terrane, SSP–Southern Subprovince.
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were calculated using Isoplot version 4.1 (Ludwig, 2012), avoiding
spots with high common Pb concentrations.

Nineteen samples were selected for Sm-Nd measurements that
were also conducted at the Geochronology Lab of the Universidade
de Brasília and the results are presented in Table 5. Part of the pre-
sented Sm-Nd results were already published by Santos et al.

(2018) but in a paper with a different focus. For these analyses,
the method described in Gioia and Pimentel (2000) was followed.
Whole rock powders (~50 mg) were mixed with a 149Sm-150Nd
spike solution and dissolved in Savillex capsules. The extraction
of Sm and Nd from whole rock samples followed conventional
cation exchange techniques using Teflon columns containing LN-

Fig. 3. Field aspects of the studied units. Fazenda Carmo Suite: (a) slightly foliated bounder of amphibolite; (b) block of garnet-bearing amphibolite; (c) coarse-grained
metagabbro; (d) metapyroxenite boulder exhibiting green-colored alteration minerals; (e) granoblastic texture on less deformed amphibolite; (f) amphibolite exhibiting
elongated hornblende crystals along foliation planes imposed by the regional deformation. Riacho do Navio Suite: (g) gentle-dipping sheet of metagranitic rock due to thrust
tectonics; (h) augen-gneiss facies exhibiting deformed K-feldspar porphyroclast; (i) recrystallized fabric of orthogneiss exhibiting intense quartz recrystallization, including
ribbon-like crystals. Hb–hornblende, Pg–plagioclase, Mc–microcline, Qtz–quartz.

Table 1

Summary of LA-ICP-MS data of zircons from sample GL-01B (correlated with the Fazenda Carmo Suite).

Grain spot Isotope ratios Age (Ma)

207Pb/206Pb ±1r 207Pb/235U ±1r 206Pb/238U ±1r 207Pb/206Pb ±2r 207Pb/235U ±2r 206Pb/238U ±2r Rho Th/U Disc. (%)

04-ZR2 0.12863 1.14 6.340 1.60 0.3574 1.06 2079 40 2024 28 1970 36 0.66 0.231 5.26
03-ZR1 0.12951 1.65 6.611 2.37 0.3702 1.66 2091 57 2061 41 2030 58 0.70 0.225 2.92
06-ZR4 0.12538 1.52 5.846 2.37 0.3381 1.77 2034 53 1953 41 1878 58 0.75 0.169 7.70
05-ZR3 0.13020 1.78 5.601 2.88 0.3120 2.24 2101 62 1916 49 1750 69 0.78 0.243 16.68
16-ZR11 0.12180 2.16 5.489 2.92 0.3268 1.93 1983 76 1899 50 1823 61 0.66 0.139 8.05
38-ZR27 0.12721 2.31 5.685 2.95 0.3241 1.80 2060 80 1929 50 1810 57 0.61 0.258 12.14
10-ZR8 0.12833 2.49 6.222 3.31 0.3516 2.15 2075 87 2008 57 1942 72 0.65 0.258 6.40
07-ZR5 0.12124 2.02 4.556 2.57 0.2725 1.55 1974 71 1741 42 1554 43 0.60 0.186 21.32
09-ZR7 0.11215 1.96 3.798 2.72 0.2456 1.86 1835 70 1592 43 1416 47 0.68 0.250 22.83
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Spec resin (HDEHP – diethylhexyl phosphoric acid supported on
PTFE powder). The Sm and Nd samples were loaded on Re evapo-
ration double-filament assemblies and the isotopic measurements
were performed using a Triton Plus Thermoscientific multicollector
mass spectrometer in the static mode.

The uncertainties in the 147Sm/143Nd and 143Nd/144Nd ratios
were better than ±0.2% (2r) and ±0.0064% (1r), respectively, based
on repeated analyses using the BHVO-2 international rock stan-
dard. The 143Nd/144Nd ratios were normalized to a 146Nd/144Nd
ratio of 0.7219 and a decay constant of 6.54 � 10�12 y�1 was used

Table 2

Summary of LA-ICP-MS data of zircons from sample MV-03 (Fazenda Carmo Suite).

Grain spot Isotope ratios Age (Ma)

207Pb/206Pb ±1r 207Pb/235U ±1r 206Pb/238U ±1r 207Pb/206Pb ±2r 207Pb/235U ±2r 206Pb/238U ±2r Rho Th/U Disc. (%)

016-Z8 0.113 0.44 3.849 0.84 0.247 0.71 1796 8 1603 7 1423 9 0.82 0.388 20.74
020-Z12 0.113 0.41 3.933 0.76 0.252 0.64 1800 8 1621 6 1449 8 0.80 0.071 19.49
025-Z14 0.131 0.39 6.677 0.71 0.371 0.59 2057 7 2070 6 2032 10 0.78 0.244 1.22
027-Z16 0.132 0.33 7.076 1.08 0.389 1.02 2072 6 2121 10 2120 19 0.94 0.494 2.35
028-Z17 0.128 0.69 6.144 1.03 0.348 0.76 2019 13 1997 9 1927 13 0.71 0.365 4.51
030-Z19N 0.131 0.31 6.754 0.80 0.373 0.74 2066 6 2080 7 2043 13 0.90 0.245 1.07
040-Z26 0.129 0.37 6.242 1.02 0.350 0.95 2036 7 2010 9 1937 16 0.92 0.195 4.89
045-Z28B 0.129 0.43 6.194 0.79 0.348 0.66 2036 8 2004 7 1924 11 0.80 0.295 5.51
049-Z30B 0.110 0.41 3.639 0.79 0.239 0.68 1753 8 1558 6 1383 8 0.82 0.174 21.12

Table 3

Summary of LA-ICP-MS data of zircons from sample MV-11 (Fazenda Carmo Suite).

Grain spot Isotope ratio Age (Ma)

207Pb/206Pb ±1r 207Pb/235U ±1r 206Pb/238U ±1r 207Pb/206Pb ±1r 207Pb/235U ±1r 206Pb/238U ±2r Rho Th/U Disc. (%)

011-Z07 0.060 1.01 0.820 6.90 0.099 6.43 616 21 611 7 609 6 0.72 0.01 1.13
018-Z12 0.127 0.59 3.322 7.66 0.219 8.68 1803 10 1486 7 1275 9 0.85 0.08 29.31
021-Z13 0.126 0.45 5.842 9.00 0.336 15.1 2046 8 1953 9 1867 15 0.88 0.07 8.72
023-Z15 0.127 0.42 5.735 9.48 0.328 16.0 2058 7 1939 9 1830 16 0.91 0.19 11.0
024-Z16 0.123 0.56 5.675 9.45 0.333 15.1 2009 10 1928 9 1854 15 0.92 0.53 7.75
030-Z20 0.127 0.67 6.085 7.96 0.346 10.2 2064 12 1989 8 1917 10 0.78 0.28 7.09
033-Z21 0.124 0.39 5.536 10.84 0.322 18.8 2028 7 1907 11 1797 19 0.94 0.10 11.38
035-Z23 0.058 0.47 0.790 3.77 0.099 4.00 550 10 595 4 607 4 0.79 0.15 10.44
036-Z24 0.122 0.50 5.498 6.78 0.325 9.59 1995 9 1901 7 1816 10 0.80 0.34 8.98
042-Z28 0.116 1.46 4.069 19.48 0.256 1.88 1902 26 1658 19 1472 25 0.92 0.09 22.6

Table 4

Summary of LA-ICP-MS data of zircons from sample FL-119 (Riacho do Navio Suite).

Grain spot Isotope ratio Age (Ma)

207Pb/206Pb ±1r 207Pb/235U ±1r 206Pb/238U ±1r 207Pb/206Pb ±2r 207Pb/235U ±2r 206Pb/238U ±2r Rho Th/U Disc. (%)

050-ZR25N 0.114 0.61 3.972 1.04 0.252 0.75 1869 22 1628 17 1449 19 0.72 0.710 22.51
015-ZR6 0.066 0.74 0.963 1.86 0.104 1.67 835 31 685 18 640 20 0.89 3.755 23.32
024-ZR9B 0.073 0.92 1.135 1.45 0.112 1.06 1015 37 770 16 688 14 0.73 0.223 32.16
014-ZR5 0.127 0.66 6.931 1.42 0.394 1.20 2061 23 2103 25 2145 44 0.85 0.750 4.08
046-ZR21B 0.059 1.20 0.781 1.77 0.095 1.24 587 52 586 16 586 14 0.70 0.036 0.20
034-ZR14 0.122 0.65 5.461 1.49 0.322 1.29 1999 23 1894 25 1801 40 0.86 0.615 9.89
043-ZR19 0.106 0.54 2.932 1.23 0.199 1.04 1743 20 1390 19 1172 22 0.85 0.096 32.78
056-ZR28 0.098 1.01 2.244 1.84 0.165 1.50 1588 37 1195 26 990 27 0.81 0.234 37.68
055-ZR27 0.125 0.46 6.022 0.93 0.349 0.72 2031 16 1979 16 1930 24 0.77 0.968 4.98
010-ZR4N 0.111 0.78 3.424 1.74 0.222 1.51 1823 28 1510 27 1297 35 0.87 0.829 28.84
009-ZR3B 0.097 0.54 2.176 1.33 0.162 1.16 1571 20 1173 18 970 21 0.87 0.174 38.28
027-ZR11 0.120 0.47 4.794 1.47 0.288 1.34 1962 17 1784 25 1635 39 0.91 1.146 16.65
044-ZR20 0.124 0.48 5.835 1.08 0.338 0.90 2027 17 1952 19 1881 29 0.83 1.396 7.18
058-ZR30N 0.125 0.56 5.950 0.95 0.344 0.67 2033 20 1969 16 1907 22 0.71 1.059 6.19
008-ZR3N2 0.106 0.40 2.856 1.00 0.194 0.84 1742 15 1371 15 1145 18 0.84 0.125 34.27
023-ZR9N 0.118 0.48 4.400 1.37 0.268 1.23 1939 17 1712 23 1533 33 0.90 1.242 20.92
035-ZR15N 0.131 0.98 7.871 1.63 0.434 1.25 2115 34 2216 29 2328 49 0.77 0.594 10.05
057-ZR29 0.124 0.58 5.497 1.33 0.320 1.14 2019 21 1900 23 1793 36 0.85 1.149 11.19
045-ZR21N 0.119 0.41 4.382 1.04 0.266 0.88 1946 14 1709 17 1522 24 0.85 0.370 21.79
048-ZR23 0.120 0.52 4.621 1.96 0.277 1.85 1970 19 1753 32 1577 52 0.95 0.749 19.95
047-ZR22 0.114 0.48 3.569 1.14 0.226 0.96 1873 17 1543 18 1313 23 0.85 0.901 29.86
025-ZR10N 0.083 0.66 1.414 1.00 0.123 0.66 1272 26 895 12 750 9 0.66 0.467 41.06
007-ZR3N 0.117 0.38 4.024 1.62 0.247 1.53 1925 13 1639 26 1425 39 0.95 0.638 25.98
004-ZR1N 0.112 0.60 3.313 2.90 0.213 2.81 1841 22 1484 45 1247 64 0.97 0.822 32.25
013-ZR4B 0.080 1.09 1.308 1.38 0.117 0.76 1212 43 849 16 717 10 0.55 0.325 40.79
054-ZR26 0.126 0.56 5.536 1.19 0.317 0.98 2048 20 1906 20 1779 30 0.82 0.988 13.12
029-ZR13N 0.121 0.71 4.501 2.03 0.268 1.87 1978 25 1731 34 1535 51 0.92 0.853 22.40
005-ZR1B 0.07917 1.54 1.257 2.02 0.1151 1.26 1176 60 826 23 702 17 0.62 0.332 40.30
039-ZR18N 0.13045 0.78 6.620 1.67 0.3680 1.43 2104 27 2062 29 2020 49 0.86 0.611 22.51
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(Lugmair and Marti, 1978), whereas the TDM model ages were cal-
culated using the DePaolo (1981) model.

Nineteen fresh samples were carefully selected for whole-rock
geochemical analyses and the results are presented in Tables 6
and 7. Samples from the Fazenda Carmo Suite were analyzed at
the Geosol laboratory in Brazil, whereas those from the Riacho
do Navio Suite were analyzed at the ALS (Peru) laboratory, follow-
ing similar methodologies. Major and trace elements were ana-
lyzed via inductively coupled plasma atomic emission
spectroscopy (ICP-AES) with detection limit of 0.01%. ICP-MS with
detection limit between 0.01 and 0.5 ppm after fusion using Li
meta- and tetraborate as well as digestion with nitric acid. The dif-
ference in sample weight before and after heating at 1000 �C for 1 h
was used to determine the percentage of loss on ignition. The pre-
sented geochemical diagrams were generated by Igpet 6, GCDKIT
and Petrograph softwares as well as in-house developed Excel
spreadsheets.

4. Results

4.1. U-Pb geochronology

Sample GL01B is a coarse-grained hornblendite with interstitial
plagioclase (up to 15%) obtained close to Floresta Town (4 km to
ESE; geographic coordinates 38�3201800W and 08�3602000S) and
exposed as large lenses within the Floresta Batholith. A total of
twenty-three zircon crystals were analyzed, but most presented
high degrees of metamictization and only nine grains were used
for age calculation. They are pale gray presenting axial ratios of
1:2 and subrounded shapes with sizes less than 100 lm (Fig. 4a).
They are euhedric to subhedric, present poorly developed oscilla-
tory zoning and Th/U ratios ranging from 0.14 to 0.26, which are
typical features of magmatic crystals. The concordia diagram
(Fig. 5a) yielded an upper intercept age of 2119 ± 42 Ma (n = 9)
with MSWD = 0.8, interpreted as the crystallization age of the
protolith.

Sample MV03 is a slightly foliated garnet metagabbro collected
around 37 km away from Floresta Town (geographic coordinates
38�1502000W and 08�3601700S) at a concordant contact with the
regional foliation. Extracted zircon crystals are pale gray, present
axial ratios from 1:2 to 1:3 and are subhedral (rounded) to anhe-
dral with sizes ranging from 50 to 100 lm (Fig. 4b). They are
randomly fractured, present poorly developed oscillatory zoning
and core and rim structures as well, typical of overgrowth events.

Table 5

Summary of Nd isotope data for the Fazenda Carmo (F.C.S.) and Riacho do Navio (R.N.S.) suites. Crystallization ages used are 2.12 Ga and 2.08 Ga.

Sample Unit Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd (±2SE) eNd(0) eNd(t) TDM (Ga)

GL01B F.C.S. 0.54 2.25 0.145 0.511930 (±12) �13.80 +0.27 2.46
GL01C F.C.S. 3.65 13.54 0.1632 0.512230 (±07) �7.97 +1.17 2.45
GL02B F.C.S. 3.02 12.45 0.1468 0.512049 (±12) �11.49 +2.11 2.25
FL63 F.C.S. 1.99 9.86 0.1223 0.511955 (±11) �13.32 +0.59 2.43
MV3 F.C.S. 0.45 1.94 0.1123 0.511458 (±61) �23.02 �0.03 3.34
FL124 R.N.S. 4.47 24.08 0.0749 0.511571 (±11) �20.81 +1.70 2.2
FL100 R.N.S. 3.44 21.24 0.0978 0.511233 (±14) �27.41 �1.04 2.37
FL117 R.N.S. 2.51 12.89 0.1175 0.511533 (±06) �21.56 �0.44 2.38
FL25 R.N.S. 4.46 26.57 0.1015 0.511279 (±15) �26.51 �1.13 2.39
FL101 R.N.S. 6.18 35.17 0.1063 0.511341 (±12) �25.30 �1.20 2.41
FL51A R.N.S. 10.34 60.90 0.1026 0.511253 (±13) �27.02 �1.94 2.45
FL99 R.N.S. 4.54 25.97 0.1059 0.511325 (±10) �25.61 �1.41 2.42
FL125 R.N.S. 10.84 54.52 0.1202 0.511484 (±05) �22.51 �2.12 2.54
FL95A R.N.S. 6.61 36.76 0.1088 0.511277 (±17) �26.55 �3.13 2.56
FL120A R.N.S. 4.51 30.41 0.0896 0.510933 (±13) �33.26 �4.73 2.58
FL123 R.N.S. 2.47 29.21 0.0719 0.510579 (±13) �40.16 �6.92 2.64
FL119 R.N.S. 4.30 24.59 0.1034 0.510985 (±13) �32.24 �7.41 2.84
FL122 R.N.S. 5.60 35.15 0.0964 0.510797 (±07) �35.91 �9.22 2.92

Table 6

Major (wt.%) and trace element (ppm) concentrations of samples from the Fazenda
Carmo Suite.

Major elements (wt.%)

GL-
001C

GL-
002B

GL-
003B

RS-
013

MV-
03

LS-
93A

GL-
001C.2

SiO2 42.6 44.7 52.4 48.8 44.3 44.7 49.7
TiO2 1.34 0.91 1.8 2.2 1.28 3.11 0.97
Al2O3 18.2 18.2 14.1 12.8 17.3 14.6 18.3
Fe2O3

t 16.3 13.4 15.3 17.9 15.9 16.8 12.4
MnO 0.23 0.2 0.22 0.24 0.24 0.22 0.17
MgO 7.05 7.89 5.33 5.73 6.49 6.09 5.78
CaO 12.1 13.2 8.35 9.77 11.1 9.77 8.81
Na2O 1.62 1.14 2.38 1.93 1.67 2.46 2.49
K2O 0.26 0.22 0.43 0.55 0.23 0.56 0.53
P2O5 0.196 0.169 0.217 0.174 0.19 0.34 0.42
LOI 1.22 0.89 0.36 0.48 1.29 1.25 0.44
Total 101.1 100.9 100.9 100.6 100.2 99.9 100.1

Trace and rare earths elements-REE (ppm)

Co 42 47.1 52.5 79 37.5 a

Ni 4.3 17.2 37.7 51 16 a a

Cu 76.2 5 41.7 287.5 96 a a

Tl a a 0.02 0.05 a a a

Rb 0.2 0.12 0.2 3.8 1.7 a 1.5
Sn 0.8 0.8 1.2 0.9 a a a

Sr 404.5 353 359.2 137.2 411 361.2 292.5
W 0.1 a a a 2.4 a a

Zr 24.1 26 26.2 24.2 26 26.2 26.4
Cs a a a a 0.08 0.2 0.8
Ba 107 97 129 128 71 a a

La 27.2 6.9 12.4 15.1 5.2 18.5 22.3
Ce 15 12.7 15.4 25.8 12.3 20.5 24.9
Pr 6.66 2.7 3.79 4.29 2.22 5.15 9.99
Nd 26.3 12.6 17.1 18.7 10.9 23.6 21.7
Sm 5.6 3.4 4.3 4.6 2.9 5.18 7.73
Eu 1.7 1.07 1.37 1.56 1.06 1.86 2.2
Gd 4.89 3.58 4.23 5.14 3.32 5.19 6.18
Tb 0.67 0.51 0.7 0.79 0.5 0.77 0.92
Dy 3.82 2.98 4.31 4.95 3.1 4.1 4.68
Ho 0.72 0.63 0.89 1 0.67 0.76 0.91
Er 1.9 1.74 2.46 2.73 1.88 2.41 2.57
Tm 0.27 0.23 0.35 0.4 0.24 0.31 0.36
Yb 1.6 1.5 2.3 2.5 1.6 1.2 a

Lu 0.21 0.18 0.29 0.34 0.2 0.29 0.35
Y 1.5 1.5 2.3 2.5 1.6 1.5 1.6
Hf 0.71 0.72 0.92 0.97 0.19 a a

Th 5.2 3.8 3.8 a 3.9 3.8 a

U 1.04 1.56 0.38 a a a a

Mga 32.46 39.55 27.91 26.24 31.11 28.70 34.10

a Below detection limit. Total iron reported as Fe2O3
t .
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Analyzed spots were mostly focused on the inner portions of the
grains and the obtained Th/U ratios range from 0.17 to 0.40, which
are typical from an igneous origin. Zircon crystal 020-Z12 pre-
sented the lowest Th/U ratio (0.07), which might be related to a
metamorphic overprint or mixed processes. On the concordia dia-
gram (Fig. 5b), a cluster of 09 spots yield an upper intercept age of
2130 ± 30 Ma, interpreted as the crystallization age of the pro-
tolith, whereas the lower intercept marks an age of 802 ± 31 Ma,
being related to Pb loss during metamorphism (MSWD = 0.8). In
addition, five zircon crystals were also extracted from this sample
but did not present acceptable response due to their high common
Pb concentrations.

Sample MV11 is a metawebsterite collected from a 1 m-long
30 cm thick layer within metagabbros located just 1 km from
where sample MV03 was collected. It corresponds to one of the
few preserved and relatively fresh ultramafites collected from the
Fazenda Carmo Suite. As expected for primitive rocks, the sample
is zircon-poor, but after almost 70 kg of sample crushing, a cluster
of fourteen zircon grains were recovered, but only nine presented
minimally acceptable results. These crystals range from 70 to

190 lm along their major axes, being mostly subhedral and lacks
clear oscillatory zoning (Fig. 4c). Most crystals present high Th/U
ratios that range between 0.14 and 0.53, but lower ratios (<0.1)
were observed on Z07 (207Pb/235U age = 611 Ma), Z08 (207Pb/235U
age = 1486 Ma) and Z28 (207Pb/235U age = 1658 Ma) (207Pb/235U
age = 611 Ma) grains, suggesting Pb loss episodes that might be
interpreted as heating events during the Brasiliano Orogeny. Along
the obtained discordia line (Fig. 5c), the sample yields an upper
intercept age of 2085 ± 22 Ma, whereas the 619 ± 50 Ma age marks
the lower intercept (MSWD = 4.8), interpreted as the best estima-
tions for the protolith crystallization age and the Brasiliano meta-
morphic overprint, respectively.

Sample FL119 corresponds to a metamonzogranite collected in
the inner portion of the Riacho do Navio Suite (geographic coordi-
nates 38�0202400Wand 08�2802900S) to minimize the influence of the
regional deformation. The collected zircon crystals are colorless to
slightly yellow with axial ratios ranging from 1:1 to 1:4. They
range in size from 80 to 120 lm, are subhedral to euhedral and
might present symmetric oscillatory zoning, which is indicative
of a magmatic origin. However, recrystallization rims are always

Table 7

Major (wt.%) and trace element (ppm) concentrations of samples from the Riacho do Navio Suite.

Major elements (wt.%)

RN1 RN2 RN3 RN4 RN5 RN6 RN7 FL99 FL100 FL102 FL103 FL104

SiO2 70.1 72.1 70.2 69.5 69.5 75 73.4 74.2 74.1 73.5 74.4 75.9
TiO2 0.75 0.8 0.74 0.76 0.75 0.3 0.31 0.13 0.13 0.11 0.27 0.26
Al2O3 12.7 11.8 13.6 12.9 16.5 13.4 14.4 16.8 16.8 14.2 13.4 13.2
Fe2O3

t 2.76 4.59 5 4.37 4.16 2.83 2.57 1.08 1.06 1.97 2.01 1.97
Cr2O3 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01
MnO 0.06 0.05 0.05 0.04 0.04 0.04 0.03 0.02 0.02 0.02 0.03 0.03
MgO 1.02 1.08 1.22 0.96 0.93 0.48 0.65 0.14 0.14 0.12 0.4 0.4
CaO 2.12 2.04 1.9 1.84 1.98 1.34 1.15 0.84 0.84 0.75 1.34 1.31
Na2O 3.75 3.41 3.1 3.25 3.28 3.28 3.25 3 3 3.92 3.37 3.31
K2O 5.83 4.03 4.74 5.2 4.69 4.22 5.29 4.79 4.85 4.85 4.27 4.15
P2O5 0.28 0.28 0.24 0.21 0.23 0.12 0.13 0.05 0.04 0.05 0.09 0.08
LOI 1.00 0.29 0.05 1.80 0.05 0.20 0.15 0.05 0.07 1.00 0.70 0.55
Total 100.3 100.4 100.8 100.8 102.1 101.2 101.3 101.1 101.1 100.5 100.2 101.1

Trace and rare earths elements-REE (ppm)

V 49 54 47 44 43 20 22 17 17 21 14 15
Cr 60 80 70 60 70 100 60 10 10 20 10 10
Ga 26.1 27.8 26.7 27.4 27.6 21.3 21.1 19.4 19.8 18.3 22.1 22.3
Rb 221 128 218 223 218 206 236 186 183 155.5 194.5 202
Sn 3 4 4 4 4 4 3 2 2 1 4 3
Sr 270 255 229 264 265 142.5 160 85.6 84 74.4 138.5 140
W 5 4 3 3 4 6 3 510 547 642 422 430
Zr 763 703 600 584 741 242 242 143 98 138 243 230
Nb 29.4 37.1 26.4 26.7 27.8 15 14 6.7 6.7 5.7 13.3 13.6
Cs 1.62 1.44 1.7 1.61 1.56 1.21 1.21 0.94 0.93 0.79 1.03 0.97
Ba 1400 915 1195 1450 1330 513 781 349 340 286 520 508
Pb 25 17 24 26 24 33 37 a a a a a

La 258 150.5 173.5 252 279 93.5 100.5 40.5 39.1 40 86.6 86.6
Ce 417 318 346 427 424 173.5 179.5 79.1 75.2 70.9 151 150.5
Pr 43 25.3 29.5 42.7 47.3 15.8 15.85 7.22 6.84 6.74 14.15 13.75
Nd 132 78.5 90.4 129 145.5 48.6 49.1 23.2 21.8 22.6 46.4 44.7
Sm 15.75 11.05 11.9 17.15 18.55 7.69 6.94 4.18 4 3.92 6.81 7
Eu 2.14 1.6 1.48 2.19 2.25 0.87 0.9 0.52 0.54 0.53 0.91 0.81
Gd 10.1 7.23 7.22 9.61 9.77 5.19 4.23 3.4 3.17 3.12 4.66 4.4
Tb 1.24 0.92 0.85 1.03 1.24 0.69 0.54 0.55 0.46 0.49 0.69 0.64
Dy 5.9 4.76 4.07 4.89 5.19 3.91 3.22 2.91 2.84 2.96 3.84 3.45
Ho 0.9 0.81 0.69 0.76 0.81 0.64 0.55 0.59 0.54 0.56 0.6 0.57
Er 2.02 1.86 1.75 1.49 2.03 1.57 1.35 1.67 1.54 1.63 1.61 1.44
Tm 0.33 0.29 0.21 0.22 0.25 0.2 0.2 0.27 0.23 0.22 0.19 0.19
Yb 1.71 1.06 1.29 1.2 1.4 0.96 1.26 1.53 1.3 1.5 1.26 1.03
Lu 0.19 0.15 0.16 0.13 0.17 0.14 0.16 0.21 0.18 0.21 0.16 0.14
Y 26.1 21.7 19.7 20.3 22.1 17 16.7 17.8 16.2 17.2 17.8 17.4
Hf 18.3 16.6 13.6 12.9 18.4 6.2 5.9 4.4 3.3 4.8 7.6 7
Ta 2.6 2.4 2.7 2.5 2.5 1.1 0.9 0.6 0.6 0.6 0.9 0.9
Th 85.9 84.8 73.4 72.6 77.9 66.3 50.9 30.8 31.5 29.4 64.7 60.8
U 2.02 1.52 1.67 1.47 1.55 3.57 4.13 8.16 8.19 6.55 3.82 3.62

a Below detection limit. Total iron reported as Fe2O3
t .
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present (Fig. 4d). In addition, tiny crystals occupying the core of the
major zircon grains are interpreted as inheritance from the host
rocks. Fifty-eight crystals were analyzed, but due to their high dis-
cordance (>50%), only twenty-five analyzed spots were considered
for the age calculation. An igneous origin is attributed to all the
analyzed spots, which is grounded on the crystal morphologies,
presence of well-developed oscillatory zoning and Th/U ratios
ranging from 0.17 to 3.7. The concordia diagram yields an upper
intercept age of 2076 ± 12 Ma (MSWD = 2.7), which is interpreted
as the protolith age of the metamonzogranite, whereas the lower
intercept yields an age of 574 ± 12 Ma, interpreted as the result
of Pb loss during the Brasiliano metamorphism (Fig. 5d). A single
xenocryst (Z15) aged at 2328 ± 49 Ma (206Pb/238U age) is inter-
preted as the result of crustal inheritance.

4.2. Sm-Nd isotopes

Sm-Nd isotope analyses were performed on representative
samples from both the Fazenda Carmo and Riacho do Navio suites,
including those analyzed for zircon U-Pb. The only exception is
sample MV11 due to its primitive nature. Rocks from the Fazenda
Carmo Suite are characterized by TDM model ages ranging from
early Archean to early Paleoproterozoic (i.e., 3.34–2.25 Ga) and
the calculated eNd(t) values using the crystallization age of
2.12 Ga are very similar to the CHUR and DM values, with a narrow

range of +2.11 to �0.03, thus consistent with a juvenile origin
(Fig. 6a). TDM model ages for the Riacho do Navio Suite samples
strongly resemble those from the Fazenda Carmo Suite, ranging
from 2.90 to 2.20 Ga. In contrast, the obtained eNd(t) values using
the 2.076 Ga crystallization age, range from slightly positive to
strongly negative (i.e., +1.70 to �9.22), suggesting a dominant
crustal component in the source region (Fig. 6b).

4.3. Whole-rock geochemistry

In terms of major elements, rocks of the Fazenda Carmo Suite
are characterized by narrow ranges in most major elements, con-
taining 42.6–52.4 wt.% SiO2, 12.8–18.4 wt.% Al2O3, 9.2–13.2 wt.%
CaO, 12.4–17.0 wt.% Fe2O3, 1.1–2.5 wt.% Na2O, 0.3–0.6 wt.% K2O.
The calculated Mg# fluctuates between 26.2 and 39.5 and its pre-
cursor magma can be classified as tholeiitic on the AFM diagram
(Fig. 7a). Major elements for the Riacho do Navio Suite samples
present 69.5–75.9 wt.% SiO2, 12.7–16.8 wt.% Al2O3, 0.75–2.12 wt.%
CaO, 0.97–5.0 wt.% Fe2O3, 1.06–5.0 wt.% Na2O and 4.0–5.8 wt.%
K2O. They plot near the line of the calc-alkaline series (Fig. 7a).
Their protoliths share similarities with calc-alkalic and alkalic cal-
cic (Fig. 7b) and ferroan magma series (Fig. 7c), as shown by plots
on the diagrams by Frost et al. (2001), which are typical for
Cordilleran granitic rocks. They are also classified as meta- to
strongly peraluminous rocks, based on the plot of the A/CNK

Fig. 4. Cathodoluminescence images from representative analyzed zircon crystals for U-Pb with the 207Pb/235U ages and spot position represented.
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[Al2O3/(Na2O + K2O) vs. Al2O3/(CaO + Na2O + K2O)] molar diagram
from Maniar and Piccoli (1989) (Fig. 7d).

Considering the minor/trace element behavior, on the chondrite
normalized multi-element/spider diagram, samples from the
Fazenda Carmo Suite present positive and negative anomalies on
both large ion lithophile elements (LILE) and high field strength
elements (HFSE). Significant negative anomalies are observed on
Rb, Nb, Zr and Hf, whereas Sr may fluctuate between negative to
positive anomalies (Fig. 8a). In addition, the rare earth elements
distribution normalized to chondritic values are homogeneous
and the general pattern is relatively flat, with a weak enrichment
of light rare earth elements (LREE) with respect to heavier rare
earth elements (HREE) (LaN/YbN = 2.1–11.3). No anomalies are
observed along the REE distribution, except for discrete troughs
of Ce and elevated contents of Pr (Fig. 8b). On the other hand, rocks
from the Riacho do Navio Suite present strong enrichment of LILE
as compared to HFSE on the chondrite normalized multi-
element/spider diagram, which is characterized by negative
anomalies of Nb, Ta, Sr, P and Ti (Fig. 8c). The REE distribution nor-
malized with chondritic values present strong enrichment of LREE
compared with HREE (LaN/YbN = 17.8–141.6) and all samples have
negative Eu anomalies (Eu/Eu* = 0.45–0.55; Fig. 8d).

In terms of tectonic discrimination diagrams, samples from the
Fazenda Carmo Suite plot along the volcanic arc array on the Nb/Yb
vs. Th/Yb diagram (Pearce, 2014; Fig. 9a) and present chemical
compositions similar to basaltic rocks generated in continental
arc-related settings (Fig. 9b and c). On the Hf–Rb/30–Ta� 3 ternary
plot proposed by Harris et al. (1986), samples from the Riacho do
Navio Suite plot in the volcanic arc field (Fig. 9d), whereas on the
Ta vs. Yb diagram from Pearce et al. (1984), they are akin to
volcanic-arc derived and collisional-related magmas (Fig. 9e). On
the Al2O3/(FeOt + MgO)–CaO–5(K2O/Na2O) triangular plot from
Laurent et al. (2014), the samples of the Riacho do Navio Suite
share similarities with magmas derived from melting of metased-
imentary sources (Fig. 9f).

5. Discussion

5.1. Age, source and tectonic setting

The Fazenda Carmo Suite comprises a succession of metamafic
and meta-ultramafic rock lenses along the ca. 2.1 Ga metagranites
and orthogneisses of the Floresta Batholith (Santos et al., 2017a).
Original igneous textures are obliterated at the meso- and micro-

Fig. 5. U-Pb concordia diagrams for the U-Pb zircon analyzed samples.
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scale due to the Neoproterozoic Brasiliano orogenesis overprint.
Dated metamafic rocks yield ages at ca. 2.13 and 2.11 Ga, whilst
a metawebsterite sample was dated at ca. 2.08 Ga. This is the first
successful attempt to date an ultramafic lithotype via U-Pb zircon
methodology within the Central Subprovince. Based on the primi-
tive nature of the analyzed sample, we do not discard that this age
might be attributed to crustal inheritance. However, all the ana-
lyzed zircon crystals present almost the same crystallization ages
as compared with the metamafic protolith samples, besides similar
morphology and absence of inherited nuclei, which is highly sug-
gestive for crystals derived from the original magma. Nevertheless,
we assume that more geochronological investigation is needed,
especially on the metamafic-ultramafic sequences of the Alto
Moxotó Terrane that have been neglected over the years.

The Riacho do Navio Suite is composed of metamonzogranites
and orthogneisses that occur as sheeted-like intrusions with gently
dipping foliation due to the influence of the Serra do Jabitacá Shear
Zone. Based on our results, we suggest that the crystallization age
of their protoliths is ca. 2.08 Ga and considering the analytical
errors might be interpreted as coeval or slightly younger than rocks
from the Fazenda Carmo Suite. Samples from both suites have
lower intercept Neoproterozoic ages ranging between ca. 619
and 570 Ma (samples MV11 and RN02), consistent with the age
of the Brasiliano orogenic event in the Borborema Province (650–
540 Ma; Brito Neves et al., 2014).

Based on the eNd(t) values, we conclude that the Fazenda Carmo
Suite samples are chondrite-like and compatible with extraction
from a juvenile depleted mantle source (e.g., DePaolo and
Wasserburg, 1976; Miller and Coleman, 1988) and reflect early

Paleoproterozoic crustal growth within the Alto Moxotó Terrane.
In addition, the overall geochemical characteristics of this suite
point to a primitive or poorly evolved source (e.g., low values of
LILE, HFSE and REE), despite little fractionation of the REE. Experi-
mental studies suggest that the trace element distribution is akin
to magmas generated by melting of a depleted mantle source
(e.g., Prouteau et al., 2001; Grove et al., 2006). The conspicuous
negative anomalies observed for Nb, Zr and Hf within the mafic-
derived magmas are usually ascribed to the presence of rutile in
a fluid-rich source, that might reflect some degree of upper mantle
metasomatism (Brenan et al., 1994; Klemme et al., 2005). Indeed,
such a scenario is commonly envisaged through partial melting
of peridotites, triggered by the saturation of volatiles such as H2O
and CO2 in the mantle wedge (e.g., Gaetani and Grove, 1998).

The tectonic discriminant diagrams indicate that the studied
rocks are akin to arc-related continental basaltic magmas, marked
by higher Th/Yb ratios compared with typical N-MORB or E-MORB
values (Pearce, 2014). In addition, the characteristic higher La/Yb
ratios observed in our samples (mostly higher than 1.4) are sugges-
tive of crustal contamination, which is inevitable during magma
ascent in continental arcs. We envisage that the mafic magmas
were extracted from the mantle and emplaced in the lower crust
during the ongoing of subduction (e.g., Condie, 1999).

Conversely, rocks from the Riacho do Navio Suite have negative
eNd(t) values, which are compatible with crustal reworking in the
source region. Major element behavior indicate that they share
chemical similarities with calc-alkalic to alkali-calcic and ferroan
magmas, being chemically similar to evolved Cordilleran granites
(Frost et al., 2001). They are also meta- to strongly peraluminous,
that can be explained by the presence of garnet and minor mus-
covite in their mineralogy. Trace element distribution is character-
ized by enrichment of LILE compared to HFSE, as well as Nb, Ta, P
and Ti negative anomalies. This pattern might reflect, for instance,
retention of these elements by sphene, rutile or Ti-bearing amphi-
bole (Foley et al., 2000). The negative anomalies of the HFSE as well
as the Cordilleran nature of the studied rocks are proxies for clas-
sical subduction-related magmas (e.g., McMillan et al., 1989; Barth
et al., 2000). The HREE contents are very low as compared with
LREE, which might reflect partitioning into garnet, whereas Eu
anomalies are interpreted as retention of plagioclase in the source
region. However, due to their strong pressure sensitiveness, these
anomalies might indicate mixing of mantle and crustal sources
(e.g., Hagen-Peter et al., 2015).

A subduction-related origin for the Riacho do Navio Suite is
reinforced by their plots on discriminant diagrams, transitioning
from arc-related to collisional-related magmas. They also present
transition between meta- to strong peraluminous character (S-
type granites) and based on the coeval obtained U-Pb age with
the Floresta Batholith (mostly intermediate metaplutonic rocks
with arc-related signature), it is possible that they can be part of
the magmatic arc itself, being products of oceanic floor and arc-
derived sandstones melting (Shaw and Flood, 1981). A second
plausible alternative, is that rocks from the Riacho do Navio Suite
might have been generated in a collisional setting (Pearce et al.,
1984), in which the high Al2O3 contents may be interpreted as
the result of upper crust melting, including high proportions of
metasedimentary components (Chappell and White, 2001;
Laurent et al., 2014), which is in concordance with their regional
correlatives.

5.2. Toward a tectonic model for the Paleoproterozoic arc evolution of

the Alto Moxotó Terrane

Recent isotopic and geochemical investigations conducted in
distinct areas of the Central Borborema Province have outlined
the importance of early Paleoproterozoic accretionary episodes,

Fig. 6. Nd evolution diagram for the samples of the (a) Fazenda Carmo Suite and (b)
Riacho do Navio Suite. Mantle evolution curve from DePaolo (1981).
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marking major sites of crustal growth and reworking (e.g., Neves
et al., 2015; Santos et al., 2015). In addition, the recent discovery
of juvenile TTG crustal segments within the Alto Moxotó Terrane
aged at ca. 2.6 Ga (Santos et al., 2017a; Brito Neves and Silva
Filho, 2020) as well as several Neo- and Mesoarchean inherited zir-
con crystals in supracurstal rocks (e.g., Santos et al., 2015) and
ancient Nd TDM model ages strongly indicate that Paleoproterozoic
subduction might have occurred beneath a hidden Archean block
(i.e., continental arc setting).

Continental arcs have a wide compositional range, including
silica-poor stages associated with the early phases of convergent
plate margin development to highly evolved magmas marking
the subduction termination (Tatsumi and Stern, 2006). Mafic and
ultramafic rocks from the Fazenda Carmo Suite represent relics of
a primitive arc stage at ca. 2.1 Ga, in which tholeiitic magmas were
generated by mantle wedge melting. Considering the coeval age of
the typical cordilleran phase (i.e., the emplacement of the Floresta
Batholith) and the emplacement of meta- to peraluminous mag-
mas related to the Riacho do Navio Suite, the latter might have
been generated during the ongoing subduction not necessarily
involving a collisional episode, such as in the Terra Australis oro-
gen (Cawood et al., 2011) in eastern Australia (Fig. 10a and b).
Another possible scenario might be glimpsed considering a typical

continental arc evolution (i.e., oceanic subduction-continental col-
lision) and in such case, we suggest that the timing from subduc-
tion to collision might have lasted at least 100 Ma (Fig. 10c). In a
short period of crustal growth, dominant Cordilleran magmatism
was generated producing juvenile material, but also reworking
Archean crust, marked by ‘‘arc batholiths” such as the Floresta
Batholith (e.g., Ducea, 2001). In advanced stages of arc evolution,
mantle melting is reduced and slab break-off is followed by
continent-continent collision (Fig. 10d), resulting in upper crust
partial melting (Chappell and White, 2001; Condie, 2007;
Cawood et al., 2009).

Other displaced coeval arc segments might include supracrustal
rocks of the Sertânia Complex, that yield a maximum depositional
age at around ca. 1.97 Ga, as well as detritus from early Paleopro-
terozoic and late Archean sources, being the main candidate for a
remnant of a retroarc-foreland basin within the Alto Moxotó Ter-
rane. Furthermore, recently described ca. 1.97 Ga potassic rocks
in the central portion of the Terrane might also mark advanced
stages of continental crust stabilization, interpreted as the transi-
tion between syn- to post-collisional magmatism (Santos and
Santos, 2019).

Lastly, the transition between the Rhyacian to Orosirian period
is still not well understood both in South America and in the Bor-

Fig. 7. Geochemical characteristics of the Fazenda Carmo and Riacho do Navio Suites. (a) AFM diagram from Irvine and Baragar (1971); (b) SiO2 vs. Na2O + K2O – CaO diagram
from Frost et al. (2001); (c) SiO2 vs. FeOt/(FeOt + MgO) diagram from Frost et al. (2001); (d) A/CNK diagram molar diagram from Maniar and Piccoli (1989).
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borema Province, and has received major attention because of its
association with eclogite-granulitic metamorphic peaks, sugges-
tive of suture development during the proposed period of arc activ-
ity (Santos et al., 2013a, 2013b; Neves et al., 2015). As shown by
the distinct models proposed in this paper, the orogenic history
of the Alto Moxotó Terrane during this period still needs additional
data and investigation.

5.3. Regional correlations and implications for Proterozoic

paleocontinents

In West Gondwana, a number of early to late Paleoproterozoic
orogenic belts are recognized, mostly concentrated in the cratons,
such as the São Francisco-Congo and São Luis-West Africa blocks
(Alkmim and Marshak, 1998; Ennih and Liégeois, 2008; Klein and
Moura, 2008). They are characterized by a protracted accretionary
tectono-magmatic evolution with major crustal growth period
recorded at ca. 2.1 Ga, related to the assembly of Paleo- to
Neoarchean microcontinents (e.g., Heilbron et al., 2017). Breakup
of the early landmasses is well-marked by several dyke swarms
that are dated at ca. 1.9 Ga, 1.8–1.7 Ga, 1.6–1.5 Ga and 1.0–
0.9 Ga (Ernst et al., 2013; Caxito et al., 2020). Paleoproterozoic
crust within them present evidence for a variety of tectono-
magmatic scenarios, including remnants of TTG, sanukitoid and
greenstone-like mafic-ultramafic sequences as well as island- to
continental arcs, including voluminous calc-alkaline to highly per-

aluminous granite emplacement (e.g., Barbosa and Sabaté, 2004;
Batumike et al., 2009; Ávila et al., 2010).

The Neoproterozoic orogens of South America and West Africa
resulted from the assembly of West Gondwana and their inner
Paleoproterozoic domains are mostly disrupted, being interpreted
as exotic terranes or basement inliers (Brito Neves, 2011 and refer-
ences therein). Despite the strong overprint of the Brasiliano defor-
mation and metamorphism in the Borborema Province, coeval
Paleoproterozoic blocks have been long recognized in all sub-
provinces as well as in the São Francisco Craton (Fig. 11).

A similar accretionary scenario proposed in this paper has been
speculated within the Alto Moxotó Terrane (e.g., Santos et al., 2012,
2013a, 2013b, 2015), but links between early arc formation and
later compression were missing (Santos et al., 2017a). Herein, we
have revealed the former products, the tholeiitic Fazenda Carmo
Suite, to be the result of early subduction, which is coeval to other
poorly understood mafic-ultramafic sequences within basement
units of the Central Subprovince (e.g., Neves et al., 2015; Santos
et al., 2015). A remarkable Paleoproterozoic unit of the Alto
Moxotó Terrane is the calc-alkaline ca. 2.1 Ga Floresta Batholith
that outcrops in the studied region, corresponding to a major Cor-
dilleran arc-related magmatic record in the region (Santos et al.,
2017a), and we interpret the 2.08 Ga Riacho do Navio Suite as part
of this subduction-related complex.

Coeval arc-related settings within the Borborema Province span
from ca. 2.2 to 2.1 Ga (e.g., Souza et al., 2007; Neves et al., 2015),
that clearly fits with the age interval of the Transamazonian-

Fig. 8. (a) Spider diagram of trace element abundances for the Fazenda Carmo Suite samples; (b) Spider diagram of trace element abundances for the Riacho do Navio Suite
samples; (c) REE abundances for the Fazenda Carmo; (d) REE abundances for the Riacho do Navio Samples. Spider diagrams were normalized by primitive mantle from
McDonough and Sun (1995) and REE normalized by Chondrite from Nakamura (1974).
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Fig. 9. Tectonic discriminant diagrams for the studied units. (a) Nb/Yb vs. Th/Yb diagram (Pearce, 2014); (b) Th–Hf/3–Nb/16 ternary plot fromWood (1980); (c) La/Yb vs. Nb/
La diagram from Hollocher et al. (2012); (d) Hf–Rb/30–Ta � 3 ternary plot proposed by Harris et al. (1986); (e) Ta vs. Yb diagram from Pearce et al. (1984); (f) Al2O3/
(FeOt + MgO)–3CaO–5(K2O/Na2O) triangular plot from Laurent et al. (2014). Symbols are the same as Fig. 7.
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Eburnian orogeny. Additional elements of accretionary tectonics in
this period also include a possible ca. 1.96 Ga supra-subduction
zone ophiolite or island-arc tholeiite remnants in the Southern
Subprovince (Caxito et al., 2015), detrital material of continental
magmatic arc exhumation (e.g., Caxito et al., 2014a, 2014b; Lima
et al., 2018, 2019), and eclogitic and retro-eclogitic assemblages
recorded in the Central Subprovince (Almeida et al., 2009; Santos
et al., 2012, 2013a, 2013b).

In the Pan-African orogenic belts, relics of Archean and Paleo-
proterozoic accretionary episodes are well marked and also
strongly reworked during the Pan-African orogeny (e.g., Toteu
et al., 2001). The major markers include subduction-related TTG
and normal calc-alkaline magmas as well as evidence of high-
grade metamorphism related to collisional episodes at ca. 2.03 Ga
(Penaye et al., 2004), interpreted as relics of Paleoproterozoic
sutures, for instance, in southern Cameroon (Tsoungui et al., 2020).

The recognition of Paleoproterozoic growth and reworking
markers within younger belts of West Gondwana has a critical role
on paleogeographic speculations, especially concerning older
supercontinents such as Columbia or Nuna. Indeed, some authors
have already postulated that early Paleoproterozoic blocks such as
the Alto Moxotó Terrane might represent missing pieces (e.g.,
Brito Neves and Silva Filho, 2020) of those supercontinents, present-
ing several similarities with the adjoining cratons of the Borborema
Province, possibly extruded during the Neoproterozoic tectonics,
being later docked along continental margins as exotic terranes.

6. Conclusions

(1) Zircon U-Pb data indicate that mafic-ultramafic and granitic
magmatism was emplaced in the continental crust of the
Alto Moxotó Terrane at ca. 2.13 and 2.08 Ga, respectively.

(2) Nd TDM model ages suggest extraction from Mesoarchean to
Paleoproterozoic sources, but mafic magmatism resulted
from peridotite melting in a mantle wedge later contami-
nated by the continental crust, whereas the metagranitic
rocks where derived from a sedimentary/metasedimentary
source.

(3) The overall geochemistry suggests that the studied rocks are
part of a large magmatic spectrum generated in a continen-
tal arc-related setting, in which tholeiitic magma was
emplaced in an early stage of subduction and meta- to per-
aluminous material resulted from crust melting during the
convergence termination, thus marking the end of the oro-
genic activity within the Alto Moxotó Terrane during the
Paleoproterozoic.

(4) The obtained results as well as several investigations that
were carried out in the terrane in recent years suggest that
it corresponds to a quasi-rigid block located in the interior
of the Neoproterozoic Borborema Province, being a possible
candidate for a dismembered fragment of the Nuna/Colum-
bia Supercontinent.
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