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The Troia–Pedra Branca complex is the most extensive exposure of mafic–ultramafic rocks in the 
Borborema Province, northeastern Brazil. These rocks have been known for a long time, particularly 
because of their platinum group element (PGE) mineralization associated with chromitites. The 
Troia–Pedra Branca complex consists of a succession of serpentinites (after dunite), metachromitites, 
metaperidotites, hornblendites and metagabbros. PGE–bearing metachromitites are hosted by the 
serpentinite–peridotite unit, occurring as dispersed blocks, well preserved from weathering. However, 
host metadunites are poorly preserved, and are only accessed by drill core samples. Scanning Electron 
Microscopy (SEM) analysis in thin sections of selected metachromitite samples revealed that most of the 
platinum group minerals (PGM) occur in the chlorite–serpentine matrix, generally in contact with chromite 
grains. The main PGM are sperrylite (PtAs2), cooperite (PtS), irarsite ((Ir,Pt,Rh)AsS) and hollingworthite 
((Rh,Pd,Pt,Ru)AsS). Within chromite grains, very few PGM were found, and sulfide inclusions are mainly 
chalcopyrite (CuFeS2), pentlandite ((Fe,Ni)9S8) and bornite (Cu5FeS4). Whole–rock geochemical data 
reveal that metagabbros are LILE–enriched and show subduction–related signature similar to that of 
Alaskan–type intrusions. Mineral chemistry of chromite and olivine is also compatible with arc–related 
Alaskan–type complexes. The U–Pb SHRIMP zircon age for a metachromitite sample yielded an upper 
intercept age of 2036 ± 27 Ma, which we interpret as the crystallization age. However, dispersion in the 
data implies that zircons lost variable amounts of radiogenic Pb at around 749 ± 54 Ma (lower intercept), 
which may be related to Neoproterozoic metamorphism. The age obtained for the Troia–Pedra Branca 
metachromitites (2036 Ma) is younger than the 2190–2130 Ma arc–related plutons of the area, and it 
is closely related in age to the 2.10–2.04 Ga syn– to late–collisional plutonism and high–temperature 
metamorphism. Therefore, this Alaskan–type mafic–ultramafic magmatism may be related to the post–
collisional setting of the 2.2–2.0 Ga Eburnean/Transamazonian orogeny.

The Troia–Pedra Branca mafic–ultramafic complex, Borborema Province, 
Brazil: Record of 2.04 Ga post–collisional Alaskan–type magmatism 
and PGE mineralization

1. Introduction

Mafic–ultramafic rocks, including chromitites, and associated 
platinum group element (PGE) mineralization may form as 
part of oceanic crust (ophiolite), along arc–related magmatism 
(Alaskan–type complex) or in continental (non–orogenic) 
layered intrusions (e.g., Bushveld complex) (e.g., Naldrett and 
Cabri 1976, Naldrett 2004, Ripley et al. 2005, Barnes and 
Lightfoot 2005, Naldrett et al. 2012, Barnes and Ripley 2016).

Alaskan– or Uralian–type mafic–ultramafic intrusions 
(Taylor 1967, Irvine 1974, Himmelberg and Loney 1995, 
Batanova et al. 2005) are often reported in the literature as 
hosting PGE mineralization (e.g., Johan et al. 1989, Garuti et al. 
2002, 2003, Ishiwatari and Ichiyama 2004, Ripley et al. 2005, 
Kutyrev et al. 2021). Alaskan–type complexes are generally 
interpreted as arc–related magmatism, which is in agreement 
with the tectonic environment of their original study area (North 
American Cordillera, e.g., Himmelberg and Loney 1995). In 
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short, the term Alaskan–type (or Uralian–Alaskan–type) may 
be used to classify mafic–ultramafic complexes worldwide, from 
Archean to Phanerozoic times, with similar rock associations 
(e.g., dunites, hornblendites, chromitites, pyroxenites, gabbros 
and diorites), arc–related geochemical signature and PGE 
mineralization (e.g. Johan et al. 1989, Garuti et al. 2002, 2003, 
Helmy and El Mahallawi 2003, Pettigrew and Hattori 2006, 
Farahat and Helmy 2006, Eyuboglu et al. 2010, Krause et 
al. 2011, Tseng et al. 2015, Yuan et al. 2017, Han et al. 2018, 
Abdallah et al. 2019, Yellappa 2021, Kutyrev et al. 2021).

Similar types of mafic–ultramafic intrusions are found within 
the Archean to Paleoproterozoic basement rocks of the Troia 
Massif, in northern Borborema Province, Brazil (Fig. 1). The 
Troia–Pedra Branca complex consists of the most extensive 
occurrence of mafic–ultramafic rocks in this province, and their 
chromitite occurrences have been known for more than thirty 
years, particularly because of their PGE mineralization (e.g., 
Gomes et al. 1981, Simões 1993, Angeli et al. 1993, Angeli 2005, 
Angeli et al. 2009, Barrueto and Hunt 2010). It consists of variably 
metamorphosed dunite–peridotites, chromitites, hornblende 
gabbros and minor gabbro–diorites. However, there are limited 
geochemical and geochronological data in the literature for this 
mafic–ultramafic complex, and no detailed characterization of 
the PGE mineralization has been published to date. Therefore, a 
better understanding of the petrogenesis of this mafic–ultramafic 
magmatism is still needed, particularly to constrain the genetic 
model of its PGE mineralization. In this manuscript, we provide 
field and petrographic observations, whole–rock and mineral 
geochemistry, and U–Pb (SHRIMP) zircon data for these 
mafic–ultramafic rocks. These new data provide information 
on the magma chemistry/source, characteristics of the PGE 
mineralization, and the tectonic setting of the Troia–Pedra Branca 
mafic–ultramafic complex, aiming to broaden the knowledge 
about PGE mineralization and its hosted rocks.

 
2. Geological setting

2.1. Archean–Paleoproterozoic basement 
of the northern Borborema Province

The geology of the Borborema Province is complex, 
comprising several tectono–stratigraphic domains that 
were structured during the Neoproterozoic, with Archean to 
Paleoproterozoic basement inliers (Brito Neves 1975, Almeida 
et al. 1981). This province comprises an area of ca. 450,000 
km2 in northeastern Brazil, and its final configuration resulted 
from the convergence of the Amazon, São Luis/West African 
and São Francisco/Congo cratons during the Brasiliano/Pan 
African orogeny (Brito Neves and Cordani 1991, Trompette 
1994) (Fig. 1 A). The Borborema Province is divided into the 
Southern and Transversal zones, and the northern Borborema 
Province (Fig. 1 B). The northern domain hosts three of the 
most important Archean to Paleoproterozoic Basement inliers 
of this Province: (i) the São José do Campestre Domain, (ii) the 
Granjeiro Complex and (iii) the Troia Massif (Fig. 1 B). 

The Troia Massif dominantly encompasses Neoarchean 
TTG gneisses (Troia Massif/Cruzeta complex of 2.8–2.7 Ga) 
(Brito Neves 1975, Fetter 1999, Ganade de Araújo et al. 2017) 
which are enveloped by Paleoproterozoic (Rhyacian) gneisses, 
migmatites and metavolcano–sedimentary sequences, with 
ages ranging from 2.17 to 2.03 Ga (Fetter et al. 2000, Martins et al. 
2009, Silva et al. 2014, Costa et al. 2015, 2018). These Archean 

to Paleoproterozoic rocks are the basement for Neoproterozoic 
supracrustal volcano–sedimentary rocks represented by the 
Ceará Complex and the Novo Oriente Group (Arthaud et al. 
2008, Ganade de Araújo et al. 2010, 2012, Garcia et al. 2014). 
In general, all these units (basement and supracrustal rocks) 
were strongly deformed and migmatized during the Brasiliano/
Pan African orogeny (e.g., Castro 2004, Arthaud et al. 2008). 
The structural patterns found in Troia Massif are dominated 
by early low–angle foliation related to nappe tectonics (Caby 
and Arthaud 1986) that probably occurred at 650–610 Ma. 
This was followed by the late development of large NNE–SSW 
transcurrent shear zones at ~590–530 Ma (e.g., Vauchez et al. 
1995, Monié et al. 1997). The high–grade metamorphism in the 
surrounding basement rocks is locally found, represented by 
high–pressure granulite facies (~650–640 Ma) (Castro 2004, 
Amaral 2010, Amaral et al. 2012), with some relict of ultra–high 
pressure rocks (Santos et al. 2015), and subsequent regional 
high–temperature granulite/amphibolite metamorphism (630–
610 Ma) (Arthaud 2008, Amaral 2010, Amaral et al. 2012).

2.2. The Troia–Pedra Branca mafic–ultramafic complex

The mafic to ultramafic rocks of the Troia Massif have been 
collectively termed as the Troia unit (Oliveira and Cavalcante et 
al. 1993) or the Pedra Branca mafic–ultramafic complex (Fleet 
et al. 1993, Angeli et al. 1993). They occur in the central part 
of the Troia Massif and are the most expressive occurrence 
of mafic to ultramafic rocks in the Borborema Province (Fig. 
1 C). The occurrence of chromitites in this region have been 
recognized since the 1980s because of their associated 
PGE mineralization (Gomes et al. 1981, Simões 1993, Angeli 
et al. 1993). The Troia–Pedra Branca mafic–ultramafic 
complex consists of a succession of serpentinites (after 
dunite), metaperidotites (after clinopiroxenite), hornblendites, 
hornblende metagabbros and metagabbro–diorites (e.g., 
Angeli 2005, Barrueto and Hunt 2010, Lomas et al. 2019). The 
PGE–bearing metachromitites are hosted by the metadunites, 
which consist of metamorphosed coarse– to medium–grained 
olivine–websterite cumulates (e.g., Angeli 2005, Barrueto 
and Hunt 2010, Lomas et al. 2019). The ultramafic units were 
metamorphosed to greenschist to lower amphibolite facies 
and comprise chlorite schist, talc–tremolite–actinolite schist, 
talc–serpentine schist, serpentinite and anthophyllite schist 
(e.g., Pessoa and Archanjo 1984, Pessoa et al. 1986).

The rocks of the Troia–Pedra Branca complex are highly 
deformed. The main folds and foliation probably developed 
during thrusting, synchronously with the intrusion of the syn–
tectonic S–type Cedro granites (Fig. 1 C) at ca. 2100 Ma 
(Pessoa and Archanjo 1984, Pessoa et al. 1986). However, 
ca. 600 Ma Neoproterozoic deformation and metamorphism 
also occur in the area (Brito Neves 1975, Pessoa et al. 1986, 
Fetter 1999, Costa et al. 2019).

The metachromitites from the Troia–Pedra Branca complex 
occur as lenses in metadunite–metaperidotite, and are up 
to 30 m long, 1.4 m wide and 1 m thick (e.g., Angeli 2005, 
Barrueto and Hunt 2010). The PGE–bearing metachromitites 
comprise five known deposits (Curiu, Esbarro, Cedro, Trapia 
and Santo Amaro, Fig. 1 C), which host altogether a measured 
resource of 17.9 Mt at 0.77 g/t Pd, 0.45 g/t Pt and 0.04 g/t 
Au (Lomas et al. 2019). The mineralized metachromitites crop 
out at surface, and all of the inferred resources are potentially 
open pit mineable (Lomas et al. 2019). 
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FIGURE 1. (A) Pre–drift reconstruction for Africa and South America continents. (WA = West Africa craton, A = Amazonian craton, SC = São 
Francisco–Congo craton, RP = Rio de la Plata craton, K = Kalahari craton). Rectangle outlines approximate the area of Fig. 1 B. (B) Schematic 
structural map of NE Brazil (modified from Trompette 1994) showing the three major subdivisions of the Borborema Province delimited by the 
Patos Lineament (Pa-L) and the Pernambuco Lineament (Pe-L), (a)– Northern Borborema Province, (b)– Transversal zone and (c)– Southern 
frontal zone. At the northern Borborema Province, the three major Archaean blocks are highlighted (1)– Troia Massif or Cruzeta Complex, 
(2)– Granjeiro Complex and (3)– São Jose do Campestre Massif. CCD = Ceará Central Domain and RGND = Rio Grande do Norte Domain. 
Rectangle outlines approximate the area of Fig. 1 C. (C) Geological map of the Paleoproterozoic Troia–Pedra Branca mafic–ultramafic complex 
and surrounding Archean TTG gneisses of the Troia Massif (modified after Oliveira and Cavalcante 1993). The Santo Amaro deposit is not 
shown in Fig. 1 C, as it occurs outside of the area, further north in the Troia Massif.
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3. Materials and methods

3.1. Whole–rock geochemistry

Major and trace elements analyses of whole–rock were 
carried out respectively by X–ray fluorescence (XRF) and 
inductively coupled plasma–mass spectrometry (ICPMS) at 
the SGS GEOSOL laboratory in Vespasiano, Minas Gerais 
(Brazil), following the XRF79C and IMS95A analytical 
methods. For major element analyses, the rock powders (2 g 
per sample) were dried in an oven and weighed after cooling 
in a jar containing lithium tetraborate flux. The samples were 
then transferred to a platinum crucible and homogenized. 
After homogenization, lithium iodide was added before fusion 
and analysed by XRF. For trace element analyses, the rock 
powders (10 g per sample) were weighed separately and then 
fused in a graphite crucible by adding lithium metaborate. 
After fusion, the melt was transferred to a beaker containing 
a solution of nitric acid and tartaric acid in equal volumes for 
homogenization and total dissolution under agitation, and 
analysed by ICP–MS. The analytical accuracy was monitored 
using geological standard materials, TILL–03 and GRE–03 
for trace elements on ICP–MS, and SG–142 and AMIS0321 
for major elements on XRF. Analytical precision for major 
elements is better than 5% and better than 10% for trace 
elements analyses and the blank material yielded values 
below the detection limits. The results are shown in Table 1. 
The geochemical analyses were plotted using the GCDkit 
software (Janousek et al. 2006).

3.2. Major element mineral chemistry

Quantitative mineral analyses were carried out using a 
Zeiss Sigma HD Field Emission Gun Analytical Scanning 
Electron Microscope (ASEM) equipped with two Oxford 
Instruments 150 mm2 EDS detectors, at Cardiff University. 
Operating conditions were set to 20 kV, with analytical drift 
checked periodically every 20 minutes using a Co reference 
standard. Suites of standards from ASTIMIX and Smithsonian 
were used to calibrate the EDS analysis and perform regular 
secondary standard checks every hour. The raw data were 
recalculated to element oxides percentages; Fe2+ and Fe3+ 
were calculated using Droop’s stoichiometric method (Droop 
1987). Representative analyses can be found in Table 2 for 
chromite and in Table 3 for olivine.

3.3. U–Pb SHRIMP zircon age 

Zircon U–Pb isotope analyses were made for a 
metachromitite sample (JN–88) using secondary ion mass 
spectrometry (SIMS) with the SHRIMP IIe microprobe 
(Sensitive High Resolution Ion Microprobe) at the 
Geochronological Research Centre (CPGeo) at São Paulo 
University (USP), Brazil. The data were reduced according 
to the methods in Williams (1998) and Sato et al. (2008). 
Uncertainties given for individual U–Pb analyses are at 1σ 
level. For calculations of age, corrections for common Pb were 
made using the measured 204Pb and the relevant common Pb 
compositions from the model by Stacey and Kramers (1975). 
For details of the method employed for SHRIMP–IIe U–Pb 
zircon analysis and data processing, refer to Sato et al. (2008, 
2014). Concordia plots, regressions and calculations of age 

were carried out using Isoplot/Ex 4.15 (Ludwig 2003). U–Pb 
geochronological results are shown in Table 4. 

4. Field geology and petrography

4.1. Metagabbros and associated hornblendites

Regionally, the metagabbros of the Troia–Pedra Branca 
mafic–ultramafic complex delineate a kilometric folded 
structure, with fold axis dipping gently to NE (Fig. 1 C). 
Metagabbros are the most abundant rocks in this complex, 
and persistently outcrop in large areas (Fig. 2 A). Most 
metagabbros are composed essentially of hornblende and 
plagioclase, commonly showing stretched mineral lineation 
(Fig. 2 B) and highly foliated domains (Fig. 2 C). Deformation 
generally masks some primary magmatic textures and 
aligns hornblende–rich layers with leucocratic plagioclase–
rich metagabbros (Fig. 2 C). However, in less deformed 
domains, some mingling textures of the gabbroic magma 
with aphanitic ultramafic enclave are found locally (Fig. 2 D). 
In thin sections, the texture of these metagabbros is mainly 
nematoblastic, formed by the orientation of hornblende and 
plagioclase crystals (Fig. 2 E). The hornblende crystals 
are prismatic and tabular, with dark–green to brown–green 
pleochroism (Fig. 2 E). Plagioclase crystals are xenoblastic, 
rarely twinned in albite, and commonly occur as stretched 
crystals, recrystallized in sub–grains. Hornblende is the 
main mafic mineral present in the metagabbros, but there 
were also some relicts of clinopyroxene (Fig. 2 F), as well 
as minor biotite crystals at more evolved gabbro–dioritic 
facies (Fig. 2 G). Andesine is the dominant feldspar in the 
metagabbro, and in more evolved gabbro–dioritic samples, 
potassium feldspar (microcline) is a minor mineral (Fig. 2 
H). Major accessory minerals are titanite, rutile, apatite and 
opaque oxide phases.

Outcrops of hornblendites have been recognized in the 
area (Fig. 3 A, B and C), and they are spatially associated 
with the metagabbros. The hornblendites crop out as large 
boulders, showing coarse idiomorphic dark–green hornblende 
phenocrysts in an interstitial plagioclase matrix (Fig. 3 A and 
B). Massive hornblendites (plagioclase–free) are also found 
to be in contact with porphyritic hornblendites, suggesting 
primary magmatic layering textures (Fig. 3 C).

4.2. Metadunites

Metadunites have not been recognized in the field, as 
their mineralogy (dominantly olivine) is highly susceptible to 
tropical weathering, therefore fresh metadunites can only be 
accessed by means of drill core samples. These samples 
generally show cumulate textures comprising coarse (up to 4 
cm large) olivine crystals (Fig. 4 A and B) and medium–grained 
olivine grains (Fig. 4 C). The relict olivine crystals are partially 
altered to serpentine (Fig. 4 A and B). Locally, metadunites 
are completely altered to serpentinite along faults and/or 
shear bands (Fig. 4 D). In thin section, the olivine and minor 
chromite crystals are relicts of the main primary minerals 
within a metamorphic matrix (Fig. 4 E and F). Magnetite is 
commonly lamellar–textured, occurring between serpentine 
and surrounding the chromite rims, possibly a by–product of 
serpentinization of olivine (Fig. 4 E). Serpentine is the main 
mineral of the metamorphic matrix, but it also occurs as a 
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FIGURE 2. (A) Large outcrop of a massive gray colored metagabbro. (B) Hand sample (FC–06A) of a coarse–grained metaleucogabbro with 
stretched plagioclase (white) and hornblende (black) crystals. (C) Alternating bands of deformed melanogabbro (darker) and leucogabbro 
(lighter) as compositional layers. Black minerals are hornblende and white minerals are plagioclase. (D) Slightly deformed metagabbro hosting 
an ultramafic microgranular enclave. The inserted plagioclase phenocrystal within the enclave suggests mingling texture. (E) Photomicrograph 
in plain polarized light showing a hornblende (Hb)–rich (meta)melanogabbro with xenoblastic plagioclase (Plg) matrix (Sample FC–118). 
(F) Photomicrograph in plain polarized light showing relict clinopyroxene (Cpx) crystal rimmed (replaced) by hornblende (Hb) (sample FC–
109). (G) Photomicrograph in plain polarized light, showing brown biotite (Bt) intergrowth with green hornblende (Hb) (sample FC–120). 
(H) Photomicrograph in cross polarized light showing a potassium feldspar (Kf) from a metagabbro–diorite sample (sample FC–109).
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FIGURE 3. (A) Field aspect of a hornblendite boulder mainly composed of hornblende (dark) and plagioclase (white). (B) Close view of coarse 
idiomorphic dark–green hornblende phenocrystals and interstitial plagioclase matrix. (C) Massive hornblendite (dark layer) in contact with a 
porphyritic hornblendite with plagioclase matrix.

net–structured framework within olivine, probably reflecting 
hydrothermally altered micro fissures (Fig. 4 F and G). Also, 
serpentine is frequently rimming the olivine crystals (Fig. 4 
A and H).

4.3. Metachromitites and PGE mineralization

Metachromitites generally occur as dispersed blocks 
that are 10 to 60 cm long (Fig. 5 A). They are relatively 
well preserved from weathering. In trench exposures, 
metachromitites occur as discontinued lenses within 

weathered metadunites (Fig. 5 B). On a hand-specimen 
scale, metachromitites are generally homogeneous, 
containing 30 to 60% of chromite immersed into gray 
chlorite– and serpentine–bearing groundmass (Fig. 5 C and 
D). Crystal size of chromite ranges from 1 to 5 mm, and this 
mineral shows semi–massive and disseminated–textures 
(30–80% chromite), and locally well-banded structures, 
with alternating coarse– and fine–grained chromitite layers 
(Fig. 5 C). Silicate–rich seams also occur in chromitites, with 
ca. 3 cm width alternating with chlorite–chromitite layers/
bands (Fig. 5 E). The silicate layers are mainly composed 
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FIGURE 4. (A) Drill core sample of a coarse olivine cumulate rock. Note the serpentinized rims of the large (~3 cm) olivine crystals. (B) Relicts 
of large olivine crystals in a serpentinized matrix. (C) Close view for drill core samples of a medium–grained metadunite with preserved olivine 
crystals (black minerals in the photo) within a gray serpentine matrix. (D) Drill core sample of a medium–grained metadunite altered to serpentinite 
along a shear band. (E) Photomicrograph in plain polarized light showing chromite (Chr) and olivine (Ol) crystals from a metadunite drill core 
sample. The chromite and olivine are relicts in a metamorphic matrix of serpentine (Srp) and magnetite (Mgt). (F) Photomicrograph with cross 
polarized light showing sub rounded olivine (Ol) crystals surrounded by metamorphic chlorite (Chl) and serpentine (Srp). (G) Photomicrograph 
with cross polarized light showing a vein–like network of serpentine (Srp) in a relict olivine (Ol) crystal. (H) Photomicrograph with cross polarized 
light showing an olivine (Ol) crystal rimmed by serpentine (Srp) in a dominantly chlorite (Chl) matrix.
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of tremolite/actinolite (after clinopyroxene) (Fig. 5 E). Thin 
sections of chromitite samples reveal subhedral to anhedral 
chromite grains (Fig. 6 A), and interstitial silicates are formed 
by chlorite and minor amphiboles. These silicates are also 
found to be included within chromite grains (Fig. 6 B). Some 
samples show clear evidence of brittle to brittle–ductile 
deformation as exemplified by some fractured chromite 
grains, displaying similar structures to tension gashes (Fig. 
6 C). Round–shaped chromites are also present, suggesting 
that they were corroded during ductile metamorphic/
deformation processes (Fig. 6 D). Several sulfide inclusions 
occur within chromite grains, represented by chalcopyrite, 
bornite and pentlandite (Fig. 6 D, E, F and G).

Scanning electron microscopy (SEM) images and 
energy dispersive spectrometry (EDS) analyses of selected 
chromitite samples confirm that the main inclusions observed 
in reflected light microscopy are copper sulfides (Fig. 7 A, B, 
C and D). Locally, some bismuth minerals were recognized 

within the chromite crystals, probably emplectite (CuBiS2) or 
wittichenite (Cu3BiS3) (Fig. 7 E). No PGM were recognized 
as enclosed within the chromite crystals, but locally, some 
high content of palladium has been found in association with 
sulfide inclusions (Fig. 7 F) (Pd–sulfide?). All the PGM that 
are recognized in these rocks are disseminated within the 
chlorite–serpentine matrix of the metachromitite, and at the 
chromite matrix boundary (Fig. 8 A, B, C and D). Most of the 
PGM represent composite association, such as irarsite ((Ir, 
Pt, Rh)AsS) crystals found within a cooperite (PtS) crystal 
(Fig. 8 A). Sperrylite (PtAs2) is the most common ore mineral, 
commonly occurring at the border of the chromite grains 
(Fig. 8 B). A composite grain of hollingworthite ((Rh,Pt)AsS) 
and irarsite ((IrPt,Rh)AsS) was found within the chlorite and 
serpentine grains of the metachromitite matrix (Fig. 8 C). 
Zircon grains were also identified in the metachromitite matrix, 
showing slightly rounded crystal habit and locally altered to 
xenotime (Fig. 8 D).

FIGURE 5. (A) Typical metachromitite outcrop of the Troia–Pedra Branca mafic–ultramafic complex. (B) Trench exposure of metachromitite layer 
within weathered metadunite. (C) Alternating coarse– and very fine–grained chromite layers showing cumulate texture with magmatic banding 
preserved in the metachromitite. (D) Metachromitite with homogeneous dissemination of chromite in chlorite–serpentine–bearing matrix. (E) 
Banded metachromitite sample with a silicate–rich layer composed of tremolite/actinolite (after clinopyroxene).
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FIGURE 6. (A) Thin sections of metachromitite observed on a petrographic microscope with plain polarized light, showing the chromite (Chr) 
crystals with subhedral to anhedral shapes within a chlorite–serpentine matrix. (B) Poikilic texture of silicate inclusion within chromite (Chr) 
(cross polarized light). The interstitial silicates are chlorite, serpentine and minor amphiboles. (C) Photomicrograph (plain polarized light) showing 
a fractured chromite (Chr) crystal. (D) Photomicrograph taken in reflected light showing a chalcopyrite (Ccp) inclusion within rounded chromite. 
The matrix is dominantly composed of chlorite and serpentine (Chl+Srp). (E) Inclusions of chalcopyrite (yellow minerals) within chromite (Chr). 
(F) and (G) Photomicrograph (reflected light) showing composite inclusions of chalcopyrite (Ccp), bornite (Bn) and pentlandite (Pn). 

5. Whole–rock geochemistry

Table 1 shows the major and trace element composition 
of the study metagabbros, metadunites and metachromitites. 
There are several trends among the major element oxides 
relative to MgO (wt.%) contents (Fig. 9). The higher MgO 
contents (33.2 to 40.7 wt.%) were found in the metadunites, 
followed by metachromitites (MgO = 13.4 to 19.3 wt.%) 
and metagabbros (MgO = 4.7 to 10.6 wt.%) (Fig. 9, Table 

1). The Mg# (100 x molar MgO/MgO+FeOt) is also very 
high in the metadunites (84.0 to 85.6) and relatively lower 
in the metachromitites (52.2 to 64.5) and metagabbros 
(50.1 to 64.0) (Table 1). Aluminum contents are high in the 
metagabbros (Al2O3 = 13.8 to 20.6 wt.%) and metachromitites 
(Al2O3 = 13.5 to 17.4 wt.%), and very low in the metadunites 
(Al2O3 = 0.71 to 2.85 wt.%) (Fig. 9, Table 1). Al2O3 contents 
for all investigated samples show a pronounced negative 
correlation with MgO contents (Fig. 9). The contents of K2O 
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FIGURE 7. Photomicrographs of scanning electron microscope (SEM) images and energy dispersive spectrometry (EDS) analyses of metallic 
inclusions within chromites. (A) Thin section of a chromite (Chr) grain in reflected light, with several sulfide inclusions (Ccp= chalcopyrite, Bn= 
bornite, Pn= pentlandite). (B) SEM–EDS information from the same view of Fig. 7 A. (C) Thin section in reflected light showing a composite 
bornite (Bn) – chalcopyrite (Ccp) inclusion within chromite (Chr). (D) SEM–EDS analyses from the same view of Fig. 7 C. (E) SEM–EDS 
analyses for bornite (Bn), chalcopyrite (Ccp) and a Cu–Bi–S mineral which could probably be emplectite (CuBiS2) or wittichenite (Cu3BiS3) 
(suphosalts). (F) SEM–EDS analyses of a composite bornite (Bn) and pentlandite (Pn) inclusion within chromite, and a tiny composite mineral 
with traces of palladium (Pd) (Pd–sulfide?). Some elements (% in black) from the EDS analyses may represent contamination with the host 
mineral and/or small mineral phases

and Na2O are below the detection limit in the metadunites 
and metachromitites. In the metagabbros, they range from 
0.27 to 0.92 wt.% and 2.40 to 3.70 wt.%, respectively (Fig. 
9, Table 1). The metachromitites have higher FeOt contents 
(17.9 to 21.9 wt.%) than the metadunites (FeOt = 11.2 to 12.8 
wt.%) and metagabbros (FeOt = 6,60 to 10,6 wt.%), while the 
TiO2 contents are higher in the metagabbros (TiO2 = 0.78 to 
1.34 wt.%) in comparison to metachromitites (TiO2 = 0.35 to 
0.37 wt.%) and metadunites (TiO2 = 0.03 to 0.07 wt.%) (Fig. 
9, Table 1). 

Trace element contents also show significant variations 
among lithologies (Table 1). The Ni and Co contents are 
very high in the metadunites (Ni = 20303 to 1690 ppm) and 
metachromitites (Ni = 1060 to 1723 ppm), but relatively low 
in the metagabbros (Ni = 26 to 136 ppm, Co = 23 to 50 ppm) 
(Fig. 10, Table 1). For the metadunites and metagabbros, the 
Ni and Co contents indicate a positive correlation with MgO 
(Fig. 10). Similarly, positive correlation trends were found 
for Y and Yb with MgO wt% in the metagabbro, while the 
Sr contents show a negative correlation trend (Fig. 10). The 
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Sr contents are very high in the metagabbros (Sr = 708 to 
1615 ppm), and very low (close to the detection limit) in the 
metachromitites and metadunites (Fig. 10, Table 1). The Ba 
contents are also high in the metagabbros (Ba = 674 to 162 
ppm), low in the metadunites (Ba = 9 to 21 ppm) and almost 
absent in the metachromitites (one sample with 28 ppm) (Fig. 
10, Table 1). 

In the “Total Alkalis” versus “Silica” (TAS) diagram, the 
metagabbros plot dominantly in the field of gabbros, with SiO2 
contents in the range of basic rocks (Fig. 11 A). However, 
one sample (FC–124) plots in the field of dioritic rocks and 
another sample (FC–09) along the limit of gabbro and diorite 
field (Fig. 11 A). Also, in the TAS diagram, all samples plot 
in the field of subalkaline/tholeiitic rocks according to the 
subdivision of Irvine and Baragar (1971). However, assuming 
the subdivision line of Kuno (1966), the metagabbros show 
a slight tendency to the alkaline field (Fig. 11 A). In the SiO2 
versus the FeOt/MgO diagram for discrimination of tholeiite 
and calc–alkaline series from Miyashiro (1974), the samples 
of metagabbro plot predominantly in the field of the tholeiite 
series (Fig. 11 B). However, according to the SiO2 versus 
the K2O diagram with discrimination fields from Peccerillo 
and Taylar (1976) (Fig. 11 C) and the Th versus the Co 
discrimination diagram of Hastie et al. (2007) (Fig. 11 D), 
the samples of metagabbro plot predominantly in the field of 
calc–alkaline series.

The primitive mantle–normalized (Sun and McDonough, 
1989) trace–element plots for the metagabbros are 
characterized by depletion in some of the high–field strength 

elements (HFSE), such as Ti, P, Zr and Nb, and enrichment in 
some large ion lithophile elements (LILE), such as Cs, Ba, Th, K, 
La and Sr (Fig. 12 A). The positive Sr anomaly and the negative 
Zr, Nb and U anomaly are the most pronounced features of 
the metagabbros in the primitive mantle–normalized plot (Fig. 
12 A). The metadunites and metachromitites show similar 
patterns of LILE, compared to the metagabbros, showing a 
pronounced negative anomaly of Rb and positive Th anomaly 
(Fig. 12 A). The metachromitites show a pronounced negative 
anomaly of Sr and positive Ti anomaly, while the metadunites 
show a negative Ti anomaly (Fig. 12 A). 

In the chondrite normalized diagram with Boynton (1984) 
values, the metagabbros exhibit enrichment in the light rare 
earth element (LREE) in comparison to heavy rare earth 
element (HREE) (Fig. 12 B). The metagabbro also shows a 
slightly positive Eu anomaly (Fig. 12 B) and a steep pattern 
for the heavy rare earth elements (HREE) (Fig. 12 B). In this 
diagram, the metachromitites and metadunites show a very 
similar pattern, with steep variation for their light rare earth 
elements (LREE) and a flat pattern for the HREE (Fig. 12 B). For 
the metachromitites, with exception of some LREE, the contents 
of REE are mostly lower than the chondrite values, and many 
were not detected by ICPMS analysis (Fig. 12 B, Table 1).

6. Mineral chemistry

The chromites analyzed in this study are from the Trapia 
deposit, in the southern part of the Troia–Pedra Branca 
mafic–ultramafic complex (Fig. 1 C). Chemical analysis 

FIGURE 8. Electron backscatter images (SEM) and energy dispersive spectrometry (EDS) of PGM within the chromitite. (A) Amorphous irarsite 
((Ir, Pt, Rh)AsS) crystals within a cooperite (PtS) crystal at the border of a chromite grain. (B) Sperrylite (PtAs2) crystal at the border of a chromite 
grain. (C) Composite crystal of hollingworthite ((Rh,Pt)AsS) and irarsite ((IrPt,Rh)AsS) within chlorite and serpentine crystals. (D) A zircon (Zrn) 
grain between chlorite (Chl) and serpentine (Srp) minerals, and xenotime (Xtm) mineral filling cleavage, fissures and grain boundaries.
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TABLE 1. Whole–rock geochemical data.

Sample FC-118 
gabbro

FC-07 
gabbro

FC-05 
gabbro

FC-120 
gabbro

FC-06A 
gabbro

FC-09 
gabbro

FC-124 
gabbro

JN-87 
dunite

JN-108 
dunite

JN-94A 
dunite

JN-94B 
dunite

JN-108B 
cromitite

JN-91 
cromitite

JN-87B 
cromitite

JN-88 
cromitite

Major elements (wt%)

SiO2 47.8 48.0 49.2 49.3 50.3 51.9 53.7 34.6 37.6 37.9 38.5 9.5 15.8 16.3 16.8

TiO2 1.05 1.34 1.05 1.04 0.79 1.00 0.78 0.07 0.07 0.02 0.03 0.35 0.37 0.35 0.35

Al2O3 13.8 14.1 19.5 17.5 20.6 18.3 15.7 2.5 2.9 0.7 1.3 15.9 13.5 14.6 17.4

Fe2O3 11.8 14.0 10.1 10.3 7.4 9.5 9.1 13.1 12.5 13.6 14.2 24.3 22.1 24.2 19.9

MnO 0.19 0.22 0.18 0.18 0.10 0.15 0.16 0.18 0.18 0.17 0.17 0.42 0.24 0.26 0.20

MgO 10.6 8.1 4.7 6.2 3.8 5.0 6.9 34.9 33.2 40.7 40.4 13.4 19.3 18.5 18.3

BaO 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 n.d. n.d. n.d. n.d.

CaO 10.4 10.6 10.4 10.4 9.9 8.9 9.6 1.4 1.9 0.5 0.8 0.0 <0.01 0.0 0.4

Na2O 2.41 2.40 3.71 3.58 3.70 4.12 3.40 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

K2O 0.27 0.40 0.34 0.92 0.51 0.40 0.62 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

P2O5 0.4 0.6 0.5 0.5 0.5 0.5 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Cr2O3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.9 1.8 0.8 0.8 34.5 24.7 21.3 21.7

LOI 1.1 0.8 0.5 1.2 0.4 1.0 0.6 10.6 10.0 6.4 3.9 2.5 5.5 6.4 5.4

Total 99.9 100.6 100.3 101.3 98.0 100.8 101.1 98.2 100.1 100.9 100.1 100.9 101.6 102.0 100.5

mg# 64.0 53.3 48.2 54.5 50.1 51.2 60.0 84.1 84.0 85.6 84.9 52.2 63.4 60.2 64.5

FeOt* 10.6 12.6 9.1 9.3 6.6 8.6 8.2 11.8 11.2 12.2 12.8 21.9 19.9 21.8 17.9

Trace elements (ppm)

Ni 133 83 26 63 26 36 91 2062 1690 2238 2303 1160 1060 1162 1723

Co 51 45 27 34 23 27 35 154 142 177 169 152 115 110 123

Cr 479 274 137 205 137 68 274 6089 11974 5747 5268 236049 168997 145735 148471

Cu 46 62 n.d. 77 67 29 41 34 8 71 182 6 8 132 266

Rb 2.0 30.0 1.4 50.9 5.9 11.8 13.1 n.d. n.d. 0.3 0.2 0.4 0.3 1.1 0.5

Sr 708 966 1229 1405 1615 1167 1366 28 15 6 4 2 2 2 2

Ba 208 266 273 648 674 162 418 9 n.d. 9 n.d. 28 n.d. n.d. n.d.

Th 2.2 4.2 8.3 1.5 3.5 2.5 0.5 2.9 2.3 4.5 3.8 13.1 1.6 2.0 2.2

Nb 3.3 2.8 7.1 1.8 2.9 2.5 1.8 2.1 1.1 10.3 6.2 2.8 0.6 0.9 0.7

Zr 26 24 34 25 21 23 38 n.d. n.d. n.d. n.d. 6 n.d. n.d. n.d.

Y 20.0 18.7 16.4 20.0 10.7 14.6 17.0 1.5 2.5 1.2 1.3 0.5 0.3 0.5 1.1

Ta n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.4 0.2 0.6 n.d. n.d. n.d.

Hf 0.8 0.7 1.3 0.4 0.5 0.4 0.6 0.2 0.2 0.7 0.4 2.3 n.d. 0.1 0.1

Ga 17.2 19.0 22.2 21.4 22.8 20.2 18.3 2.9 4.1 1.8 2.1 17.8 19.0 17.7 26.3

U 0.1 0.1 n.d. 0.1 0.1 0.1 0.1 0.1 0.1 1.4 0.2 0.3 0.6 0.6 1.3

Rare Earth Elements (ppm)

La 8.7 12.8 15.5 18.5 12.0 14.9 14.5 1.6 1.4 10.6 5.0 1.5 0.5 1.5 5.2

Ce 22.5 26.2 32.5 37.5 21.6 24.8 30.7 2.4 2.1 5.3 4.5 1.6 1.1 1.4 2.6

Pr 3.6 3.8 4.4 5.1 2.9 3.5 4.2 0.2 0.2 0.4 0.3 0.1 0.1 0.1 0.2

Nd 17.4 19.3 19.8 21.7 13.9 16.6 17.4 0.8 0.9 1.8 1.3 0.5 0.2 0.4 0.8

Sm 4.3 4.6 4.3 4.8 3.2 3.6 3.8 0.2 0.2 0.3 0.2 0.1 n.d. n.d. 0.2

Eu 1.6 1.5 1.8 1.8 1.6 1.6 1.4 n.d. n.d. 0.1 n.d. n.d. n.d. n.d. n.d.

Gd 4.4 4.5 4.0 4.5 2.8 3.7 3.6 0.3 0.4 0.3 0.2 0.2 0.1 0.1 0.2

Tb 0.6 0.6 0.6 0.6 0.4 0.5 0.5 n.d. 0.1 n.d. n.d. n.d. n.d. n.d. n.d.

Dy 3.7 3.7 3.2 3.6 2.1 2.8 3.0 0.2 0.4 0.2 0.2 n.d. n.d. 0.1 0.2

Ho 0.7 0.7 0.6 0.7 0.4 0.5 0.6 n.d. 0.1 n.d. n.d. n.d. n.d. n.d. n.d.

Er 2.0 1.9 1.6 1.8 1.0 1.5 1.6 0.2 0.3 0.1 0.2 n.d. n.d. 0.1 0.2

Tm 0.3 0.3 0.2 0.3 0.2 0.2 0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Yb 1.7 1.6 1.3 1.6 0.8 1.2 1.5 0.2 0.3 n.d. n.d. n.d. n.d. n.d. n.d.

Lu 0.2 0.2 0.2 0.2 0.1 0.2 0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

(FeOt* = calculated by Fe2O3 x 0,8998)     (Mg# = 100 x molar MgO/FeOt+MgO)     (n.d. = not detected)



159Troia–Pedra Branca mafic–ultramafic complex, Borborema, Brazil

FIGURE 9. Major elements (Al2O3, CaO, K2O, Na2O, P2O5, SiO2, TiO2, FeOt) wt.% versus MgO 
wt.% contents from representative rocks of the Troia–Pedra Branca mafic–ultramafic complex.

FIGURE 10. Trace elements (Sr, Ba, La, Yb, Y, Th, Co and Ni) in ppm versus MgO wt.% 
contents from representative rocks of the Troia–Pedra Branca mafic–ultramafic complex.
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FIGURE 11. (A) Total alkalis versus silica (TAS) diagram with the field of plutonic rocks from Cox et al. (1979) 
and subdivision lines for alkaline and subalkaline series from Kuno (1966) (dashed line) and Irvine and 
Baragar (1971) (solid line) (Gd= Gabbro–diorite). (B) SiO2 versus FeOt/MgO diagram for discrimination of 
tholeiite and calc–alkaline series from Miyashiro (1974). (C) SiO2 versus K2O diagram with discrimination 
fields for magmatic series from Peccerillo and Taylar (1976). (D) Th versus Co discrimination diagram 
of Hastie et al. (2007) for the Troia–Pedra Branca metagabbros (B= basalt, BA/A= basaltic andesite/
andesite, CA= calc–alkaline, D/R= dacite/rhyolite).

FIGURE 12. (A) Multi–element diagram normalized to the primitive mantle according to Sun and Mcdonough (1989). (B) Rare earth 
elements (REE) normalized by chrondrite according to Boyton (1984). The values for ocean island basalts (OIB), normal–mid ocean 
ridge basalts (N–MORB) and enriched mid–ocean ridge basalts (E–MORB) are also from Sun and Mcdonough (1989).
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of chromite for the Troia–Pedra Branca metachromitites 
sourced from the literature is presented for comparison (Fig. 
13). The chromites display several compositional variations 
on their major element contents, especially with respect to 
Mg2+, Fe2+, Cr3+, Fe3+, Al3+ and Ti4+ (Fig. 13, Table 2). The 
chromites are classified as “true” chromites, according to 
their Cr# = Cr/(Cr+Al) and Mg# = Mg/(Mg+Fe2+) contents in 
the classification diagram of Schulze (2001) (Fig. 13 A). The 
chromite cores show Cr# values from 0.59 to 0.64, whereas 
the rims show higher Cr# values of 0.73 to 0.80 (Fig. 13 A, 
Table 2). The Mg# varies from 0.28 to 0.36 in the cores and 
is much lower in the chromite rims (0.23 to 0.25) (Fig. 13 A, 
Table 2). Also, the chromite core and rims display a clear 
correlation trend, with Mg# lowering toward Cr# enrichment 
(Fig. 13 A). Similarly, the plots of MgO, Al2O3, and Fe2+ versus 
that of Cr2O3 also show pronounced correlation trends (Fig. 
13 B, C and D). The MgO contents of the chromites range 
from 5.51 to 7.4 wt.% in the cores and from 4.27 to 4.77 wt.% 
at the rims (Fig. 13 B, Table 2). The Al2O3 contents are higher 
in the chromite cores (from 16.22 to 19.31 wt.%), whereas the 
rims show much lower values (from 8.79 to 11.78 wt.%) (Fig. 
13 C, Table 2). In contrast, the calculated Fe2+ (a.p.f.u.) shows 
a pronounced enrichment toward the chromite rims (Fig. 13 
D). The TiO2 (wt.%) contents of the chromite grains show no 
variation from core (0.15 to 0.49 wt.%) to rim (0.17 to 0.46 
wt.%) (Fig. 13 E, Table 2). 

Olivine from metadunites of the Troia–Pedra Branca 
mafic–ultramafic complex shows little variations in the major 
element contents, with SiO2 ranging from 39.98 to 40.42 wt.%, 
FeOt from 14.30 to 14.70 wt.%, MgO between 44.34 and 
44.66 wt.%) and NiO from 0.34 to 0.42 wt.% (Table 3). The 
forsterite content of olivine (Fo = Mg / (Mg + Fe2+) from the 
study metadunite is high and shows very little variation (Fo = 
0.84 to 0.85) (Table 3).

7. U–Pb (SHRIMP) zircon age

The study zircon crystals were extracted from a sample 
(JN–88, UTM 404668, 9388657, 24S) of metachromitite from 
the Curiu deposit (Fig. 1 C). On a mesoscopic scale, this 
metachromitite sample exhibits well-layered features, with 
alternating massive chromite and silicate-rich layers. The 
zircon crystals are quite homogeneous, with an average size 
of ~50 µm, irregular borders and sub rounded shapes (Fig. 14). 
This oval–shaped zircon grains were also found in thin section, 
within the serpentine–chlorite matrix of the metachromitite 
(Fig. 8 D). In the cathodoluminescense image, the grains 
show discrete development of the core–rim relationship, and 
they generally show a “smoky” internal structure, with diffuse 
oscillatory zoning (Fig. 14). 

The SHRIMP U–Pb data for zircons from the Troia–Pedra 
Branca metachromitite are variably discordant (with 60 to 105 % 
of concordance) (Table 4). The U–Pb data plot mostly along the 
discordia line with only four concordant zircon grains (Fig. 15, 
Table 4). The discordia line yields an upper intercept age of 2036 
± 27 Ma (Fig. 15), interpreted as the crystallization age of these 
zircon grains. However, the dispersion of the data along the 
discordia line implies that the zircons have lost variable amounts 
of radiogenic Pb at about 749 ± 54 Ma (lower intercept) (Fig. 
15). The calculated 2036 Ma upper intercept age yields a Mean 
Square Weighted Deviation (MSWD) of 1.2 (n = 13 zircons) (Fig. 
15). The Th/U ratios range from 0.20 to 0.46 (Table 4).

8. Discussion

8.1. PGE mineralization and metamorphism

All rock types of the Troia–Pedra Branca mafic–ultramafic 
complex are variably deformed and metamorphosed along the 
regional folding and shearing systems (Fig. 1 C) (Pessoa et 
al. 1986, Oliveira and Cavalcante 1993). Therefore, it is very 
hard to reconstruct the original shape of the mafic–ultramafic 
complex, as it is now strongly disrupted as tabular sheared 
layers, and locally intruded by sheet–like S–type granites (Fig. 
1 C) (Pessoa et al. 1986, Oliveira and Cavalcante 1993). The 
mafic–ultramafic complex underwent metamorphic processes 
of upper greenschist to lower amphibolite facies conditions, 
probably during the Paleoproterozoic (ca. 2.1–2.0 Ga) and/or 
the Neoproterozoic (ca. 0.6–0.5 Ga) (Pessoa et al. 1986). The 
igneous mineralogy of all rocks was strongly modified by the 
tectonic–metamorphic processes, resulting in a succession 
of sheared serpentinites (after dunite), metaperidotites (after 
clinopiroxenite), hornblendites, hornblende metagabbros 
and metagabbro–diorites (Pessoa et al. 1986, Oliveira and 
Cavalcante 1993).

The PGE–bearing metachromitites are hosted by the 
metadunite unit (Barrueto and Hunt 2010). This study has 
confirmed that most of the PGM occur in the chlorite–serpentine 
matrix, generally in contact with chromite grains (Fig. 8), as 
reported by previous works (Angeli 2005, Angeli et al. 2009, 
Barrueto and Hunt 2010). The main PGM here recognized are 
sperrylite (PtAs2), cooperite (PtS), irarsite ((Ir,Pt,Rh)AsS) and 
hollingworthite ((Rh,Pd,Pt,Ru)AsS) (Fig. 8). However, other 
authors reported the presence of braggite ((Pt,Pd,Ni)S), laurite 
(RuS2) and kotulskite (PdTe) (Angeli 2005, Angeli et al. 2009, 
Barrueto and Hunt 2010). Within the chromite grains, no PGM 
were found, and the main sulfide inclusions are chalcopyrite 
(CuFeS2), pentlandite ((Fe,Ni)9S8) and bornite (Cu5FeS4) (Fig. 
7). Also, very few sulfides were found within the metachromitite 
matrix. Sulfide inclusions within chromite crystals are generally 
interpreted as a primary phase, and are commonly thought to 
form as sulfide blebs in the magma, prior to the host chromite 
(e.g., Melcher et al. 1997, Naldrett et al. 2009, Liu et al. 
2017). However, post–magmatic sulfides may also occur in 
recrystallized chromites, resulting from a sulfidation reaction. 
In this context, sulfide inclusions are closely associated with 
silicates (Lorand and Ceuleneer 1989, Melcher et al. 1997). 
The sulfide inclusions in our samples are chalcopyrite, 
pentladite and bornite, and they are not associated with silicate 
minerals (Fig. 6 and 7). Consequently, these sulfides may have 
been formed by the separation of an immiscible sulfide liquid 
(blebs) in the mafic–ultramafic magma, earlier and/or during 
the chromite precipitation.

Chromite recrystallization and fluid–assisted metamorphism 
of the Troia–Pedra Branca complex have been documented 
in detail (Fleet et al. 1993, Simões 1993). All silicate inclusions 
in the chromite grains are metamorphic minerals, such as 
serpentine (after olivine), chlorite and minor amphiboles, 
and no primary silicate was found within the chromites (Fig. 
6 C). According to Fleet et al. (1993), all silicate inclusions 
found in the Troia–Pedra Branca chromites are the product 
of low–grade metamorphic alteration of pre–existing primary 
silicate inclusions. The chlorite inclusions, and also the 
chlorite that comprises the serpentine–chlorite matrix of the 
Troia–Pedra Branca metachromitites, were characterized by 
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TABLE 2. Chromite mineral chemistry from the Troia–Pedra Branca metachromitite.

Spot 13 
core

Spot 14 
core

Spot 15 
core

Spot 16 
core

Spot 17 
core

Spot 18 
core

Spot 19 
rim

Spot 20 
rim

Spot 21 
rim

Spot 22 
rim

Spot 23 
core

Spot 24 
core

Spot 25 
core

Spot 26 
core

Spot 27 
core

Spot 28 
core

Spot 29 
core

Spot 30 
core

Spot 31 
core

Spot 32 
rim

Spot 33 
rim

Spot 34 
rim

Spot 35 
core

Spot 36 
rim

Spot 37 
core

Major elements (wt%)
SiO2 0.00 0.13 0.14 0.14 0.00 0.82 0.14 0.16 0.14 0.40 0.00 0.11 0.00 0.11 0.00 0.00 0.10 0.00 0.11 0.00 0.00 0.12 0.10 0.02 0.00
TiO2 0.24 0.29 0.28 0.38 0.24 0.15 0.27 0.17 0.17 0.18 0.32 0.27 0.27 0.25 0.30 0.24 0.28 0.29 0.38 0.44 0.42 0.42 0.36 0.43 0.34
Al2O3 19.3 19.1 19.0 17.0 17.3 17.2 11.7 8.8 9.0 6.3 19.2 19.0 18.8 19.1 19.2 19.3 18.1 18.2 17.4 10.3 11.0 11.2 17.3 15.7 18.0
FeOt 30.4 30.5 30.6 31.4 32.4 29.0 30.9 31.0 30.6 35.9 30.1 29.8 30.1 30.0 29.9 29.7 32.5 32.2 33.1 33.9 32.7 32.6 32.5 32.8 31.8
MgO 7.08 6.94 7.06 5.51 6.00 6.57 4.77 4.27 4.49 4.02 7.41 7.35 7.14 6.91 7.05 6.97 6.28 6.36 6.04 4.45 4.38 4.46 6.09 5.44 6.25
Cr2O3 41.7 41.6 42.0 43.3 42.5 43.2 50.4 53.6 53.5 47.6 41.8 41.5 41.6 41.9 41.8 42.3 41.5 41.6 41.9 49.1 49.4 49.1 41.2 44.1 40.9
V2O3 0.27 0.26 0.31 0.35 0.42 0.28 0.31 0.29 0.29 0.26 0.28 0.26 0.30 0.29 0.29 0.31 0.33 0.32 0.33 0.31 0.37 0.35 0.32 0.35 0.31
NiO 0.23 0.24 0.24 0.29 0.25 0.16 0.13 0.14 0.13 0.21 0.25 0.24 0.26 0.18 0.25 0.26 0.25 0.20 0.21 0.17 0.25 0.22 0.25 0.24 0.25
Na2O 0.21 0.20 0.14 0.18 0.16 0.19 0.16 0.21 0.19 0.23 0.15 0.16 0.17 0.18 0.13 0.12 0.15 0.27 0.18 0.20 0.16 0.17 0.13 0.16 0.13
Total 99.5 99.3 99.7 98.6 99.2 97.6 98.9 98.7 98.5 95.1 99.5 98.8 98.5 98.9 98.9 99.2 99.5 99.4 99.7 98.9 98.7 98.6 98.2 99.3 98.0
a.p.f.u. (4 oxygen)
Si 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Al 0.75 0.75 0.74 0.68 0.69 0.69 0.48 0.37 0.38 0.28 0.75 0.75 0.75 0.75 0.75 0.75 0.72 0.72 0.69 0.43 0.46 0.46 0.70 0.63 0.72
Fe3+ 0.19 0.18 0.18 0.17 0.21 0.13 0.14 0.15 0.14 0.33 0.19 0.18 0.17 0.17 0.17 0.16 0.21 0.22 0.22 0.23 0.19 0.18 0.22 0.20 0.21
Fe2+ 0.65 0.66 0.67 0.73 0.71 0.69 0.76 0.77 0.76 0.81 0.65 0.65 0.66 0.66 0.66 0.66 0.70 0.68 0.72 0.78 0.78 0.78 0.71 0.74 0.70
Mg 0.35 0.34 0.35 0.28 0.30 0.33 0.25 0.23 0.24 0.23 0.37 0.37 0.34 0.34 0.35 0.34 0.31 0.32 0.30 0.24 0.23 0.23 0.31 0.28 0.32
Cr 1.09 1.09 1.10 1.17 1.14 1.16 1.39 1.50 1.50 1.43 1.09 1.09 1.10 1.10 1.10 1.11 1.10 1.10 1.12 1.38 1.38 1.37 1.11 1.19 1.10
V 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ni 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01
Na 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cr# 0.59 0.59 0.60 0.63 0.62 0.63 0.74 0.80 0.80 0.84 0.59 0.59 0.60 0.60 0.59 0.60 0.61 0.61 0.62 0.76 0.75 0.75 0.61 0.65 0.60
Mg#2 0.35 0.34 0.34 0.28 0.30 0.32 0.25 0.23 0.24 0.22 0.36 0.36 0.34 0.34 0.35 0.34 0.31 0.32 0.30 0.23 0.23 0.23 0.30 0.27 0.31
Fe#3 0.09 0.09 0.09 0.08 0.10 0.07 0.07 0.07 0.07 0.16 0.09 0.09 0.08 0.08 0.09 0.08 0.10 0.11 0.11 0.11 0.09 0.09 0.11 0.10 0.10
Fe#2 0.65 0.66 0.66 0.72 0.70 0.68 0.75 0.77 0.76 0.78 0.64 0.64 0.66 0.66 0.65 0.66 0.69 0.68 0.70 0.77 0.77 0.77 0.70 0.73 0.69

Spot 38 
core

Spot 39 
core

Spot 40 
core

Spot 41 
core

Spot 42 
core

Spot 43 
core

Spot 44 
core

Spot 45 
core

Spot 46 
core

Spot 47 
rim

Spot 48 
rim

Spot 49 
rim

Spot 50 
core

Spot 51 
core

Spot 52 
core

Spot 53 
core

Spot 54 
core

Spot 55 
core

Spot 56 
core

Spot 57 
core

Spot 58 
core

Spot 59 
core

Spot 60 
core

Spot 61 
core

Major elements (wt%)
SiO2 0.00 0.10 0.10 0.13 0.12 0.19 0.00 0.00 0.10 0.11 0.13 0.10 0.00 0.10 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.03
TiO2 0.23 0.27 0.26 0.22 0.52 0.31 0.25 0.26 0.24 0.36 0.39 0.46 0.33 0.36 0.36 0.44 0.41 0.49 0.29 0.30 0.31 0.13 0.16 0.26
Al2O3 18.7 18.6 18.7 14.2 14.6 15.0 19.3 19.2 19.0 11.4 10.5 11.8 17.7 18.7 18.4 16.9 16.4 16.2 18.8 18.9 18.6 13.8 11.2 16.6
FeOt 30.6 30.5 31.0 29.6 34.8 30.4 30.1 30.0 30.0 32.3 32.6 32.6 30.0 30.4 31.0 33.3 33.0 33.1 30.3 30.4 30.6 28.2 28.5 29.8
MgO 6.77 6.69 6.57 4.60 5.13 3.77 7.08 7.12 7.06 4.68 4.38 4.59 6.02 6.31 6.28 5.89 5.77 5.76 6.85 6.92 6.79 5.54 5.34 6.32
Cr2O3 41.2 41.2 41.4 47.7 42.1 46.7 41.8 41.7 41.7 48.7 49.3 48.2 43.6 42.2 42.2 41.5 42.5 42.4 41.8 42.0 42.0 49.5 52.4 45.1
V2O3 0.33 0.22 0.31 0.37 0.38 0.42 0.29 0.31 0.30 0.35 0.39 0.37 0.33 0.28 0.35 0.32 0.34 0.39 0.29 0.29 0.30 0.38 0.32 0.32
NiO 0.23 0.29 0.21 0.19 0.26 0.21 0.22 0.17 0.20 0.21 0.21 0.25 0.24 0.24 0.22 0.28 0.23 0.21 0.25 0.23 0.23 0.19 0.14 0.21
Na2O 0.14 0.20 0.22 0.18 0.23 0.29 0.16 0.18 0.20 0.15 0.19 0.14 0.23 0.15 0.22 0.16 0.22 0.00 0.18 0.15 0.16 0.18 0.19 0.16
Total 98.2 98.1 98.8 97.1 98.1 97.2 99.1 98.9 98.9 98.2 98.1 98.5 98.5 98.7 99.2 98.8 98.8 98.6 98.7 99.2 98.9 97.9 98.3 98.6
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TABLE 3. Olivine mineral chemistry from the Troia–Pedra Branca metadunite.
Spot 72 Spot 73 Spot 74 Spot 75 Spot 76 Spot 77 Spot 78 Spot 79 Spot 80 Spot 81 Spot 82 Spot 83 Spot 84 Spot 85 Spot 86 Spot 91 Spot 92 Spot 98 Spot 99 Spot 101Spot 102Spot 103Spot 104

Major elements (wt%)

SiO2 40.29 40.22 40.22 40.4 40.31 40.19 40.34 40.21 40.22 40.27 40.35 40.14 40.3 40.27 40.08 40.17 40.23 40.32 40.42 40.02 40.03 39.98 40.12

FeOt 14.53 14.55 14.55 14.58 14.53 14.39 14.58 14.48 14.57 14.57 14.64 14.7 14.43 14.32 14.53 14.3 14.32 14.54 14.59 14.67 14.44 14.52 14.65

MgO 44.64 44.49 44.57 44.57 44.37 44.61 44.64 44.52 44.59 44.58 44.54 44.37 44.54 44.64 44.66 44.34 44.48 44.58 44.56 44.36 44.46 44.48 44.4

NiO 0.41 0.4 0.37 0.41 0.39 0.34 0.37 0.36 0.39 0.4 0.36 0.4 0.42 0.38 0.38 0.34 0.35 0.37 0.37 0.41 0.41 0.42 0.38

Total 99.86 99.65 99.72 99.96 99.6 99.54 99.93 99.56 99.76 99.82 99.89 99.61 99.69 99.6 99.65 99.15 99.38 99.81 99.94 99.47 99.33 99.41 99.56

a.p.f.u. (4 oxygen)

Si 1.00 1.00 1.00 1.01 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.01 1.00 1.00 1.01 1.01 1.00 1.01 1.00 1.00 1.00 1.00

Fe2+ 0.31 0.31 0.31 0.31 0.31 0.30 0.31 0.31 0.31 0.31 0.31 0.31 0.30 0.30 0.31 0.30 0.30 0.31 0.31 0.31 0.31 0.31 0.31

Mg 1.68 1.68 1.68 1.67 1.67 1.68 1.68 1.68 1.68 1.68 1.67 1.67 1.68 1.68 1.68 1.68 1.68 1.68 1.67 1.68 1.68 1.68 1.68

Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Total 3.00 3.00 3.00 2.99 2.99 3.00 3.00 3.00 3.00 3.00 3.00 3.00 2.99 3.00 3.00 2.99 2.99 3.00 2.99 3.00 3.00 3.00 3.00

Fo 0.85 0.84 0.85 0.84 0.84 0.85 0.85 0.85 0.85 0.85 0.84 0.84 0.85 0.85 0.85 0.85 0.85 0.85 0.84 0.84 0.85 0.85 0.84

(FeOt = total iron as Fe2+)   (a.p.f.u. = atoms per formule unit)   (Forsterite content = Fo = Mg/(Mg+Fe2+))

Spot 38 
core

Spot 39 
core

Spot 40 
core

Spot 41 
core

Spot 42 
core

Spot 43 
core

Spot 44 
core

Spot 45 
core

Spot 46 
core

Spot 47 
rim

Spot 48 
rim

Spot 49 
rim

Spot 50 
core

Spot 51 
core

Spot 52 
core

Spot 53 
core

Spot 54 
core

Spot 55 
core

Spot 56 
core

Spot 57 
core

Spot 58 
core

Spot 59 
core

Spot 60 
core

Spot 61 
core

a.p.f.u. (4 oxygen)
Si 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01
Al 0.74 0.74 0.74 0.58 0.60 0.61 0.75 0.75 0.75 0.47 0.44 0.49 0.71 0.74 0.73 0.68 0.66 0.66 0.74 0.74 0.73 0.56 0.46 0.66
Fe3+ 0.19 0.19 0.19 0.11 0.26 0.10 0.18 0.18 0.18 0.18 0.19 0.18 0.16 0.16 0.18 0.23 0.23 0.21 0.19 0.18 0.19 0.11 0.12 0.16
Fe2+ 0.67 0.67 0.68 0.76 0.76 0.79 0.66 0.65 0.65 0.77 0.78 0.78 0.69 0.69 0.69 0.72 0.72 0.74 0.66 0.67 0.67 0.70 0.71 0.68
Mg 0.34 0.34 0.33 0.24 0.27 0.20 0.35 0.35 0.35 0.25 0.23 0.24 0.30 0.32 0.31 0.30 0.29 0.29 0.34 0.34 0.34 0.29 0.28 0.32
Cr 1.10 1.10 1.10 1.32 1.16 1.29 1.10 1.10 1.10 1.36 1.39 1.34 1.16 1.12 1.12 1.12 1.15 1.15 1.11 1.11 1.11 1.35 1.45 1.21
V 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01
Na 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Cr# 0.60 0.60 0.60 0.69 0.66 0.68 0.59 0.59 0.60 0.74 0.76 0.73 0.62 0.60 0.61 0.62 0.64 0.64 0.60 0.60 0.60 0.71 0.76 0.64
Mg#2 0.34 0.33 0.33 0.24 0.26 0.20 0.35 0.35 0.35 0.24 0.23 0.24 0.30 0.31 0.31 0.29 0.29 0.28 0.34 0.34 0.34 0.29 0.28 0.32
Fe#3 0.09 0.09 0.10 0.05 0.13 0.05 0.09 0.09 0.09 0.09 0.09 0.09 0.08 0.08 0.09 0.11 0.11 0.10 0.09 0.09 0.09 0.05 0.06 0.08
Fe#2 0.66 0.67 0.67 0.76 0.74 0.80 0.65 0.65 0.65 0.76 0.77 0.76 0.70 0.69 0.69 0.71 0.71 0.72 0.66 0.66 0.66 0.71 0.72 0.68
(FeOt = measured total iron as Fe2+)  (Fe2+ and Fe3+ were calculated from stichiometry) (a.p.f.u. = atoms per formula unit)

TABLE 2. Chromite mineral chemistry from the Troia–Pedra Branca metachromitite. (continued)
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FIGURE 13. Troia–Pedra Branca chromite mineral chemistry. (A) C# = Cr/(Cr+Al) vs. Mg# = Mg/(Mg+Fe2+) (atomic proportion) 
diagram with the mineral classification field from Schulze (2001). (B) MgO (wt.%) vs. Cr2O3 (wt.%). (C) Al2O3 (wt.%) vs. Cr2O3 
(wt.%). (D) Fe2+ (a.p.f.u.) vs. Cr2O3 (wt.%). (E) TiO2 (wt.%) vs. Cr2O3 (wt.%).
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FIGURE 14. Cathodoluminescence images for the analysed zircon grains of the Troia–Pedra Branca metachromitite. 
Red circles indicate the SHRIMP spots and respective zircon ages are 207Pb/206Pb. All U–Pb results are shown in 
Table 4, and conc. = concordance.

TABLE 4. U–Pb SHRIMP zircon data.

Spot U (ppm) Th 
(ppm)

232Th/ 
238U

206Pb* 
(%)

207Pb/ 
235U "% err"

206Pb/ 
238U "% err" err. 

Corr.
206Pb/ 
238U age

err. 
(1σ)

207Pb/ 
206Pb age

err. 
(1σ)

Conc. 
(%)

JN88-10 79 16 0.21 0.87 2.43 4.69 0.19 2.74 0.58 1095 28 1534 72 60
JN88-9 97 20 0.22 0.84 2.34 4.32 0.18 2.69 0.62 1077 27 1496 64 61
JN88-4 114 26 0.23 0.95 1.83 4.84 0.16 2.72 0.56 970 24 1242 78 72
JN88-7 138 32 0.24 0.74 1.32 4.74 0.13 2.63 0.56 796 20 1003 80 74
JN88-12 75 18 0.25 0.21 4.42 3.18 0.27 2.71 0.85 1549 37 1928 30 76
JN88-13 80 18 0.24 0.65 3.85 3.98 0.25 2.71 0.68 1457 35 1802 53 76
JN88-8 73 21 0.30 0.20 5.43 3.07 0.33 2.69 0.88 1822 43 1965 26 92
JN88-1 79 26 0.35 0.63 5.39 3.31 0.33 2.75 0.83 1848 44 1923 33 96
JN88-11 83 33 0.41 0.30 5.90 3.12 0.35 2.69 0.86 1937 45 1987 28 97
JN88-14 72 24 0.34 0.09 6.55 3.25 0.37 2.73 0.84 2040 48 2065 31 99
JN88-3 145 65 0.46 0.09 6.69 2.72 0.38 2.56 0.94 2076 46 2067 16 100
JN88-6 67 23 0.36 0.51 6.71 3.40 0.38 2.74 0.81 2088 49 2061 36 101
JN88-16 73 22 0.32 0.00 6.48 3.26 0.38 2.69 0.83 2094 48 1992 33 105
(206Pb*= common lead)
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Fleet et al. (1993) as a Cr–rich clinochlore variety, formally 
known as “Kammererite”.

The metamorphic chlorite–serpentine matrix of the 
metachromitites hosts the ore minerals (PGM) of the Troia–
Pedra Branca PGE deposit. The PGM occur within the 
chlorite–serpentine matrix along the chlorite cleavage and at 
the contact between serpentine and chlorite minerals (Fig. 
8 C). They are also found as well–crystallized crystals at 
the edge of deformed (subrounded) chromite grains (Fig. 8 
B). These textural relationships suggest that the PGM have 
been recrystallized, and probably, locally remobilized. The 
presence of secondary PGM associated with low–grade 
metamorphism of chromitites is commonly described in the 
literature (e.g., Ferrario and Garuti 1988, Zaccarini et al. 
2004, Prichard et al. 2008, Tolstykn et al. 2009). According 
to Zaccarini et al. (2004), secondary (metamorphic) PGM 
may form in metachromitites during metamorphism, involving 
both in situ alteration of primary PGM and direct deposition of 
PGE from hydrous solutions. However, PGEs are not added 
to the metachromitites from an external source, and they are 
likely formed by alteration of intercumulus primary magmatic 
PGM and/or PGE-rich sulfides, originally located interstitially 
to the grains of chromites (Sattari et al. 2002, Zaccarini et 
al. 2004). This is likely the case of the Troia–Pedra Branca 
PGE mineralization; early magmatic PGM were dominantly 
present as an interstitial phase. The lack of PGM inclusions 
in the study chromites supports this hypothesis. Thus, we 
suggest that a low–grade metamorphic event has remobilised 
PGE from PGE–bearing minerals and/or recrystallized 
igneous PGM, forming secondary PGM in the metachromitite 
matrix (Fig. 8 A, B and C). However, after several drill 
core descriptions and geochemical interpretations of the 

Troia–Pedra Branca deposit, there is no doubt that PGE 
mineralization is controlled by magmatic precipitation along 
with the chromitite seams, and no PGE have been remobilized 
from the metachromitites to precipitate elsewhere along the 
shear zones (H.R. Barrueto, oral presentation). The age of 
the metamorphic event that affected the chromitites and 
the associated PGE mineralization is likely to be 749 Ma, 
as indicated by radiogenic Pb loss (lower intercept = 749 ± 
54 Ma) in the analyzed zircon grains of the metachromitite 
sample (Fig. 15). Petrographic analyses have identified 
xenotime rims surrounding hydrothermally altered zircon 
grains in the matrix of the metachromitites, which support 
our interpretation of the 749 Ma age (Fig. 8 E). The alteration 
of zircon by hydrothermal fluids forming xenotime has long 
been described in the literature (e.g., Spandler et al. 2004, 
Geisler et al. 2007).

8.2. Tectonic setting of the Troia–Pedra Branca 
complex

The whole–rock geochemical data show that the 
metagabbros of the Troia–Pedra Branca complex have clear 
affinity to calc–alkaline basaltic series (Fig. 11), which is 
compatible with their high content of magmatic hornblende, 
and to minor biotite in the most evolved gabbro–diorite facies. 
The presence of hornblendites (cumulate) in the study area 
(Fig. 3) suggests that amphiboles played an important role in 
magmatic differentiation, which is typical of water–bearing arc 
magmatism (e.g., Arculus 1994, Davidson et al. 2007, Larocque 
and Canil 2010). The study metagabbros are hornblende–rich 
and show a trend for correlation in the Sr/Y versus Y diagram, 
which is typical of deep fractionation of hydrous basalt magma 

FIGURE 15. Concordia diagram for U–Pb (SHRIMP) zircon data of the Troia–Pedra Branca metachromitite, 
showing all zircons within the regression (discordia) line. All plots are 2σ.
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(Fig. 16 A). According to Macpherson et al. (2006), fractionation 
of arc basalts magmas may be dominated by hornblende (± 
garnet) fractional crystallization, as the hydrous mantle melts 
are located at the base of the crust. The study metagabbro 
samples show a pronounced trend in the Yb versus La/Yb, 
which is compatible with hornblende (and/or clinopyroxene) 
fractionation (Fig. 16 B). In addition, the negative correlation 
of Yb and Y versus MgO is also suggestive of hornblende 
fractional crystallization (Fig. 10).

The metagabbros show slight enrichment in LILE and 
depletion in some HFSE (e.g., Nb, Zr, and Ti) (Fig. 12 A), as well 
as enrichment in LREE (Fig. 12 B). In the chrondrite–normalized 
diagram, the study metagabbros show a more similar pattern 
to enriched mid–ocean basalts (E-MORB) and ocean island 
basalts (OIB) than to typical normal (tholeiite) MORB (Fig. 12 
B). These characteristics, together with the observed negative 
anomalies of Nb and Ti (Fig. 12 A), are generally considered 
as typical features of magmas generated in subduction zones 
(Pearce 1982, Wilson 1989, Gao et al. 2007).

Geochemical discrimination diagrams for inferring tectonic 
setting also show that the geochemical signatures of the Troia–
Pedra Branca metagabbros are closely related to a subduction 
setting (Fig. 17 A and B). On the Th/Yb versus Nb/Yb diagram, 
all samples of the study metagabbros plot above the MORB–
OIB array and follow the (subduction–related) volcanic arc 
array (Fig. 17 A). In this diagram, the study metagabbros 
show very similar characteristics to those of continental arc 
basalts (Fig. 17 A). Therefore, the Th–Nb proxy suggests that 
the mantle source of the parental melts of the Troia–Pedra 
Branca metagabbros were metasomatized by the subduction 
of crustal materials (Fig. 17 A). In addition, the Ti versus Zr 
diagram from Pearce (1982) shows that the metagabbros have 
a clear affinity to island arc basalts (Fig. 17 B). According to 
Pearce (1982), magnetite is an early phase of crystallization in 
hydrous arc magmatism, hence the titanium (Ti) content does 
not reach high values of (low–water) within–plate basalts (Fig. 
17 B). In this diagram, the study metagabbros show similar 
Ti and Zr content to that of other Alaskan–type gabbroic 
intrusions worldwide, but lower contents when compared to 
the Norilsk mafic intrusions (Fig. 17 B).

In the AFM ternary diagram, the metagabbros plot mostly 
in the field of Alaskan–type gabbros, that partially overlaps the 
field for arc–related gabbros and diorites from Beard (1986) 
(Fig. 18). In this diagram, the metachromitites and metadunites 
show similar geochemical signatures to arc–related cumulates 
and arc–related ultramafic cumulates, respectively (Fig. 18). 

The term “Alaskan–type complex” was defined by Irvine 
(1974) to classify many arc–related PGE–bearing mafic–
ultramafic intrusions of southern Alaska, which are similar 
to Paleozoic Uralian mafic–ultramafic magmatism (Far East 
Russia) (e.g., Batanova et al. 2005). In recent years, the 
“Alaskan–type” term has been widely used worldwide to refer 
to many mafic–ultramafic intrusions that have geochemical 
signatures compatible with a subduction–modified mantle 
source (e.g., Eyuboglu et al. 2010, Tian et al. 2011, Tseng 
et al. 2015, Yuan et al. 2017, Liu et al. 2021). For example, 
the Quetico intrusions, in the Archean Superior Province, 
Canada, comprise several Neoarchean (ca. 2690 Ma) mafic–
ultramafic plutons with arc–related geochemical signature 
and accompanying PGE mineralization that are similar to the 
Phanerozoic Alaskan–type complexes (Pettigrew and Hattori 
2006). The lithologies of the Quetico intrusions are also similar 
to those of the Troia–Pedra Branca complex, with dunite, 
hornblendite, clinopyroxenite, gabbro and diorite (MacTavish 
1999, Pettigrew and Hattori 2006). By comparison, the major 
elements from whole–rock samples of the Quetico intrusions 
on the AFM diagram show a similar compositional trend to that 
of the Troia–Pedra Branca mafic–ultramafic complex (Fig. 18). 

8.3. Interpretations of mineral geochemical data

The Cr–spinel (chromite) [(Mg2+, Fe2+)(Cr3+, Al3+, Fe3+)2O4] 
may present several variations on its major element 
contents, which might represent the chemical signature 
of particular tectonic settings (e.g. ophiolite complexes 
or stratiform intrusions) (e.g. Irvine 1967, Dick and Bullen 
1984, Arai 1992, Stowe 1994, Barnes and Roeder 2001, 
Kamenetsky et al. 2001) and/or alteration by post–magmatic/
metamorphic processes (e.g. Spier and Ferreira Filho 2001, 
González Jiménez et al. 2009, Merlini et al. 2009, Grieco 

FIGURE 16. Plotting of the Troia–Pedra Branca metagabbros in the (A) Sr/Y vs. Y with the trends of high–pressure fractionation of arc 
basalt and slab melt from Macpherson et al. (2006). (B) La/Yb vs. Yb diagram with differentiation paths resulting from fractionation of 
various minerals (after Castillo et al. 1999).
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FIGURE 17. Tectonic discrimination diagrams for the investigated metagabbros from the Troia–Pedra Branca mafic–ultramafic 
complex. (A) Nb/Yb versus Th/Yb from Pearce (2008) showing the MORB–OIB array (shaded) of typical oceanic basalts. The 
fields for continental and oceanic arc basalts are from Pearce and Peate (1995). (B) Zr versus Ti from Pearce (1982). (N–MORB 
= normal mid–ocean ridge basalts, E–MORB = enriched mid–ocean ridge basalts, OIB = ocean island basalts). Fields for 
Alaskan–type gabbroic intrusions are from 1- Southern Alaska (Himmelberg and Loney 1995), 2- Urals (Fershtater et al. 1999, 
Krause 2008), 3- Egypt (Azer et al. 2017, Abdallah et al. 2019), 4- Quetico (MacTavish 1999) and 5- Norilsk mafic intrusions 
(Sereda et al. 2020). 

FIGURE 18. AFM diagram for the representative units of the Troia–Pedra Branca mafic–ultramafic complex. 
Fields for arc–related cumulate and arc–related non–cumulate ultramafic–mafic rocks are from Beard 
(1986). The field for the Alaskan–type gabbro is from Himmelberg and Loney (1995) and the field for the 
Quetico intrusions is from MacTavish (1999).
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and Merlini 2012, Mansur and Ferreira Filho 2017, Bhat et al. 
2019, Vishal et al. 2020). The chromites from Troia–Pedra 
Branca metachromitites show chemical variations with 
depleted Mg and Al rims compared to their core content, 
suggesting alteration in post–magmatic/metamorphic 
processes (Fig. 13, Table 2). The effects of metamorphism 
in the Troia–Pedra Branca chromites have already been 
documented in previous works (Fleet et al. 1993, Simões 
1993, Angeli et al. 2009). According to Fleet et al. (1993), 
loss of aluminum of the chromite rims was probably due to 
the formation of metamorphic Cr–rich chlorite (Kammererite) 
in the metachromitite matrix. The Troia–Pedra Branca 
chromites were hydrothermally altered to iron–rich margins 
(ferritchromite) (Fig. 13 E, Table 2) (Fleet et al. 1993, Simões 
1993, Angeli et al. 2009), which is a common feature on 
metamorphosed chromitites worldwide (e.g., Merlini et al. 
2009, Bhat et al. 2019). However, the high–Al chromite 
cores (Fig. 13 C, Table 2) may still represent the original 
(igneous) chemical composition (Fleet et al. 1993, Simões 
1993, Angeli et al. 2009). Previous interpretations have 
argued that the preserved chromite cores from the Troia–
Pedra Branca metachromitites are chemically similar to 
those of the stratiform complex (Simões 1993, Angeli et al. 
2009). In fact, the Troia–Pedra Branca chromites do have 
similar chemistry to stratiform complexes when comparing 
to podiform (ophiolite) chromites (Fig. 19 A and B). However, 
they also have Cr# and Mg# numbers similar to Alaskan–type 
chromites (Fig. 19 A). The study chromites have relatively 
lower Mg# (from 0.28 to 0.36 in the cores) than chromites 
from ophiolite complexes, MORB and abyssal peridotites 
(Fig. 19 B). The field for stratiform igneous intrusions on 
the Cr# versus Mg# diagram (Fig. 19 B), corresponds to 
the compilation data of four major stratiform complexes, 
Bushveld, Great Dyke, Stillwater and Muskox intrusions, 
according to Irvine (1967). These are intracratonic mafic–
ultramafic intrusions that generally have norite composition 
(orthopyroxene–bearing gabbros) (e.g., Hall and Hughes 
1990, Hatton and Von Gruenewaldt 1990), which is distinct 
from those of clinopyroxene– and hornblende–bearing 
gabbros commonly present in subduction–related Alaskan–
type complexes (e.g., Himmelberg and Loney 1995, 
Batanova et al. 2005). Intracratonic noritic intrusions are 
probably derived from parental melts comparable to those 
of boninites (e.g., Srivastava 2008). The best examples of 
such intracratonic boninite–norite associations occur in 
the Bushveld (South Africa) and Sillwater (Montana, USA) 
complexes, in which orthopyroxene–bearing gabbros are 
commonly abundant (e.g., Hall and Hughes 1990, Hatton and 
Von Gruenewaldt 1990, Srivastava 2008). In this context, the 
Troia–Pedra Branca mafic–ultramafic complex comprises 
much more similar lithologies to those of the Alaskan–type, 
regarding the calc–alkaline hornblende–rich metagabbros 
and locally honblendites. The plot of the Troia–Pedra Branca 
chromite cores also show relatively lower Cr# compared to 
boninites and stratiform intrusions (Fig. 19 B). Chromites 
from boninites and some stratiform intrusions have much 
higher Mg# and Cr# than Alaskan–type and the study 
Troia–Pedra Branca chromites (Fig. 19 B). Therefore, based 
on the Cr# versus Mg# diagram (Fig. 19 B), we conclude 
that the chromites from the Troia–Pedra Branca complex 
are more similar to those of Alaskan–type complexes than 
to chromites from stratiform complexes. In the diagram of 

TiO2 versus Al2O3, the Troia–Pedra Branca chromite cores 
plot partially in the field of Alaskan–type intrusions and also 
within the range of supra–subduction zone (SSZ) peridotites 
(Fig. 19 C). The study chromites also show strong affinity to 
supra–subduction zone peridotites on the Fe2+/Fe3+ versus 
Al2O3 diagram (Fig. 19 D). The calculated Fe3+ contents and 
associated Fe# = Fe3+/(Fe3++Cr+Al) values are relatively low, 
but still compatible with Alaskan–type complexes on the Fe# 
versus Mg# diagram (Fig. 19 E).

The forsterite content in olivines (Fo = Mg / (Mg + Fe2+) 
from the Troia–Pedra Branca metadunites have very little 
variation (Fo = 0.84 to 0.85) (Table 3), but they are within the 
range of values for Alaskan–type intrusion worldwide, such 
as those from Alaska and Neoproterozoic mafic–ultramafic 
intrusions in Egypt (Fig. 20 A). In comparison, we found that 
olivines in rocks from the Bushveld intracratonic intrusion 
show a wide variation in forsterite content, while the olivines 
from ophiolites have relatively high forsterite content (Fig. 
20 A). In the diagram of NiO versus forsterite content (Fo), 
olivines from the Troia–Pedra Branca metadunite show 
relatively higher NiO contents when compared to the Alaskan 
Global trend (Krause et al. 2007). Also, in the NiO versus Fo 
diagram, we can see that the Troia–Pedra Branca olivines plot 
in the lower limit of the mantle olivine array (Fig. 20 B). The 
olivine mantle array comprises a trend of olivines from mantle 
peridotite xenoliths in modern oceanic crust (Takahashi et al. 
1987). Most of these mantle olivines have much higher NiO 
and Fo contents than Alaskan–type complexes (Fig. 20 B). 
Similarly, olivines from ophiolitic complexes also have much 
higher NiO and Fo contents than Alaskan–type complexes 
(Fig. 20 B). In addition, the Troia–Pedra Branca olivines plot 
partially within the field of the Dahanib intrusion in the NiO 
versus Fo diagram (Fig. 20 B). According to Khedr and Arai 
(2016), the Neoproterozoic Dahanib intrusion is a typical 
Alaskan–type complex derived from fractional crystallization 
of hydrous tholeiitic basaltic melts in a subduction setting.

8.4. Evidence for a post–collisional setting

The U–Pb SHRIMP zircon age of 2036 ± 27 Ma (Fig. 15) for 
the PGE–bearing metachromitites of the Troia–Pedra Branca 
complex set this mafic–ultramafic magmatism in the late tectonic 
evolutionary stages of the Rhyacian granite–greenstone 
terranes of the study area (Table 5). The evolution of Rhyacian 
terranes in the Troia Massif and Ceará Central Domain share 
many similarities with the 2.2–2.0 Ga Transamazonian/
Eburnean terranes of the surrounding cratonic domains (Fig. 
1 A, B and C) (e.g., Fetter 1999, Martins et al. 2009, Costa 
et al. 2015, 2018). Many of these Transamazonian/Eburnean 
terranes of the South America and African counterpart (Fig. 1 
A) are interpreted as island and/or continental arc sequences 
that evolved during 2.2–2.1 Ga accretionary tectonics, 
culminating at 2.1–2.0 Ga in continental collision and regional 
metamorphism (Liégeois et al. 1991, Vanderhaeghe et al. 1998, 
Delor et al. 2003, Feybesse et al. 2006, McReath and Faraco 
2006, Costa et al. 2011, Oliveira et al. 2011, Klein et al. 2012, 
Costa et al. 2015, 2018, McFarlane et al. 2019, Klein et al. 
2020). For example, a crustal thickening event with high–grade 
metamorphism that generated two–mica granites in greenstone 
belts in the West Africa craton occurred between ca. 2092 and 
2081 Ma (McFarlane et al. 2019). Similarly, in the Troia Massif 
and surrounding Ceará Central Domain (Fig. 1 C), ages of ca. 
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FIGURE 19. Chromite mineral chemistry of the Troia–Pedra Branca metachromitites. (A) Chemical composition of chromite on the Al2O3 
vs. Cr2O3 diagram, compared with stratiform and podiform from Bonavia (1993). (B) Cr# = Cr/(Cr+Al) vs. Mg# = Mg/Mg/(Mg+Fe2+) with 
classification fields for ophiolites (podiform) from Leblanc and Nicolas (1992), stratiform complexes from Irvine (1967), MORB and 
Boninite fields from Barnes and Roeder (2001), abyssal peridotite field from Dick and Bullen (1984), Alaskan–type field from Burns 
(1985) and Himmelberg and Loney (1995). (C) TiO2 vs. Al2O3. Field for ocean island basalts (OIB), mid–ocean–ridge basalts (MORB), 
island–arc series, supra–subduction zone (SSZ) peridotites and MORB peridotites are from Kamenetsky et al. (2001), and the Alaskan–
type complexes are from Burns (1985) and Himmelberg and Loney (1995). (D) Fe2+/Fe3+ versus Al2O3 diagram classification fields from 
Kamenetsky et al. (2001). (E) Fe# = Fe3+/(Fe3++Cr+Al) vs. Mg# diagram with MORB and Boninite fields from Barnes and Roeder (2001) 
and Alaskan–type field from Burns (1985) and Himmelberg and Loney (1995).
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2079 and 2068 Ma were documented for collisional granitic 
intrusions (Bananeira suite, Costa et al. 2018; Fig. 1 C, Table 5), 
which are similar in age to other collisional evidence in the area, 
such as the 2100–2070 Ma S–type granitoids (Pessoa et al. 
1986, Garcia et al. 2014), the ca. 2046 Ma leucosome age from 
migmatites (Gomes 2013) and the ca. 2045 Ma high–grade 
zircon recrystallization of the Jaguaretama paragneiss (Calado 
et al. 2019) (Table 5). As discussed by Calado et al. (2019), 
the records of 2.09–2.04 Ga high–grade metamorphism in 
Archean–Paleoproterozoic basement rocks of the Borborema 
Province are also very similar to other Paleoproterozoic 
metamorphic ages of the surrounding cratonic domains (e.g., 
West Africa, Congo and São Francisco cratons).

Therefore, it is quite evident that the 2036 ± 27 Ma Troia–
Pedra Branca mafic–ultramafic magmatism intruded coeval 
(or slightly later) to the regional 2.07–2.04 Ga high–grade 
metamorphism recorded in basement rocks of the Troia Massif 
and surroundings (Fig. 1 A, B and C) (Table 5). This 2036 ± 27 
Ma age for the mafic–ultramafic magmatism is also very similar 
to the U–Pb titanite age of 2029 ± 27 Ma of orogenic gold 
mineralization in the Paleoproterozoic greenstone belts of the 
Troia Massif (Costa et al. 2019) (Table 5). According to Costa 
et al. (2019), the ca. 2029 Ma gold mineralization in the Troia 
Massif is probably related to the post–collisional extensional 
collapse of the Eburnean–Transamazonian Orogeny. At this 
time, post–collisional magmatic activity is probably related 
to thermal perturbation or decompression as a consequence 
of asthenospheric upwelling following slab breakoff (von 
Blanckenburg and Davies 1995) or delamination (Bird 1979). 
Asthenosphere upwelling during post–collisional setting may 
generate mafic and ultramafic magmatism by melting of the 
overlying lithospheric mantle, whose composition was typically 
modified by subduction processes (e.g., Jahn et al. 1999, Zhao 
et al. 2005, Halim et al. 2016, Tang et al. 2017, Azer et al. 2017, 
Han et al. 2019, Xu et al. 2020, Das et al. 2020).

8.5. A post–collisional Alaskan–type 
mafic–ultramafic magmatism 

As it was first defined, the classification of “Alaskan–
type” mafic–ultramafic complex was restricted to small–
sized and concentric ultramafic intrusions, with only minor 
mafic (gabbro–diorite) expression (Taylor 1967, Irvine 1974). 
However, later on, according to Himmelberg and Loney 
(1995), zoning is not universal and may not be a criterion for 
recognition of Alaskan–type intrusions. In the recent years, 
this classification has extended a little, and many published 
papers use the “Alaskan–type” (or Uralian–Alaskan–type) 
term to generally classify mafic–ultramafic complexes 
worldwide, from Archean to Phanerozoic times, with 
similar lithologies (e.g., dunites, hornblendites, chromitites, 
pyroxenites, gabbros and diorites), arc–related geochemical 
affinity and commonly PGE mineralization (e.g. Pettigrew 
and Hattori 2006, Farahat and Helmy 2006, Chen et al. 2009, 
Tian et al. 2011, Su et al. 2012, Helmy et al. 2014, Deng et al. 
2015, Habtoor et al. 2016, Khedr and Arai 2016, Yellappa et al. 
2019, Cui et al. 2020, Liu et al. 2021, Han et al. 2021). On the 
whole, most of these works have interpreted that the Alaskan–
type mafic–ultramafic intrusions formed within an arc–
accretionary setting, in agreement with the original tectonic 
environment of the type–area (North American Cordillera) 
of these magmatism (e.g., Himmelberg and Loney 1995). 
The interpretations commonly vary from island arc (Farahat 
and Helmy 2006, Helmy et al. 2014, Abdallah et al. 2019) to 
continental arc (Tseng et al. 2015, Tian et al. 2011, Eyuboglu 
et al. 2010, Su et al. 2012) settings. In addition, lithospheric 
extension in a back–arc setting (Chen et al. 2009), plume–arc 
interactions (Khedr and Arai 2016, Liu et al. 2021) and arc–
continent collisional environments (Ishiwatari and Ichiyama 
2004, Pettigrew and Hattori 2006, Webb 2014) have also 
been proposed. For example, according to Webb (2014), the 

FIGURE 20. Olivine mineral chemistry of the Troia–Pedra Branca metadunites. (A) Comparative forsterite content (Fo) of the Troia–
Pedra Branca olivines with other mafic–ultramafic complexes worldwide. (B) Forsterite (Fo) content versus NiO of the Troia–
Pedra Branca olivines and fields for olivine composition in other mafic–ultramafic complexes worldwide. Data sources: Union Bay 
(Polaris) and Duke Island (Irvine 1967, 1974), Blashke Island (Himmelberg et al. 1986), Quetico intrusion (Pettigrew and Hattori 
2006), Fangmayu intrusion (Han et al. 2021), Abu Hamamid (Farahat and Helmy 2006), Genina Gharbia (Helmy et al. 2008, 2014), 
Gabbro Akarem (Helmy and Mogessie 2001, Helmy and El Mahallawi 2003), Dahanib (Khedr and Arai 2016), Mikbi (Abdallah et al. 
2019), Motaghairat (Halim et al. 2016), Arabian–Nubian Shield (ANS) ophiolite according to the compilation of Gahlan et al. (2020), 
Oman ophiolites (Takazawa et al. 2003, Hanghøj et al. 2010, Khedr et al. 2014), Bushveld (Wager and Brown 1967), Alaskan global 
trend (Krause et al. 2007), Alaskan peridotites (Irvine 1974, 1976), Mantle olivine array (Takahashi et al. 1987).
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TABLE 5. Geochronological data for Archean and Paleoproterozoic rocks of the Troia Massif and surrounding 
Ceará Central Domain.

Complex / unit Rock type Analytical technique Age (Ma) Reference
ARCHEAN RECORD

Ba
se

m
en

t r
oc

ks

Cruzeta complex Metatonalite (U-Pb SHRIMP in zircon) 3270 ± 5 Silva et al. (2002)
Cruzeta complex Metatonalite (U-Pb isotopic dilution in zircon) 2857 ± 42 Fetter (1999)
Cruzeta complex Metatonalite (U-Pb isotopic dilution in zircon) 2794 ± 77 Fetter (1999)
Cruzeta complex Metatonalite (U-Pb SHRIMP in zircon) 2793 ± 6.3 Ganade et al. (2017)
Cruzeta complex Metarhyolite (U-Pb isotopic dilution in zircon) 2776 ± 65 Fetter (1999)
Cruzeta complex Metatonalite (U-Pb isotopic dilution in zircon) 2773 ± 60 Fetter (1999)
Cruzeta complex Metatonalite (U-Pb SHRIMP in zircon) 2698 ± 8 Ganade et al. (2017)
Cruzeta complex Metatonalite (U-Pb isotopic dilution in zircon) 2675 ± 64 Fetter (1999)
PALEOPROTEROZOIC RECORD

Ac
cr

et
io

na
ry

 e
ve

nt
   

 (p
re

–c
ol

lis
io

na
l)

Algodões unit Amphibolite (metabasalt) (Sm-Nd whole rock isochron) 2236 ± 55 Martins et al. (2009)
Cipó tonalites Metatonalite (U-Pb LA-ICPMS in zircon) 2190 ± 6 Costa et al. (2015)
Mirador tonalites Metatonalite/granodiorite (U-Pb SHRIMP in zircon) 2185 ± 4 Costa et al. (2018)
Mirador tonalites Metatonalite/granodiorite (U-Pb LA-ICPMS in zircon) 2181 ± 4 Sousa, (2016)
Cipó tonalites Metatonalite (U-Pb LA-ICPMS in zircon) 2180 ± 15 Costa et al. (2015)
Cipó tonalites Metatonalite (Pb-Pb evaporation in zircon) 2172 ± 7 Martins et al. (2009)
Cipó tonalites Metatonalite (Pb-Pb evaporation in zircon) 2160 ± 9 Martins et al. (2009)
Madalena orthogneiss Metaquartz diorite (U-Pb isotopic dilution in zircon) 2156 ± 8 Castro (2004)
Cruzeta complex Felsic metavolcanic (U-Pb isotopic dilution in zircon) 2151 ± 9 Fetter (1999)
Serra da Palha ortho. Granitic orthogneiss (U-Pb LA-ICPMS in zircon) 2150 ± 16 Costa et al. (2015)
Boa Viagem complex Bt-Hb-Orthogneiss (U-Pb SHRIMP in zircon) 2150 ± 29 Silva et al. (2014)
Madalena orthogneiss Bt-Hb-Orthogneiss (U-Pb isotopic dilution in zircon) 2142 ± 20 Castro (2004)
Algodões unit Metaquartz diorite (U-Pb isotopic dilution in zircon) 2140 ± 6 Fetter (1999)
Madalena orthogneiss Metatonalite (Pb-Pb evaporation in zircon) 2140 ± 6 Martins et al. (2009)
Macaoca orthogneiss Bt-Hb-Orthogneiss (U-Pb isotopic dilution in zircon) 2139 ± 12 Castro (2004)
Boa Viagem complex Bt-Hb-Orthogneiss (U-Pb SHRIMP in zircon) 2124 ± 35 Silva et al. (2014)
Algodões unit Metarhyolite (U-Pb SHRIMP in zircon) 2130 ± 17 Castro (2004)
Macaoca orthogneiss Metatonalite (U-Pb isotopic dilution in zircon) 2130 ± 3 Fetter (1999)
Madalena orthogneiss Metaquartz diorite (U-Pb isotopic dilution in zircon) 2130 ± 3 Martins et al. (2009)

Co
lli

si
on

al
 e

ve
nt

Boa Viagem mafic Metagabbro (U-Pb LA-ICPMS in zircon) 2103 ± 3 Almeida (2014)
Bananeira suite Qtz-monzonite (U-Pb SHRIMP in zircon) 2079 ± 4 Costa et al. (2018)
Canindé unit (?) Leucogranite (U-Pb LA-ICPMS in zircon) 2070 ± 19 Garcia et al. (2014)
Bananeira suite Granite (U-Pb LA-ICPMS in zircon) 2068 ± 5 Costa et al. (2018)
Macaoca orthogneiss Leucosome (U-Pb LA-ICPMS in zircon) 2046 ± 12 Gomes (2013)
Jaguaretama paragneiss Metamorphic zircon rims (U-Pb LA-ICPMS in zircon) 2045 ± 6 Calado et al. (2019)
Troia-Pedra Branca 
complex Chromitite (U-Pb SHRIMP in zircon) 2036 ± 28 This work

Gold mineralization Calc-silicate alteration (U-Pb LA-ICPMS in titanite) 2029 ± 27 Costa et al. (2019)

Bt = biotite, Hb = hornblende, Qtz = quartz, SHRIMP = Sensitive High Resolution Ion Microprobe, LA-ICMS = Laser Ablation Inductively 
Coupled Plasma Mass Spectrometry. Error for the ages are 1σ for the SHRIMP technique and 2 σ for the others.

emplacement of the ca. 439 Ma Fifield Alaskan–type intrusive 
suite in Australia is interpreted to have occurred during a brief 
period of regional extension that occurred immediately after 
the accretion (collision) of the Macquarie Arc. Similarly, the ca. 
2690 Ma Archean Quetico intrusions, Superior Province, are 
interpreted to have emplaced during the accretion of Wawa 
arc to the Wabigoon subprovince (Pettigrew and Hattori 
2006). Accretion of the Wawa arc to a continental margin (arc–
continent collision) allowed upwelling of hot asthenospheric 
mantle, resulting in high degrees of partial melting in the 
mantle wedge to produce the ultramafic Quetico intrusions 
(Pettigrew and Hattori 2006). Also, as proposed by Ishiwatari 
and Ichiyama (2004), Alaskan–type plutons and associated 
ultramafic lavas of the Jurassic accretionary orogeny in Far 
East Russia, northeast China and Japan, may be related to 
episodic plume events during arc–accretionary processes. 
According to these authors, episodic arc–accretion may be 

an efficient mechanism to induce localized asthenosphere 
plume, which will promote high degree of mantle melting and 
associated mafic–ultramafic magmatism.

In this work, as aforementioned, the age of ca. 2036 Ma 
for the Troia–Pedra Branca magmatism is quite younger 
than the 2190–2130 Ma ages found in arc–related plutons 
of the Troia Massif and the Ceará Central Paleoproterozoic 
basement (Table 5). Therefore, we suggest that the Troia–
Pedra Branca mafic–ultramafic magmatism could be related 
to a post–collisional setting, intruded during the collapse of 
the Eburnean/Transamazonian orogeny (see item 8.4.). As 
discussed before, the lithologies, the geochemical affinity and 
the associated PGE mineralization of the Troia–Pedra Branca 
mafic–ultramafic complex share similar characteristics to 
those of Alaskan–type complexes worldwide. In addition, 
other Paleoproterozoic mafic–ultramafic intrusions with 
arc–related geochemical signature are recognized in the 
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northern Borborema Province in the Rio Grande do Norte 
Domain (RGND) (Fig. 1 B) (Ferreira et al., 2019). However, 
these mafic–ultramafic rocks have crystallization ages of ca. 
2.19 Ga (Ferreira et al., 2019), which are quite older than the 
2.04 Ga Troia–Pedra Branca complex. According to Ferreira 
et al. (2019), the 2.19 Ga mafic–ultramafic intrusions of the 
RGND are intrusive in the 2.22–2.23 Ga arc–related calc–
alkaline granite–gneiss of the area, implying that the mafic–
ultramafic magmatism occurred ~30 My after a major episode 
of arc magmatism, probably during a late– to post–collisional 
Rhyacian setting. Therefore, this finding suggests that at least 
two stages of Paleoproterozoic mafic–ultramafic magmatism 
occurred in the northern Borborema Province, both intruding 
shortly after major events of Rhyacian arc–related felsic 
calc–alkaline magmatism. This outcome also refers to the 
above discussion about the interpretations of asthenosphere 
plume–arc interaction, and episodic arc–continent collision 
for the formation of Alaskan–type complexes (Ishiwatari and 
Ichiyama 2004, Pettigrew and Hattori 2006, Webb 2014).

9. Conclusion

The set of field, petrographic, geochemistry and U–Pb 
isotopic data for metamafic and metaultramafic rocks with PGE 
mineralization of the Troia–Pedra Branca complex provides 
important insights into the characterization, petrogenesis and 
tectonic setting of this mafic–ultramafic magmatism. The main 
contributions of this work are:

• The Troia–Pedra Branca complex consists of a 
succession of serpentinites (after dunite), metachromitites, 
metaclinopyroxenite, hornblendites, metagabbros and minor 
metagabbro–diorites.

• The presence of hornblende–bearing metagabbros 
and hornblendites in the study igneous complex suggests 
that amphiboles played an important role in the magmatic 
differentiation, which is typical of water–bearing calc–alkaline 
basaltic series.

• Textural relationships suggest that the PGM have been 
recrystallized (and locally remobilized?) during metamorphism. 
However, the PGEs are not added to metachromitites from an 
external source, and they are probably derived by the alteration 
of primary (igneous) PGM, originally located interstitially to the 
chromite grains.

• The whole–rock geochemical data show that the 
metagabbros of the Troia–Pedra Branca complex have a 
clear affinity to calc–alkaline basaltic series, and have similar 
arc–related signatures to those of Alaskan–type complexes. 
Chromite and olivine mineral chemistry also indicate an arc–
related (Alaskan–type) affinity.

• Our reported U–Pb SHRIMP zircon age of 2036 ± 27 Ma 
for the Troia–Pedra Branca metachromitites is quite younger 
than the 2190–2130 Ma ages found in arc–related plutons 
of the study area; therefore, the Troia–Pedra Branca mafic–
ultramafic magmatism may be related to a post–collisional 
setting, intruded during the collapse of the Eburnean/
Transamazonian orogeny.
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