
Ore Geology Reviews 150 (2022) 105126

Available online 26 September 2022
0169-1368/© 2022 The Authors. Published 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/).

Petrological and geochemical characteristics of the mafic–ultramafic 
Americano do Brasil Complex, central Brazil, and the implications for 
its genesis 
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A B S T R A C T   

The Americano do Brasil Complex occurs in the Neoproterozoic Goias Magmatic Arc, central Brazil. It is 
composed of two mafic–ultramafic cumulate sequences, intruded into granodioritic gneisses. Although deformed 
and partially recrystallized by a regional metamorphic overprint, the complex still preserves relict igneous 
features, such as adcumulate to heteradcumulate textures. The Northern sequence is mostly composed of olivine 
and olivine-clinopyroxene cumulates, whereas the Southern consists mainly of two-pyroxene cumulate rocks, 
with plagioclase and olivine cumulates occurring in lesser amounts. The complex has three main orebodies, with 
textures that range from disseminated to massive sulfide breccias with durchbewegung texture. Thermodynamic 
modeling using a single picrite parental magma composition can predict cumulate rock compositions and mineral 
modes similar to all of the observed cumulate rock compositions of the Americano do Brasil Complex. Equi-
librium crystallization of the liquid and assimilation-batch-crystallization involving up to 45 % of the host 
gneisses in the upper crust produces solids similar to the cumulates described in the Northern and Southern 
sequences, respectively. Modeled pressure–temperature emplacement conditions of the magma were c.a. 2.5 
kbar and 1310 ◦C. Both sequences have similar incompatible trace element patterns which, together with the 
results of the modeling, imply a broadly comagmatic origin.   

1. Introduction 

Magmatic Ni–Cu sulfide deposits are most commonly known to be 
hosted by mafic to ultramafic intrusions and can occur in a variety of 
tectonic settings. Until recently, exploration for world-class Ni-Cu-(PGE) 
deposits has focused on extensional tectonic environments, such as 
ancient rift basins, and convergent margins have not been seen as viable 
target areas for magmatic sulfide-rich Ni-Cu-(PGE) deposits (Ripley, 
2010). In the past two decades, however, several mineralized 
mafic–ultramafic intrusions located in accretive or collisional tectonic 
settings have been studied showing an increasing resource variety and 
new important exploration targets. Notable examples are Aguablanca (e. 
g. Piña, 2019) in Spain; the intrusions in Portneuf-Mauricie Domain (e.g. 

Sappin et al., 2009), and the Giant Mascot Suite (Manor et al., 2016), in 
Canada; the Savannah Ni-Cu-Co Camp in the East Kimberley (e.g. Le 
Vaillant et al. (2020), in Australia; the Limoeiro (e.g. Mota-E-Silva et al., 
2013) and Mirabela Intrusions (e.g. Barnes et al., 2011) in Brazil; and the 
Ntaka Hill intrusion in Tanzania (Barnes et al., 2019). In these 
compressive environments, the mafic–ultramafic intrusions have been 
correlated to a variety of sources and pathways for magma generation 
and emplacement. A few intrusions located in orogenic environments 
are interpreted to be pre-orogenic, but most of them are interpreted to be 
syn-collisional, commonly related to cumulates of magmatic arc roots or 
even back-arc basins, and some can be related to post-orogenic settings, 
commonly linked to mantle plumes and/or LIPs (e.g. Barnes et al., 2019; 
Le Vaillant et al. 2020; Maier et al., 2008; Piña, 2019; Sappin et al., 
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2012). 
The Americano do Brasil Complex is part of a group of 

mafic–ultramafic intrusions occurring in the southern segment of the 
Goiás Magmatic Arc, in the Neoproterozoic Brasilia Belt. The intrusions 
are broadly associated with the Brazilian Orogeny and have been 
interpreted as syntectonic intrusions associated with the second 
magmatic event in the Arennópolis Arc, but the specifics of the origin 
and emplacement of these mafic bodies are poorly constrained 
(Augustin and Della Giustina, 2019; Laux et al., 2004; Mota-e-Silva 
et al., 2011; Nilson and Santos, 1982). In this paper, we present new 
field and petrographic descriptions, lithogeochemistry of the cumulate 
rocks, and the results of thermodynamic modeling aimed at better un-
derstanding the characteristics of the parental magma of the complex. 

2. Regional and local geology 

The Goiás Magmatic Arc (Fuck et al., 1994; Pimentel and Fuck, 
1992) is a Neoproterozoic tectonic unit located in the westernmost 
Brasília Belt (Fig. 1), which is one of the three large Neoproterozoic 
orogens that resulted from the collisions of the Amazonian, São 
Francisco-Congo and Paranapanema cratons and smaller allochthonous 
blocks (Fig. 1A). The Goias Magmatic Arc trends NE-SW and its northern 
and southern limits are covered by the Parnaiba and Parana Basins, 
respectively (Fig. 1B). It comprises two domains separated by the Goiás 
Archean Block (e.g. Pimentel, 2016). The northern domain is known as 
the Mara Rosa arc and the southern is called the Arenópolis arc 
(Pimentel et al., 2000). Both branches show geological, geochemical, 
and geochronological similarities, which suggests they probably shared 
a common evolution (Laux et al., 2005, 2004; Matteini et al., 2010; 
Pimentel et al., 2004). The igneous activity in the Goiás Magmatic Arc 
occurred in two main episodes: a first magmatic stage between ca. 890 
and 800 Ma, characterized by the eruption of primitive tholeiitic to 

calc-alkaline volcanic rocks and intrusion of associated tonalites and 
granodiorites formed in an island arc setting, and a second magmatic 
stage, dated around 670–600 Ma, in which calc-alkaline magmatism was 
accompanied by metamorphism and deformation in an active conver-
gent continental margin (Fuck et al., 2017; Laux et al., 2005, 2004; 
Matteini et al., 2010; Pimentel, 2016; Pimentel et al., 2004; Pimentel 
and Fuck, 1992). 

The Arenópolis arc comprises N–S trending volcano-sedimentary 
sequences (e.g. Bom Jardim de Goiás, Arenópolis, Iporá, Jaupaci, and 
Anicuns-Itaberaí, respectively from west to east), separated from each 
other by calcic- to calc-alkaline diorite to granite orthogneisses (Fuck 
et al., 2017). The supracrustal and orthogneiss units of the Arenópolis 
arc are juxtaposed along regional NNE to NNW strike-slip fault systems, 
which are part of the continental-scale Transbrasiliano Lineament 
(Pimentel et al., 2000). The eastern portion of the Arenópolis Arc is 
limited by the granulite-facies gneisses of the Anápolis-Itauçu Complex 
(Baldwin et al., 2005; Piuzana et al., 2003). 

The mafic–ultramafic intrusions of the Arenópolis arc were first 
recognized during an undergraduate geologic mapping exercise con-
ducted by the Institute of Geosciences of the University of Brasilia in 
1969 (Danni et al., 1973). Two mafic–ultramafic bodies were mapped, 
the Mangabal Massif – currently called Mangabal Complex (Augustin & 
Della Giustina, 2019) – and the São João Massif – currently known as the 
Americano do Brasil Complex (hereafter ABC; Danni et al., 1973; Nilson, 
1981; Mota-e-Silva et al., 2011; Fig. 1C). 

Nilson (1981) first described the ABC as a small layered pluton 
consisting of mafic and ultramafic cumulate rocks containing ubiquitous 
megacrysts of poikilitic pargasitic hornblende, with associated 
amphibolite facies minerals. The ABC was emplaced into orthogneisses 
and minor mica-schist of the southern domain of the Goiás Magmatic 
Arc. The complex became well known due to the development of the 
Americano do Brasil underground Ni-Cu-Co mine developed through a 

Fig. 1. A) Spatial location of Brasilia Belt in Brazil. B) Brasilia Belt schematic geological map (modified after Pimentel et al., 2004; Macedo et al., 2018, colours 
differentiate tectonic zonations. Goiás Magmatic Arc in dark red. C) Simplified geological map of the area indicated in B. 
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joint venture between Prometalica Ltd. and Votorantim Metais Ltd., 
which ended operations in 2014. It was the object of geological survey 
and mineral exploration, including drilling and some petrographic 
studies of cumulate rocks and associated Ni-Cu sulfide ore (Mota-e-Silva 
et al., 2011; Nilson, 1981, 1984; Nilson and Santos, 1982). In the most 
recent work, the ABC has been interpreted as two distinct E–W-trending 
mafic–ultramafic sequences juxtaposed along the Salgado fault (Mota-e- 
Silva et al., 2011). Regional isotopic studies indicated positive εNd 
(+3.1) and a TIMS U-Pb zircon age of 626 ± 26 M, obtained from two 
zircons separated from a sample described as olivine-pyroxene norite 
(Laux, 2004; Nilson et al., 1997). 

3. Analytical methods 

3.1. Sample collection 

Samples from four representative drill cores (numbers AMB317, 
AMB366, AMB443, and AMB427) were selected for sampling based on 
the core-logging at the mine. The rock samples were selected to repre-
sent the different lithological associations and the stratigraphy of the 
complex. Polished thin sections were examined under transmitted/re-
flected polarizing microscopes to ensure the identification of all major 
rock types as well as their mineral associations and crystallization se-
quences, textures, and superimposed recrystallization due to meta-
morphism and deformation. 

3.2. Whole-rock major and trace elements 

Twenty-five sample powders from the Americano do Brasil Complex 
and two internal standards (samples 18-CR-14-1 and 18-CR-14-2) were 
analyzed at ALS geochemistry laboratories using a package for a com-
plete sample characterization (ALS code CCP-PKG01). Whole-rock 
major elements (SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O, K2O, Cr2O3, TiO2, 
MnO, P2O5, SrO, BaO) were analyzed via Inductively Coupled Plasma 
Atomic Emission Spectrometry (ICP-AES) on samples prepared by the 
lithium borate fusion method followed by nitric acid digestion (ME- 
ICP06). Base metals (Ag, Cd, Co, Cu, Mo, Ni, Pb, Sc, and Zn) were 
digested in four acids (perchloric, nitric, hydrofluoric and hydrochloric 
acids), and then their concentrations were also determined by ICP-AES 
(ME-4ACD81). Trace lithophile elements were analyzed by Inductively 
Coupled Plasma–Mass Spectrometry (ICP–MS) after the same lithium 
borate fusion and digestion as for the major oxides method (ME-MS81). 
The concentrations of As, Bi, Hg, In, Re, Sb, Se, Te and Tl were analyzed 
by ICP-MS after digestion in aqua-regia (ME-MS42). Total sulfur and 
carbon were analyzed by LECO infrared spectroscopy (ME-IR08). Plat-
inum, palladium and gold were determined by standard lead bead 
collection fire assay and ICP-MS finish. The geochemical data are given 
in the Supplementary file. To permit comparison of samples that expe-
rienced different degrees of alteration, geochemical data used in this 
work were normalized to a volatile-free basis. 

3.3. Mineral chemistry 

The compositions of major rock-forming minerals from several pol-
ished thin sections were determined by electron probe microanalysis 
(EPMA). Analyses were performed using a JEOL JXA-8230 SuperProbe 
with five wavelength dispersive spectrometers (WDS) at the University 
of Brasilia. Operating conditions for all silicate minerals were 15 kV 
accelerating voltage, a beam current of 10nA and probe diameters of 1 
μm for all minerals except plagioclase (5 μm). Counting times on peak 
and background were 10 s and 5 s, respectively. Energy dispersive X-ray 
spectroscopy (EDS) of several minerals was also performed to support 
petrographic studies. 

4. Geology of Americano do Brasil Complex 

The area around the Americano do Brasil Complex is dominated by 
pasture and intense weathering, which can reach up to 40 m depth 
locally. The exposures are mostly small loose blocks and the best pre-
served occurrences are associated with amphibole-bearing rocks. Due to 
the lack of spatially extensive outcrops, drill cores were important to 
improve the understanding of the complex and its rocks. 

In general, the ABC is about 2.5 km in length and about 1.5 km in 
width and is divided into two sequences by the E-W oriented Salgado 
Fault (Fig. 2). It is dominated by ultramafic cumulates; to the north of 
the fault, the most common rocks are olivine and olivine-pyroxene- 
cumulates, whereas the Southern portion has more evolved composi-
tions dominated by pyroxene and pyroxene-plagioclase cumulates. Pri-
mary igneous textures are dominant, but a metamorphic overprint is 
marked by fracturing and sub-grain fragmentation due to dynamic 
recrystallization, twinning deformation, corona reactions, recrystalli-
zation and partial to complete replacement of the primary mineralogy 
by a hydrous assemblage (e.g. amphiboles, serpentine, chlorite). Intense 
amphibolitization is ubiquitous in the complex. Pegmatitic diorite and 
minor dolerite (-to gabbro) dykes commonly crosscut the complex, but 
they are more prominent and voluminous in the Southern portion. 

4.1. Rock types of the Americano do Brasil Complex 

Although deformed and partially recrystallized, the ABC still pre-
serves some relict igneous features, which we emphasize in this work. 
Distinct primary rock types are distinguished on the basis of texture and 
mineralogical composition and will be here described according to the 
location related to the E-W fault (e.g. Northern and Southern sequences). 
The amphibolite-facies assemblage and metamorphic rocks will only be 
described when important for better clarification. 

The rocks of the Complex range from adcumulate to heter-
adcumulate texture, and the nomenclature is based on the recognizable 
cumulus minerals, even though some rocks contain sufficient post-
cumulus material to be compositionally classified in another way. The 
cumulate term is used in this work to describe the texture of the rock and 
does not imply any specific mechanism for the formation of the cumulus 
minerals. 

4.1.1. Northern sequence 
The Northern sequence is dominated by olivine adcumulates, i.e., 

dunite, that gradually transition to lenses and/or layers of olivine- 
clinopyroxene adcumulate, i.e., wehrlite. 

Olivine cumulate is a massive medium-grained rock, ranging in 
colour from black, when fresh, to yellowish-grey when weathered. It 
contains abundant subhedral to anhedral olivine, commonly occurring 
as subrounded and equidimensional to slightly elongated crystals. 
Cumulus Cr-spinel occurs as inclusions in olivine and in the matrix, its 
amount does not exceed 2 % of the volume of the rock. The texture is 
most commonly adcumulate with up to 5 % intercumulus pyroxene and 
amphibole, but it locally shows a mesocumulate texture. Olivine is 
commonly altered to serpentine and magnetite in a mesh texture 
(Fig. 3A), secondary chlorite, carbonate, and talc are also common 
alteration products in these rocks. 

The olivine-clinopyroxene adcumulate (or clinopyroxene-olivine 
cumulate) occurs as layers or lenses, showing gradational contacts 
with enclosing packages of dunite in the south, and increases in volume 
to the north. In hand-specimen the rock is grayish, due to the appearance 
of clinopyroxene as cumulus mineral. It is a medium- to coarse-grained 
cumulate, which consists of rounded to sub-rounded olivine and sub-
hedral clinopyroxene grains (Fig. 3B); the former is commonly altered to 
serpentine in a mesh texture and the latter into amphibole (tremolite to 
magnesium hornblende). Minor (<1 vol%) cumulus chromium-rich 
magnetite occurs either as inclusions or interstitial to cumulus olivine 
and pyroxene. Subordinate orthopyroxene occurs locally as distinct 
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equant cumulus grains rather than as oikocrysts, generally not 
exceeding 5 % of the cumulus portion. Some isolated portions of the rock 
contain higher amounts of interstitial amphibole (up to 10 %), typically 
with a dusty appearance resulting from needle-like exsolution of iron-
–titanium oxides. Locally, it is possible to identify the replacement of the 
borders of olivine by granoblastic orthopyroxene (Fig. 3C) and/or 
orthopyroxene-magnetite symplectites in corona textures. 

4.1.2. Southern sequence 
To the south of the Salgado fault, the rocks of the ABC are rich in 

pyroxenes, plagioclase and/or hornblende. The primary mineralogy is 
widely transformed into secondary hydrous minerals due to super-
imposed regional metamorphism and/or hydrothermal alteration 
spatially associated with dioritic dykes. The Southern sequence has a 
more intense amphibolitization compared to the Northern sequence and 
more voluminous dioritic veins. 

The most common rock in this portion is clinopyroxene- 

Fig. 2. A) Geological map of the Americano do Brasil Complex adapted after Nilson (1981) and Mota-e-Silva et al. (2011). B) Schematic cross section of the A-B line 
(drawn in 1.A) showing the simplified relationship of the southern and northern sequences along the Salgado‘s fault. 
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orthopyroxene cumulate, ranging locally to pyroxene-plagioclase 
cumulate. In places, thick packages of these rocks have their original 
texture and mineralogy completely overprinted by metamorphic as-
semblages, and here are described as metaultramafics. 

Two-pyroxene cumulate is medium-grained, with approximately 
equal amounts of cumulus clinopyroxene and orthopyroxene that range 
from subhedral to euhedral. Clinopyroxene crystals commonly show 
substitution by secondary hornblende along crystallographically 
controlled planes and rims, locally small preserved relict clinopyroxene 
grains remaining in the core. Orthopyroxene is generally rimmed by 
secondary amphibole when in contact with plagioclase (Fig. 3D), similar 
to clinopyroxene. Plagioclase and minor hornblende are the most com-
mon interstitial minerals; the latter can occur as poikiloblasts, encom-
passing the relict orthopyroxene crystals. The modal proportion of 
cumulus and intercumulus grains is difficult to define due to intense 
reaction of pyroxenes and plagioclase with metamorphic hydrous fluids 
to form amphiboles. This transformation is mainly spatially associated 
with the diorite veins. In addition to pyroxene, a smaller amount of 
cumulus olivine or plagioclase appears locally. Olivine, when present, is 
partial to almost completely replaced by orthopyroxene in corona tex-
tures and/or replaced by symplectites of iron oxides and orthopyroxene. 
Sulfides and oxides occur as interstitial material between pyroxene and 
are commonly included in the other interstitial minerals such as 
plagioclase. The pyroxene-plagioclase cumulate is found locally as 
layers/lenses. It is textured similarly to the two-pyroxenexe cumulate 
rocks, marked by the appearance of small amounts of cumulus 
plagioclase. 

The southwestern portion of the ABC contains some olivine-pyroxene 
cumulates, which are associated with massive to semi-massive sulfides. 

These are composed of olivine, clinopyroxene and orthopyroxene, the 
latter occurring as minor cumulus grains and more voluminous oikoc-
rysts encompassing olivine. The silicates occur mainly as clasts in a 
sulfide-matrix breccia. In sulfide-poor portions, interstitial amphibole 
(pargasite) occurs in poikilitic texture and commonly replaces clino-
pyroxene oikocrysts almost completely. The textural relations between 
the primary cumulus phases are obscure due to the lack of preserved 
primary contact and pervasive recrystallization of the igneous minerals. 

4.1.3. Sulfide mineralization 
The sulfide mineralization in Americano do Brasil forms 3 orebodies, 

one of them, named S2, located within the Northern sequence, and the 
other two, known as G2 and S1, appearing in the Southern sequence. 

The S2 orebody is composed of cumulus olivine, partially serpenti-
nized to a mesh-texture, enclosed in a net-textured to semi-massive 
sulfide matrix (Fig. 4A). The intercumulus sulfide consists of pyrrho-
tite, chalcopyrite, and pentlandite, in descending order of abundance. 
Pyrrhotite exhibits minor exsolved flames of pentlandite. Pentlandite 
also occurs as polycrystalline aggregates along with pyrrhotite crystals, 
mainly close to serpentine-filled fractures and commonly in contact with 
olivine. Chalcopyrite occurs in anhedral aggregates. Pyrite is secondary 
and occurs filling fractures and/or parting planes of sulfides, commonly 
associated with serpentine veins. Extensive serpentinization has visible 
effects on the sulfides, which are highly fractured. Serpentine and 
magnetite veins crosscut the primary sulfides. The sulfides cut by veins 
associated with hydrous alteration are commonly replaced by secondary 
minerals along the fractures, where magnetite replaces pyrrhotite and 
cubanite is formed after chalcopyrite. 

In the northeastern portion of the Southern sequence, the S1 

Fig. 3. Photomicrographs of cumulate rocks of the Americano do Brasil Complex. (A) Olivine cumulate in cross-polarized light. (B) Olivine-clinopyroxene cumulate 
in cross-polarized light. The clinopyroxene is partially replaced by amphibole and olivine by serpentine in mesh texture. (C) Detail in plane-polarized light of 
clinopyroxene-olivine cumulate, with granular orthopyroxene corona around olivine. (D) Pyroxene-cumulate in plane-polarized light; clinopyroxene is intensely 
replaced by amphibole with needle-like exsolutions of Fe-Ti oxides. Pyroxene-plagioclase contact is almost completely mantled by an amphibole corona. 
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orebody, which ranges from disseminated to lenses of massive sulfide, is 
mainly hosted by pyroxene cumulates and pyroxene-plagioclase cumu-
lates. The sulfides are composed of pyrrhotite with associated pent-
landite, chalcopyrite, and pyrite. The S1 orebody includes portions with 
typical magmatic textures such as large blebby pyrrhotite and pent-
landite exsolution (loops or flames can occur) and minor chalcopyrite. 
The pyrite is commonly surrounded by chalcopyrite rims and immersed 
in the pyrrhotite matrix, with zoning visible on a macroscopic as well as 
at microscopic scales (Fig. 4B). Pyrite-rich domains are commonly 
associated with hydrothermal veins rich in carbonates and/or silicates, 
such as quartz, biotite, amphibole. Anhydrite is also found associated 
with alteration zones. The sulfides closely associated with hydrous 
minerals/veins are altered from a pyrrhotite-pentlandite-chalcopyrite 
association into pyrite-chalcopyrite, with magnetite locally occurring 
close to silicate phases (Fig. 4C). 

The G2 orebody occurs in the southwestern portion of the Southern 
sequence and is hosted by olivine-pyroxene cumulates. The ore textures 
range from net-textured to massive breccia, with localized tectonic 
durchbewegung (german for “through motion or movement”, defined by 
Ramdohr, 1960) breccias. The massive ore comprises a matrix of sulfide 
with floating or imbricated inclusions of the ultramafic clasts and/or 

minerals, with phenocrysts commonly replaced by sulfides. The sulfide 
mineralization has the typical magmatic sulfide assemblage of pyrrho-
tite, pentlandite and chalcopyrite, but is intensely recrystallized, evi-
denced by granoblastic textures and foliation defined by flattened 
pentlandite aggregates (Fig. 4D). Portions richer in phyllosilicates such 
as serpentine can show preferred strong planar alignment and folding, 
concordant with exsolved pentlandite in pyrrhotite. In these foliated 
portions, silicate inclusions are strongly replaced by hydrous phases 
including serpentine, amphiboles and talc. Some inclusions of silicate 
minerals were replaced by pseudomorphs of sulfide. 

4.1.4. Country rocks and later intrusions 
The complex was emplaced into the tonalitic gneiss of the Turvânia 

block (Fig. 1B), which is commonly composed of a thinly banded and 
foliated rock dominated by plagioclase, hornblende, quartz, biotite and 
epidote, with minor K-feldspar, chlorite, garnet and titanite. At the 
northernmost exposures, garnetiferous mica schist crops out, concor-
dant with the foliation of the gneisses. All the observed contacts of the 
ABC complex with the gneissic rocks are tectonic and marked by shear 
zones, in which gneisses are mylonitized and altered to an assemblage of 
sericite, epidote and carbonate. 

Fig. 4. (A) Semi-massive ore in olivine 
cumulate, sample from S2 orebody. (B) 
Reflected light photomicrograph of the 
thin section containing core of pyrite, 
sorrunded by rim of chalcopyrite in 
pyrrhotite matrix. (C) C-D) Composi-
tional EDS maps. (C) Massive sulfide 
sample from the S1 orebody showing 
close relationship of pyrite- 
chalcopyrite-magnetite assemblage 
with hydrous-rich vein crosscutting the 
section. (D) Massive ore from G2 ore-
body with tectonically mobilized and 
recrystallized massive ore, showing 
granoblastic textures and foliation 
defined by flattened pentlandite 
aggregates.   
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The dioritic veins can be varitextured, showing variations from fine 
to very coarse-grained over short distances. They are more commonly 
pegmatoidal, consisting basically of equal amounts of euhedral horn-
blende, reaching up to 4 cm in length, and plagioclase, which is 
commonly white due to intense saussuritization. The veins vary from 
millimeters to meters in thickness and occur in more than one genera-
tion. The rocks in contact with and close to the veins show intense 
amphibolitization, reaching locally up to 80 % of amphibole. These 
amphibole-dominant rocks adjacent to diorite were described in previ-
ous works as hornblendites, metapyroxenites and/or pyroxenites. 

Dolerite occurs as dykes that range from 1 cm to up 5 m in thickness 
that crosscut the complex, the gneissic host rocks and the dioritic veins. 
It is commonly recrystallized to granoblastic assemblages of clinopyr-
oxene, plagioclase, orthopyroxene, ilmenite, and magnetite. It is very 
fine grained, with a relict porphyritic texture, where it is possible to 
identify former plagioclase phenocrysts that have undergone dynamic 
recrystallization. Fe-Ti oxides are abundant, occurring both as relict 
phenocrysts and in the matrix. Sulfide minerals, including pyrite, chal-
copyrite, and pyrrhotite, are present in trace amounts. In the interiors of 
larger dolerite dikes (~5 m), the grain size increases to a medium- 
grained but still non-cumulate (diabasic-textured) gabbro. Where the 
dolerite has undergone local deformation, it is completely transformed 
into a very fine grained foliated rock with an amphibolite assemblage 
marked by hornblende, plagioclase, oxides and apatite. 

5. Geochemistry 

5.1. Mineral chemistry 

Although the olivine is largely replaced by serpentine, it is still 
possible to identify relict grains preserved well enough to permit 
quantitative analysis on the EPMA. Analyzed olivine in the Americano 

do Brasil Complex ranges from Fo80 to Fo87 (Fig. 5A). In the Northern 
sequence, the forsterite content (Fo) ranges from 80 to 84, while Ni 
content varies from 1300 to 2950 ppm. In the Southern sequence, 
olivine was identified only in the G2 orebody, where it has compositions 
ranging from Fo85 to Fo87, and Ni content ranging from 479 to 1524 
ppm. In a plot of Ni in olivine versus Fo content (Fig. 5A), the Ni con-
centrations in olivine increase slightly with increasing Fo in the North-
ern sequence; the Southern sequence has a lower Ni content. 

Clinopyroxene in both sequences is diopside with a few compositions 
straddling the augite-diopside boundary (Fig. 5B). Clinopyroxene from 
the Southern sequence of Americano do Brasil contains up to 0.5 wt% 
TiO2, Al2O3 up to 3.4, Cr2O3 reaching up to 0.3, and magnesium-number 
(molar 100*Mg/Mg + Fe; Mg#) ranging from 70 to 88. Clinopyroxene 
from the Northern sequence is similar with values of up to 0.68 wt% 
TiO2, 4.7 wt% Al2O3, 0.83 wt% Cr2O3 and Mg# between 78 and 93. 
Orthopyroxene is classified as enstatite with compositions ranging be-
tween En81 and En84 in the Northern sequence and from En74-84 in the 
Southern sequence. 

5.2. Major element geochemistry 

Whole-rock compositions of the different lithologies analyzed in this 
study are given in Supplementary Table 1. The concentration of the 
major elements in rocks of the Americano do Brasil Complex is inferred 
to be mainly controlled largely by variation in the proportions of the 
cumulus minerals (olivine and/or clinopyroxene), but the quantity of 
intercumulus material has some influence, mainly in the Southern 
sequence, where the textures are more variable compared to the 
Northern sequence and there is more interstitial plagioclase. Rocks from 
the Northern Sequence analyzed in this study have MgO content that 
ranges from 42 to 24 wt%. There are well-defined trends of negative 
correlation of SiO2, Al2O3, CaO and Na2O with MgO (Fig. 6), as a result 
of the removal of mafic minerals from a liquid. The FeO has a positive 
correlation with MgO. 

Although the pyroxene cumulates of the Southern portion show 
similar trends (Fig. 7), these are not as well defined, due to highly var-
iable modal proportions of cumulus phases and intercumulus material, 
which reach up to 40 vol% in volume. In rocks of the Southern sequence, 
the MgO concentrations are much lower, ranging from 12.4 wt% to 18.4 
wt% while the FeO content ranges from 12.7 to 14.9 wt%. The Al2O3 
and Na2O contents show well-defined trends due to the presence of 
plagioclase, ranging from 8 to 15.5 wt% and up to 0.5 wt% respectively. 
The CaO concentration is variable, ranging from 7.3 up to 13.1 wt%, 
where the highest values occur in rocks richer in clinopyroxene than 
orthopyroxene. 

The diabasic rocks (and related gabbros) have characteristics of more 
evolved rocks. They have lower values of MgO ranging from 5 to 8 wt%, 
and values of Na2O and Al2O3 ranging up to almost 5 wt% and 21 wt% 
respectively. Overall, the diabase has much more evolved compositions 
than the rocks of the complex, with distinct lower MgO content, and 
higher Na2O and Al2O3, showing a separate cluster from the measured 
rocks of the complex. 

5.3. Trace element geochemistry 

Primitive mantle-normalized rare-earth element (REE) and incom-
patible trace-element patterns of rocks from Americano do Brasil are 
shown in Fig. 8. In general, the rocks from the southern sequence have 
higher values in REE and trace elements. Olivine-clinopyroxene and 
clinopyroxene-orthopyroxene cumulates are enriched in middle REE 
(MREE) relative to both light REE (LREE) (LaN/SmN = 0.1 to 0.5 and 0.7 
– 0.9 in the Northern and Southern respectively) and heavy REE (HREE) 
(SmN/YbN = 1.6–3.1 and 1.6–2.2 in the Northern and southern respec-
tively). The Northern sequence shows a deeper HREE depletion 
compared to the Southern sequence (GbN/YbN = 1.7 to 4.0 in the 
Northern sequence, and 1.2 to 1.8 in the Southern sequence). The olivine 

Fig. 5. A: Plot of forsterite content vs Ni (ppm) in analyzed olivine. B: Ortho-
pyroxene and clinopyroxene compositions for cumulate minerals. Pyroxene 
nomenclature is from (Morimoto, 1988). 
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cumulate from the Northern sequence and the diabase rocks from the 
Southern sequence are enriched in LREE relative to HREE, without the 
MREE enrichment in clinopyroxene cumulates. 

Most of the rocks show some similarities in the patterns in the multi- 
element diagram. The samples are not enriched in large-ion lithophile 
elements (LILE) relative to high-field strength elements (HFSE) in gen-
eral, but some of them (Th, U and Ta) are below or close to their lower 
limits of quantificatio006E. A distinctive positive Sr anomaly is ubiq-
uitous, and negative Zr, Hf, P, and Nb anomalies are identified in all 
rocks of the Southern sequence. 

6. Discussion 

6.1. Thermodynamic modeling 

In order to address the composition and evolution of the melt 
parental to the cumulates of both the Northern and Southern portions of 

the Americano do Brasil Complex, we have modeled crystallization 
using the alphaMELTS thermodynamic software (Asimow, 1998; 
Ghiorso and Sack, 1995; Smith and Asimow, 2005). The contacts of the 
complex with the country rocks are marked by intense shearing and/or 
metamorphic/hydrothermal alteration, preventing the preservation and 
identification of a chilled margin. Also, no volcanic rocks or dikes have 
been identified that could be inferred to be compositional equivalents to 
the initial liquid. Several basaltic compositions representing mafic 
rocks/liquids described elsewhere along the extent of the Brasília Belt (e. 
g. Girardi et al., 1986; Laux et al., 2010; Correia et al., 2012; Brown 
et al., 2020; Piauilino et al., 2021) were tentatively used to estimate the 
composition of the initial liquid, but the mafic volcanic rocks described 
so far do not have Mg# high enough to form the most magnesian olivine 
of the Complex, nor would they generate similar cumulus assemblages in 
general. 

In an effort to find a reasonable starting liquid composition for 
modeling the evolution of the suite, a wide variety of other known 

Fig. 6. Whole-rock SiO2, FeO, Al2O3, CaO, Na2O and K2O vs MgO bivariate plots for Northern sequence.Filled circles are from this work, outlined triangle and 
diamond shapes are from Mota-e-Silva et al. (2011) and Nilson (1981) respectively. Olivine (OLV), clinopyroxene (CPX) and orthopyroxene (OPX) were values 
measured in this work. DU olivine cumulate, PD olivine-pyroxene cumulate, PX pyroxene cumulate, GT pyroxene-plagioclase cumulate, GN gneiss. 
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primitive basaltic liquid compositions were considered, all of which 
have been proposed as the parental magmas to other known layered 
intrusions around the world, e.g. Penchenga, Jinchuan, Duke Island, 
Georgia Arc picrites (Chai and Naldrett, 1992; Li and Ripley, 2011; 
Naldrett, 2004; Ramsay et al., 1984; Thakurta et al., 2008). All petro-
logical simulations were done using various pressures between 1.0 and 
7.5 kbar, H2O contents ranging from 0.5 % to 4 % and oxygen fugacities 
fO2 between − 1.5 and + 1.5 log units relative to FMQ (fayali-
te–magnetite–quartz solid oxygen buffer). However, the thermodynamic 
modeling results from all of these hypothetical parental magmas were 
inconsistent with the observed mineral assemblages and chemical 
compositions of the natural rocks. 

We eventually settled on the composition of a picrite from the Mid- 
Continent Rift (of the Keweenawan large igneous province) in Minne-
sota, USA (Lightfoot et al, 1999), which we selected because it combines 
a relatively Fe-rich character with moderate LILE and HFSE enrichment, 
similar to the patterns observed in the ABC, and is of broadly similar 
Proterozoic age in agreement with the Goiás Magmatic Arc ages. Com-
parison of the composition of this parental liquid and the ultramafic 
cumulates of the Northern Sequence of the Americano do Brasil complex 
suggests that the Northern sequence formed from a magma very similar 
to the Mid-Continent Rift magma, with little to no evidence of 

contamination by its country rocks nor any other persuasive indication 
of a crustal signature. 

Efforts to reproduce the observed cumulate compositions using a 
model of their accumulation from the parental liquid during a process of 
fractional crystallization were unsuccessful for two reasons. First, due to 
the peritectic reaction between olivine and orthopyroxene, concomitant 
precipitation of olivine and pyroxene was not achieved in any fractional 
crystallization models. In contrast, in an equilibrium crystallization 
model, olivine and orthopyroxene coexist over a wide range of tem-
peratures and modal proportions. Second, there is no evidence of a 
systematic decrease in whole-rock Mg#, forsterite content of olivine, or 
decreasing anorthite content of plagioclase with stratigraphic position 
consistent with fractional removal of forsteritic olivine and anorthitic 
plagioclase. 

Thus, the working hypothesis was that it might be possible to pro-
duce representatives of each cumulate via batch crystallization from a 
primitive liquid. Nilson (1981) estimated that the pressure of emplace-
ment for the Americano do Brasil Complex was up to 5 kbar. Using the 
empirical model described by Putirka (2008), the clinopyroxene- 
orthopyroxene pairs in cumulates of the Northern Sequence indicate 
ranges of 2–5 kbar, with KD(Fe-Mg)cpx-opx ranging from 0.7 to 0.8, which 
lies around the indicated parameters for subsolidus equilibration. Thus, 

Fig. 7. Whole-rock SiO2, FeO, Al2O3, CaO, Na2O and K2O vs MgO bivariate plots for Southern sequence. Filled circles are from this work, outlined triangle and 
diamond shapes are from Data from Mota-e-Silva et al. (2011) and Nilson (1981) respectively.. Olivine, clinopyroxene, orthopyroxene and plagioclase were values 
measured in this work (X symbol). The colours are the same from Fig. 5. PX pyroxene cumulate, GT pyroxene-plagioclase cumulate, GN gneiss. DB diabase. 
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we considered a pressure consistent with previous geological constraints 
and also the amphibolite facies assemblage presently observed. Cooling 
of our chosen picrite under isobaric conditions at 2.5 kbar and fO2 0.5 
log units above the FMQ produced a similar sequence of crystallization 
and modal proportions of solids to the observed bulk-rock and mineral 
compositions of all major constituents of the Northern sequence of 
Americano do Brasil. This model predicts the crystallization of olivine 
(Fo88) starting at a liquidus temperature of 1310 ◦C, followed by the 
appearance of clinopyroxene (Mg# 82) at 1190 ◦C and orthopyroxene 
(Mg#81) at 1170 ◦C. Between 1220 ◦C and 1150 ◦C the model predicts 
the entire range of ultramafic rocks analyzed in the Northern sequence. 
Modeled olivine, clinopyroxene and orthopyroxene compositions show 
good agreement with much of what is measured in the rocks (Fo83-79, 
En82-80, En80, respectively), as well as the whole-rock major element 
concentrations. A comparison of modeled solids and natural occurrences 
is shown in Table 1. The range of compositions of olivine and pyroxene 
could be entirely accounted for by a model of batch crystallization of the 
picrite liquid, followed by accumulation of crystals in slightly different 
proportions, and subsequent re-equilibration of minerals and up to 5 % 
trapped liquid during cooling, consistent with the adcumulate texture. 

The REE distribution pattern of the measured samples and model is 
comparable in Fig. 9. The success of the batch crystallization model 
implies that the cumulates were emplaced into the complex as batches or 
slurries of crystals that remained entrained in the magma during varying 
degrees of cooling. 

The Southern sequence is represented mainly by pyroxene cumulates 
and minor pyroxene-plagioclase cumulates. Rocks similar to the ones in 
this sequence can be predicted by modeling the same picrite combined 
with the assimilation of country rock in an isenthalpic process following 
an assimilation batch crystallization process. We use similar conditions 
to the Northern Sequence, at 2.5 kbar and fO2 + 0.5 log units above the 
FMQ. A granodioritic country rock from Americano do Brasil Complex, 
at an initial temperature of 300 ◦C, was assimilated in 1 g increments 
into 100 g of the picrite (beginning at a temperature of 1310 ◦C) under 
isenthalpic conditions at a constant pressure of 2.5 kbar and fO2 0.5 log 
units above the FMQ. During a process of between 22 and 45 % assim-
ilation of granodiorite, the system cools to 1120 ◦C and crystallizes 
solids similar to the rocks analyzed in the Southern sequence. The 
modeled rocks range from orthopyroxene-clinopyroxene cumulates to 
gabbro, with different modal proportions of the main minerals. To 

Fig. 8. Primitive mantle normalized REE and multi-diagram trace element patterns for both northern and southern sequences of Americano do Brasil Complex. 
Normalization from Sun and Mcdonough (1989). 

Table 1 
Results of MELTS model compared with rocks of the Americano do Brasil Complex. Picrite liquid used is sample #7 from Lightfoot et al. (1999).  

Sequence Northern 
Conditions: 2.5 Kbar, FMQ + 0.5, H2O 0.5 %  

Olivine Cumulate Olivine-Clinopyroxene Cumulate Olivine-Clinopyroxene-Orthopyroxene Cumulate  
Model Natural Model Natural Model Natural 

Liquidus 
(◦C) 

1220–1200 – 1180–1190 – 1170–1190 – 

Mineralogy Olivine, Cr- 
spinel 

Olivine, Cr- 
spinel 

Olivine, Cr-spinel, 
Clinopyroxene 

Olivine, Cr-spinel, 
Clinopyroxene 

Olivine, Cr-spinel, 
Clinopyroxene, Orthopyroxene 

Olivine, Cr-spinel, 
Clinopyroxene, Orthopyroxene 

Fo 83 82–83 80–81 80–82 77–79 80–81 
mg# (Cpx) – – 82 78–87 81–80 83–84 
mg#(Opx) – – – – 80–81 78–82  
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match the overall abundance of incompatible trace elements in the bulk 
cumulate rocks, model cumulates require the presence of up to 15 wt% 
trapped liquid with the solids. Because there are different degrees of 
contamination, the ranges of compositions of the rocks vary. The trace- 
element abundances of the cumulates ranging from the least evolved 
pyroxene cumulate to the most evolved gabbro and their modeled 
equivalents are shown in Fig. 10. The model results are given in Sup-
plementary Table 2. 

6.2. Mantle source and parental magma 

In order to have a better understanding of the tectonic setting and 
conditions of formation of the Americano do Brasil Complex, it is 
important to constrain the nature of the mantle source and crystalliza-
tion order of the parental magma of the rocks. The petrographic analyses 
show that the crystallization order for the intrusions was olivine- 
clinopyroxene-orthopyroxene-plagioclase for the Northern sequence 
and olivine-orthopyroxene-clinopyroxene-plagioclase for the Southern 
sequence. The crystallization order differs partially from the previous 

Fig. 9. Primitive mantle-normalized REE and multi-element plots for natural and model rocks from the Northern sequence of the ABC. The shaded portion shows the 
range of compositions of rocks of Americano do Brasil Complex. Normalization from Sun and Mcdonough (1989). The black lines represent modeled cumulate rocks 
with indicated weight fractions of trapped liquid and red is the picrite magma used as the parental liquid in the models (#7, Lightfoot et al., 1999). 

Fig. 10. Primitive mantle-normalized REE and multi-element plots for rocks from the Southern sequence of the ABC compared with model results. Normalization 
from Sun and Mcdonough (1989). The blue polygon covers the range of few compositions of rocks of Americano do Brasil Complex samples. The black lines represent 
modeled cumulate rocks with trapped liquid, red is the picrite used as initial liquid (#7, Lightfoot et al., 1999), and pink is the composition of the assimilant gneiss. 
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works. Mota-e-Silva et al., (2011) described the same order of crystal-
lization for both sequences, with orthopyroxene preceding clinopyrox-
ene; whereas Nilson (1981) did not subdivide the complex into two 
sequences and concluded from the textures that clinopyroxene crystal-
lized prior to orthopyroxene in the Northern sequence. Therefore, our 
results are partially in agreement with both works, showing that indeed 
there are slight differences in the crystallization orders of the two se-
quences. The highest forsterite content in olivine from Americano do 
Brasil measured in this study was Fo87. The well-known olivine-melt 
distribution coefficient (KD: 0.3; Roeder and Emslie, 1970) indicates that 
the liquid in equilibrium with the most primitive olivine grains had an 
Mg/Fe ratio of 2.3, which indicates that the parental liquid for the 
earliest olivine cumulates had similar Mg/Fe (ratio) as the picritic liquid 
used in the modeling. 

The clinopyroxene-cumulate rocks of both sequences are enriched in 
MREE relative to both LREE and HREE (Fig. 8). The two sequences have 
previously been interpreted to have crystallized from a similar parental 
magma due to a similar crystallization trend and both being enriched in 
MREE relative to LREE and HREE (Mota-e-Silva et al., 2011). The REE 
and trace element patterns for rocks from both sequences documented 
here have some similar patterns and are accounted for well by the 
thermodynamic modeling described above, which shows that rocks from 
both sequences could be formed from the same parental liquid, which 
evolved along distinctly different paths under different conditions such 
as degrees of contamination, indicating that the intrusions are poten-
tially comagmatic and could represent different portions of the same 
system. 

The significance of the enrichment in MREE relative to LREE and 
HREE was previously assigned as a characteristic inherited from the 
parental liquid and was used to infer a depleted-mantle source to the 
liquid due to the LREE depletion (Mota-e-Silva et al., 2011). In contrast 
to this idea, our modeling indicates that the LREE depletion relative to 
MREE can be attributed to accumulation of clinopyroxene, which shows 
this pattern due to the variation of partition coefficients along the 
lanthanide series. The presence of abundant MREE-enriched clinopyr-
oxene also explains the higher LREE depletion compared to MREE in 
olivine-clinopyroxene adcumulates than in the two-pyroxene- 
cumulates, which we infer to have contained more trapped liquid. The 
HREE depletion relative to LREE and MREE, on the other hand, is not 
related to specific cumulate minerals and is probably a signature of the 
parental magma. Although the model parental liquid may have a slightly 
stronger relative depletion in HREE than the real parental magma for the 
complex, the Americano do Brasil Complex still has moderate HREE 
fractionation indicating the parental magma probably had at least 
moderate fractionation in heavy rare earth elements too, which may 
require residual garnet in a deep source or a contribution from pyrox-
enitic mantle. The picrite liquid used in our model is more similar to an 
ocean-island basalt (OIB) than to a normal-type mid-ocean ridge basalt 
(N-MORB) (Lightfoot et al., 1999; Shirey et al., 1994), but displaced to 
lower concentrations than typical OIB. The lower overall trace element 
concentrations are consistent with its picritic composition as compared 
to the basaltic compositions used to define typical OIB signatures. We 
use the close match of our modeled cumulate compositions to the nat-
ural compositions to infer that the parental magma of the Americano do 
Brasil complex was an OIB-like Fe-rich picrite, and that all of the rocks of 
both the northern and Southern portions of the complex were likely to 
have shared this common parent. Despite the similarities in patterns, the 
Southern sequence has higher concentration of REE and trace elements 
when compared to the Northern sequence. The difference is explained 
by the assimilation of the country rock as well as the influence of trapped 
liquid, as shown by the modeling. We do not intend to correlate the ABC 
directly with the MCR picrite; rather, we used it only to infer the 
chemical characteristics of the ABC parental magma and suggest that a 
liquid with a similar composition and age could have formed by similar 
asthenospheric processes to generate the rocks of the complex. 

6.3. Constraint from sulfide chemistry 

The equation described by Campbell and Naldrett (1979) is used to 
calculate the distribution of metal between silicate melt and an immis-
cible sulfide liquid, for a given mass ratio R of silicate liquid to sulfide 
liquid in a closed system. The R-factor equation is Xsulf = X0 ×

D(R+1)
R+D , 

where Xsulf is the concentration of the element in the sulfide melt, Xo is 
the concentration of the element in the initial silicate melt, and D is the 
partition coefficient defined as the concentration in the sulfide phase 
divided by the concentration in the silicate melt at equilibrium. How-
ever, post-magmatic processes such as metamorphism and deformation 
may influence the distribution and morphology of the ore, which is 
evident by the presence of durchbewegung texture in massive sulfide, 
serpentinization in net-textured sulfide and the presence of pyrite in 
some zones associated with hydrous secondary mineral assemblages. 
Fig. 11 shows the sulfide metal tenors for the mineralization in the ABC 
and the closed-system R-factor model curves for the parental picrite 
liquid used in the modeling and for the liquid remaining after 45 % of 
assimilation. The measured sulfide compositions fall at R values be-
tween 100 and 10,000 and are bracketed by the model curves for sulfide 
segregation from melts ranging from the parental picrite to the most 
strongly contaminated magma we have modeled. 

There is a wide range of ore tenors between the various ABC ore 
bodies and, to the extent that compositions have not changed during 
metamorphism, it could imply an inhomogeneous system with wide 
local variations in effective R-factor. The metal content of the S1 ore-
body has a broad variation, ranging from values similar to the other 
orebodies (S2 and G2) to very low Ni and Cu content when compared to 
sulfide abundance. Overall, the S1 body appears to result from sulfide 
saturation later in the evolution of the magma than does S2 or G2. Also, 
the R factor required to model some samples in the S1 orebody shows a 
wide variation and does not follow a single path for equilibration with 
the magmatic liquids inferred to have been present based on the ther-
modynamic modeling above. The failure of a simple model of primary R- 
factor control of sulfide tenor for some samples implies that some post- 
emplacement changes in the system may have promoted S or metal 
mobilization. The post-magmatic events, such as deformation and 
interaction with hydrothermal fluids, may have locally overprinted 
some of the primary magmatic textures, resulting in localized sulfide 
mobilization and the variations of Ni/Cu ratio between sulfide samples. 
The relative roles of primary R factor control versus post-magmatic 
alteration will be approached in a further study focused in post- 
magmatic overprints. 

6.4. Emplacement constraints 

The intrusion does not show much evidence for exclusively fractional 
crystallization from a single pulse of magma. Neither the forsterite 
content nor the enstatite content of pyroxenes show a clear fractionation 
trend according to stratigraphic height, nor are there very well defined 
layers. Our observations and model results indicate that the evolution of 
the magmatic system by fractional crystallization, as classically under-
stood, would not have produced the observed sequence of rock types. In 
particular, the occurrence of olivine-orthopyroxene cumulates is 
forbidden by the peritectic relationship between these two phases. On 
the other hand, there is a wide range of conditions under which olivine 
and orthopyroxene can coexist during batch crystallization, with or 
without the concurrent process of host rock assimilation. 

In order to enable batch crystallization, a system with a hot and low 
viscosity magma is required for the crystals to be able to re-equilibrate 
continuously, a situation favored by turbulent flow and/or vigorous 
forced convection to keep the crystals suspended while they react with 
the melt (e.g., Barnes et al., 1995; Yao et al., 2021). Assimilation-batch 
crystallization processes, as applied in this work, have been used to 
model the evolution of magmas that fed large mafic–ultramafic 
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intrusions such as the Bushveld and Stillwater complexes, but also can 
be applied to smaller and irregular-shaped intrusions like Americano do 
Brasil (e.g., Barnes et al., 1995; Jenkins et al., 2021; Jenkins and Mun-
gall, 2018; Yao et al., 2021). In addition, previous works focused on 
modeling and field relations have shown that picrite and komatiites can 
assimilate high amounts of crustal rocks because the heat generated by 
the fusion of the assimilant is compensated by the heat of crystallization 
of the cumulates (e.g., Mungall, 2007). As shown by these previous 
studies and our present modeling results, the picrite liquid used in the 
present study is capable of large degrees of host rock assimilation due to 
its high temperature and steeply descending liquidus slope. 

Several geologic criteria for defining magma conduit systems were 
previously described (Li et al., 2001; Maier et al., 2011, 2001) such as a 
high proportion of sulfides, presence of associated volcanic rocks over-
lying the intrusion, tube shape and evidence for multiple phases of 
intrusion. Unfortunately, the record of metamorphism, tectonism and 
erosion, in addition to poor exposure and hence few constraints on the 
shape of the intrusion, makes it difficult to grasp the details of the ge-
ometry of the ABC or link it to some conduit system or related lava flows. 
However, the rocks of the Complex are dominated by cumulates, and 
like those described in many other magmatic Ni-Cu-PGE (e.g., Barnes 
et al., 1995; Lesher, 1989)must be lacking some residual liquid com-
plement. The country rocks have been previously interpreted as repre-
senting rocks of the island arc stage of the Brasilia Belt (Laux et al., 
2004) and the area of study is related to the younger deep crustal 
Magmatic Arc (Laux et al., 2004); however, the pressure of crystalliza-
tion of the Complex appears to have been typical of the upper to middle 
crust and there is no petrographic or geochemical evidence for high- 
pressure crystallization as would be expected in the roots of a conti-
nental magmatic arc. We suggest that the intrusion could have been 

emplaced in the middle or upper crust due to ascent in locally exten-
sional weak zones, possibly in a sill-like conduit system. 

6.5. Element mobility and post-cumulus modification 

Post-magmatic processes, such as metamorphism or weathering, may 
result in considerable changes to the original geochemistry of the rocks. 
The degree of alteration in the ABC can be noted in high loss on ignition 
(LOI) of the rocks, which ranges from below 0.5 to up to 13 %, with the 
highest values associated with intensely serpentinized olivine cumu-
lates. The intrusion has been affected by amphibolite-facies meta-
morphism (Nilson, 1981), and has zones showing intense alteration to 
amphiboles and the apparent input of hydrothermal/metamorphic fluid, 
evidenced by increased abundance of secondary pyrite associated with 
these alteration zones. This pervasive alteration is associated with the 
percolation of fluids close to shear zones, with the notable presence of 
anhydrite, carbonate- and/or amphibole in veins linked to cross-cutting 
diorite dikes and associated alteration. Abundances of fluid-mobile el-
ements such as Ba, K and Sr show different patterns than predicted from 
geochemical modeling; but because they are highly mobile elements, 
these mismatches could directly be attributed to fluid-mediated meta-
somatism during the regional metamorphism. 

A variety of plots based on comparison of trace elements ratios to 
igneous suites of well-understood provenance are commonly used as 
indicators of petrogenetic affinity (e.g. La/Sm, Ba/Yb, Nb/Ce). How-
ever, there are several reasons why most of them cannot be used to 
discuss the lithogeochemical signature of the Americano do Brasil 
Complex. Firstly, most of them are constructed based on liquid com-
positions, which made the cumulates rocks not suitable for application 
(e.g. Pearce et al., 2021). Elements that can be compatible with the 

Fig. 11. Bivariate plot showing the calcu-
lated sulfide metal tenors for individual 
samples for the three orebodies of Ameri-
cano do Brasil (S1, S2 and G2) compared to 
Picrite used in model and the most evolved 
liquid modeled for pyroxene-cumulates after 
assimilation. Red are data acquired in this 
study, pink are from Silva et al. (2011). 
Calculated base metal sulfide tenors (Cu in 
100 % sulfide vs Ni in 100 % sulfide). R- 
factor model curves were calculated using 
the closed-system R-factor model (Campbell 
and Naldrett, 1979). The model picrite had a 
bulk composition with 59 ppm Cu, 540 ppm 
Ni, and 2.5 ppb Pd. The partition coefficients 
(D) between the sulfide and basaltic liquids 
were 1,000, 250, and 1,000,000 for Cu, Ni, 
and Pd, respectively. The evolved liquid had 
a bulk composition of 168 ppm Cu, 400 ppm 
Ni, and 1.7 ppb Pd.   
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cumulus minerals in these rocks cannot be meaningfully compared with 
highly incompatible elements that could represent the trapped liquid, 
because this would have no petrogenetic significance. Elements prone to 
fluid transfer also cannot be used reliably to classify rocks that have been 
subjected to extensive metamorphic overprints. 

On the other hand, the diabasic-textured doleritic rocks follow 
similar major and trace element geochemical trends as the pyroxene 
cumulates of the Southern sequence, but cross-cutting relations with 
both the cumulate rocks of the Southern sequence of the complex and 
the dioritic-veins suggest a younger age for the diorites. 

7. Conclusions 

The Americano do Brasil Complex is composed of ultramafic to mafic 
cumulates and has been affected by metamorphism to the amphibolite 
facies, resulting in intense amphibolitization and recrystallization. Much 
of the intrusion maintains its primary magmatic textural features 
because deformation and hydrothermal alteration tend to have been 
restricted to discrete shear zones, veins and/or the margins of the 
intrusion. Post-magmatic processes such as metamorphism or defor-
mation may have influenced the distribution and morphology of the 
mineralization. 

Modeling indicates that the parental magma of the intrusion had an 
OIB-like Fe-rich picrite composition and that the same primary liquid 
could be parental to rocks from both the Northern and Southern se-
quences. The differences between the Northern and Southern sequences 
resulted from different degrees of crustal assimilation, within different 
portions of the same magmatic system. The intrusion formed by equi-
librium crystallization with different proportions of assimilation, 
emplaced at a mid- to upper-crustal level, at pressure around 2.5 kbar, 
and melt temperatures as high as 1310 ◦C. The depletion in HREE in-
dicates a deep source with some residual garnet, and the MREE 
enrichment in some rocks is associated with the accumulation of cli-
nopyroxene instead of being a signature of the parental magma. 
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