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A B S T R A C T   

Magmatic hydrothermal mineral deposits axiomatically frame the hosting pluton and the given tectonic setting in 
which they are inserted. Unsurprisingly, pre-Cambrian porphyry deposits are different than Phanerozoic ex
amples, as collisional or post-collisional deposits are different than arc-related mineralizing systems. As such, this 
contribution assesses the tectonic framework and the magmatic evolution of the igneous suites present in south- 
central Amazonian Craton (Tapajós Mineral Province, TMP), and how these parameters translate into metal
logenetic potential for the formation of magmatic-hydrothermal copper and gold deposits. For this purpose we 
gathered whole-rock geochemistry data from selected TMP copper and gold deposits and present new in situ 
trace-element and U-Pb analyses in zircon grains. 

The host rocks of the selected mineralizing systems belong either to the older magmatic sequence (OMS, 
2.00–1.95 Ga), or to the younger magmatic sequence (YMS, 1.90–1.86 Ga). Whereas OMS presents characteristics of 
arc-related rocks, YMS represents the evolution towards post-orogenic or collisional setting. OMS might be divided 
into groups I, II and III granitoids. Group I comprises granites and granodiorites that mark the onset of the arc- 
magmatism in the TMP at ca. 2011 Ma. In this stage rocks are peraluminous, ferroan, anhydrous, show a strong 
crustal component and fO2 values close to or below the fayalite-magnetite-quartz buffer (ΔFMQ), yielding metal
logenetic unfertile pluton. These rocks correlate with the Cuiú-Cuiú Complex and comprise samples from the 
Patrocínio and Tocantinzinho deposits. Group II granitoids correlate with the Creporizão Suite and comprise 
Tocantinzinho, São Jorge, Chapéu do Sol and Patrocínio deposit samples (with extrusive equivalents in the Coringa 
deposit). Rocks are metaluminous to peraluminous, magnesian to ferroan and mark the evolution of the magmatism 
towards more oxidizing (0 ≤ ΔFMQ ≤ + 4), hydrous and metallogenetically fertile conditions at ca. 1986 Ma. 
Mineralized zones are defined by gold bearing sulfide veins and veinlets within the potassic or sericitic alteration 
halos. Group III comprises rarer high-K, metaluminous, ferroan, anhydrous and reduced syenites and monzonites 
dated at 1993 and 1974 Ma, generated by decompression melting of metasomatized mantle. By itself, group III rocks 
should be considered as unfertile batches of magma, however, its interaction with the coeval, more hydrous and 
oxidized group II melts, confer these magmas their metallogenetic potential. Mineralization in group III rocks is 
defined by disseminated pyrrhotite – pyrite ± gold within the sericitic, chloritic and/or carbonate alteration zones. 

YMS comprises intermediate and acid rocks that belong to the Parauari Intrusive Suite and to the Iriri Group. 
Whereas, intermediate volcanics from YMS evolved on a hydrous and reduced petrologic trend, acid volcanics 
and the Batalha and Palito granitoids evolved on a dry and reduced trend, reflecting a change on TMP’s tectonic 
context, from magmatic-arc to a post-orogenic or collisional tectonic setting. Despite the reduced and anhydrous 
characteristic of the magmas, YMS’s metallogenetic potential is related with remobilization or melting of SCLM 
or lower crustal Au-rich sulfides formed on the previous magmatic events. Hence, the first pulses of the YMS 
might be considered as potentially fertile for the formation of Au-rich magmatic-hydrothermal deposits.  
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1. Introduction 

The metallogenic process requires the presence of fertile rocks that 
provide not only metals but also ligands, fluids and the volatile contents 
necessary to form an anomalous concentration and define a mineral 
deposit. Magmatic-hydrothermal mineral systems, particularly the 
copper and gold porphyry-epithermal class, are genetically connected 
with oxidized (ΔFMQ > 0), hydrous (2–6 wt% H2O), subduction-related, 
intermediate to acid igneous suites, intruded at shallow depths (Cooke 
et al., 2014; Loucks, 2014; Pirajno, 2009; Richards, 2015a, 2011a; Sil
litoe, 2010; Sinclair, 2007; Sun et al., 2015). Despite the occurrence of 
porphyry deposits at collisional and at extensional settings (Chen et al., 

2015; Richards, 2015b, 2014, 2009; Wang et al., 2018), it is unques
tionable that these deposits occur preferentially at destructive plate 
margins. Therefore, at a given geologic context, it is important in terms 
of prospective criteria, to identify which igneous suites are directly 
related with the magmatic-arc. This separation is straightforward in 
Phanerozoic subduction zones such as seen in the Andean Cordillera or 
in the west Pacific rim. The problem arises when we look at ancient and 
cratonized terrains, where the arc-related sequence appears juxtaposed 
with the collisional, post-collisional and anorogenic units. A first order 
problem in this case, is that not all arc-magmas are prone to form 
magmatic-hydrothermal mineral deposits, even though the reason, 
processes and features that render a given magmatic system fertile or not 

Fig. 1. Amazonian Craton and its tectonic subdivision (Santos et al., 2006; Santos et al., 2000). The Tapajós Mineral Province (TMP) geologic map, adapted from 
Klein et al. (2001), brings the main Orosirian igneous suites and the selected mineral deposits involved in this contribution. Mafic bodies and Phanerozoic units are 
not colored. Main roads are marked by the black dashed lines. 
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are still unclear (e.g., Zhang and Audétat, 2017). The physiology of 
ancient subduction-zones is not particularly helpful and characteristics 
such as the absence or diffuse suture zone and ambiguous geochemical 
signature due to metamorphism and/or weathering are common ca
veats. Additionally, whereas fluid-flux mantle melting is easily achieved 
in modern subduction zones, yielding hydrous and metallogenetic fertile 
magmas, the tectonic and petrogenetic mechanisms behind Paleo
proterozoic (or older) rocks are still dubious. Despite these peculiarities, 
the Archean Spinifex Ridge (Mo – Cu) located at eastern Pilbara Craton 
(Huston et al., 2007) and the Paleoproterozoic Malanjkhand deposit (Cu 
– Mo – Au) at central India (Stein et al., 2004) are good examples of high- 
tonnage Precambrian porphyry deposits. 

Within this topic, the south-central portion of the Amazonian Craton, 
a region known as Tapajós Mineral Province (TMP) consists on a 
promising area (Fig. 1). It comprises arc-related, collisional and post- 
collisional igneous suites, that distribute within the 2.0–1.86 Ga age 
interval and host gold (copper and molybdenum in a lesser extent) 
mineral deposits (Borgo et al., 2017; Juliani et al., 2005; Lamarão et al., 
2002; Santos et al., 2004; Santos et al., 2001). Most recent papers 
describe TMP’s mineralizations as porphyry-epithermal mineral systems 
(e.g. Cassini, 2016; Echeverri Misas, 2015; Juliani et al., 2005; Lopes 
and Moura, 2019; Tokashiki, 2015), yet, Intrusion-Related-Gold- 
Systems (IRGS) (Santos et al., 2001; Villas et al., 2013) and hybrid 
porphyry-IRGS models have also been proposed (Biondi et al., 2018; 
Borges et al., 2009; Juliani et al., 2002). Despite the effort over the past 
years, there are still important knowledge gaps that need to be filled so 
we can constrain the TMP’s true economic potential. 

Ergo, the central point of this study is to investigate how the host 
rocks of different mineral deposits at the TMP evolved, examine their 
general geochemistry characteristics, pinpoint the main differences and 
similarities and elucidate how and why these magmas became fertile. 
The data approach given by Loucks (2014), for example, where the 
author constrains the fertility of plutons by looking at their geochemical 
signature (i.e. copper-producing plutons show higher whole-rock Sr/Y 
and V/Sc ratios, used as proxies to the hydrous condition of the magmas) 
is rather pertinent for our purpose. In this regard, we gathered infor
mation and organized a geochemistry database for selected Au – Cu – Mo 
mineral deposits and occurrences identified in the TMP. In addition, we 
provide new U-Pb and trace-element analyses in zircon grains from 
samples collected at central TMP to assess the magmatic evolution of the 
intrusions. Zircon Ce contents is used to estimate the oxygen fugacity of 
the rocks and consequently their metallogenetic potential (i.e. typical 
porphyry deposits are genetically related with plutons with fO2 greater 
than the fayalite-magnetite-quartz oxygen buffer (Richards, 2015a)). 
Ultimately, by combining both empirical and theoretical approaches, 
our purpose is to establish a prospective criteria and a systematic 
capable of constraining the metallogenetic potential of different igneous 
suites not only from the TMP, but also from other cratonic terrains. 

2. Geologic framework of the Tapajós mineral Province 

The Tapajós Mineral Province (TMP) is part of the south-central 
Amazonian Craton (AC), on the limit between the Ventuari-Tapajós or 
Tapajós-Parima and Central Amazonian tectonic provinces (Santos 
et al., 2000; Tassinari and Macambira, 1999). According to Santos’ 
tectonic model (Fig. 1), the Tapajós-Parima Province is the result of a 
Paleoproterozoic collisional-orogen that, among other consequences, 
was responsible for the expressive orogenic and post-orogenic magma
tism that predominates in the region. This model has been revisited by 
many authors over the past years. More recently, Carneiro et al. (2019), 
supported by high-resolution magnetometry data, claim that the 
magmatic-arc sequence was built on Archean basement, previously 
restricted to the Central Amazonian and Carajás Provinces. According to 
the authors, NNW-SSE lineaments that agrees with Santos’ model are 
intrinsically related with the shallower crustal levels, whereas deeper 
(>15 km) E-W trending lineaments are related with the Archean 

basement, which led the authors to suggest an alternative crustal 
framework for this part of the AC. 

2.1. Lithostratigraphy 

In general, the older units described at the TMP represent different 
stages of the arc magmatism, whereas the tectonic affinity of the 
younger sequence remains less consensual (Table 1 presents a summary 
of TMP’s lithostratigraphic units). The igneous suites within the 2.0 – 
1.95 Ga age interval, addressed hereafter as the older magmatic 
sequence (OMS), encompasses: the Cuiú-Cuiú Complex (tonalites and 
granodiorites of ca. 2.04–1.99 Ga); the Vila Riozinho Formation 
(basaltic-andesite, trachyte, rhyolite of 2.0 Ga); and the Creporizão 
Intrusive Suite (granitoids of ca. 1.98–1.95 Ga, ages after Lamarão et al. 
2002; Santos et al., 2004; Santos et al., 2001; Santos et al., 2000). 

Approximately 50 million years separate the OMS from the younger 
magmatic sequence (hereafter YMS). The Tropas and Parauari Intrusive 
Suites (1.90–1.87 Ga) mark the onset of the younger magmatism, 
characterized by tonalite and granodiorites, with syeno-, monzogranites 
and acid volcanics for the later. These are followed by the volcanic rocks 
of the Iriri Group and its subdivisions, accordingly: Bom Jardim For
mation (intermediate to acid volcanics with subordinate ignimbrites of 
1.89–1.88 Ga); Salustiano and Aruri Formations (rhyolites, ignimbrites 
of dacitic composition and volcanic breccias of 1.88–1.87 Ga); and 
Moraes Almeida Formation (rhyolites and trachytes of ca. 1.88 Ga, ages 
and descriptions after Dall’Agnol et al., 1999; Juliani et al., 2005; 
Lamarão et al., 2002; Santos et al., 2000)). Often, YMS volcanics define 
dykes or lava flows covering OMS plutons. The Maloquinha Intrusive 
Suite represents the last stage of YMS and comprises syeno- and alkali- 
feldspar granites of ca. 1.87 Ga (Lamarão et al., 2002; Santos et al., 
2002) that define round shaped plutons. 

2.2. Typology and general features of the mineralizing systems at the TMP 

The results presented in this contribution refer to selected mineral 
deposits chosen in order to cover most part of the TMP. Accordingly, the 
Batalha, V3 and Chapéu do Sol gold deposits are found in northern TMP; 
central TMP is represented by the Tocantinzinho, Palito and São Jorge 
gold mineralizations; and the Patrocínio and Coringa gold deposits are 
found in southern TMP. The Patrocínio, Tocantinzinho and Coringa 
deposits are hosted by the OMS, the first two by ca. 1.97 Ga granitoids 
that correlate with the Creporizão Intrusive Suite, and the latter is found 
within coeval volcanics. The Batalha, Palito and V3 deposits are hosted 
by YMS granitoids and volcanic breccias (the case for the later), whereas 
the São Jorge and Chapéu do Sol deposits are uniquely associated with 
both magmatic sequences (Echeverri Misas, 2015; Lamarão et al., 2002). 
Table 2 summarizes the main features of the mineral deposits selected at 
this study. 

2.2.1. Deposits within the older magmatic sequence (OMS) 
The Patrocínio gold mineralization (southern TMP) is found in 

strongly hydrothermalized (K-metasomatism and sericitic alteration), 
calc-alkalic, metaluminous to peraluminous, syeno- and monzogranites 
of ca. 1.97 Ga (Fig. 2a–i), into which gold bearing sulfide veins and 
veinlets are injected (Cassini, 2016). A disseminated type of minerali
zation was also identified and is associated with syenites and monzonites 
(Fig. 2j–m) affected by sericitic, chloritic and carbonate hydrothermal 
alterations, where the mineralization is characterized by the assemblage 
pyrrhotite-pyrite ± gold, with traces of chalcopyrite. On the distal zones, 
barren propylitic alteration was identified and commonly overprints the 
potassic and sericitic alterations. Even though the Patrocínio minerali
zation has many attributes of porphyry systems, the magmatic- 
hydrothermal system still requires additional efforts for a better un
derstanding and a more detailed comprehension. 

The Tocantinzinho gold deposit (central TMP), the largest at the TMP 
with 1.7 million oz. of gold (Borgo et al. 2017), presents a similar 
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geologic framework. It is hosted by metaluminous to peraluminous 
monzogranites, granitic breccias, aplite and pegmatites of ca. 1.98 Ga, 
that are affected by an early stage of K-metasomatism, followed by 
sericitic, chloritic and carbonatic alterations (Biondi et al., 2018; Lopes 
and Moura, 2019). In this context the mineralization is intimately 
related with the sericitic alteration and is represented by disseminated 
gold or quartz-sulfide, gold bearing veinlets. The most common sulfide is 
pyrite, however, late forming chalcopyrite, sphalerite and galena have 
also been reported. Biondi et al. (2018) claim that the Tocantinzinho’s 
magmatic-hydrothermal system shows features that resemble both 
intrusion-related-gold-systems (IRGS) and gold-rich porphyry deposits. 

Lopes and Moura (2019), on the other hand, are more emphatic and 
describe the deposit as a “porphyry-style” mineralization since it lacks 
typical features of Phanerozoic (stricto sensu) porphyries. 

The Coringa deposit (southern TMP) is hosted by volcanic rocks of 
ca. 1.97 Ga (Fig. 2n), with minor intrusive bodies that are coeval with 
the Creporizão Intrusive Suite. According to Guimarães et al. (2021) and 
Tokashiki (2015) the volcanic units are dominantly rhyolites and the 
volcanoclastic sequence is represented by volcanic-breccias, lithic-, 
lapilli- and crystal-tuffs, with subordinated ignimbrites. The minerali
zation is hosted by sericitic altered rhyolites and alkali feldspar granites, 
that define topographic domes, and is focused on brittle structures 

Table 1 
Summary of the main igneous suites that encompasses TMP’s older and younger magmatic sequences (modified from Cassini et al., 2020).  

Lithostratigraphic Unit Description Geotectonic Context (references 
between brackets) 

Hosted mineral deposits (*) 

Younger Magmatic 
Sequence (YMS) 

Iriri Group 1.89–1.87 Ga (2)  • Rhyolite and trachyte  
• Tuff, ignimbrite and volcanic breccia  
• Rhyolite and ignimbrite  
• Andesite, dacite, trachyandesite, latite, 

rhyolite and ignimbrite  

• Post-collisional/anorogenic 
(5;6)  

• Magmatic-arc/post-orogenic (4)  
• Magmatic-arc (4)  
• Magmatic-arc (4) 

V3 (Au); Chapéu do Sol (Cu- 
Mo-Au)** 

Parauari Intrusive Suite 
1.89–1.87 Ga (2;3;6) 

Biotite-hornblende monzo- and syenogranite, 
tonalite, granodiorite 

Magmatic-arc (2;3); Post- 
collisional (6) 

Batalha (Au); Palito (Au-Cu)  

Older Magmatic 
Sequence (OMS) 

Tropas Suite 1.90–1.88 Ga (2) Tonalite and granodiorites Island-arc (2;3) – 
Creporizão Intrusive Suite 
1.98–1.95 Ga (2;3) 

Monzo-, syenogranite, granodiorite and 
tonalite 

Magmatic-arc (2;3) Patrocínio (Au); 
Tocantinzinho (Au) 

Vila Riozinho Formation 2.00 
Ga (5) 

Basaltic-andesite, trachyte, rhyolite Magmatic-arc (5) Coringa 

Cuiú-Cuiú Complex 
2.04–1.99 Ga (1;2) 

Gneiss, migmatite, granitoids, amphibolite Island-arc (1;2;3); Magmatic-arc 
(6) 

– 

(*) The São Jorge and Coringa deposits haven’t been correlated with any TMP lithostratigraphic unit; **The Chapéu do Sol deposit is associated with both older and 
younger magmatic sequences. (1) Santos et al. (2000); (2) Santos et al. (2001); (3) Santos et al. (2004); (4) Juliani et al. (2005); (5) Lamarão et al. (2002); (6) Juliani 
et al. (2002); (7) Guimarães et al. (2021). 

Table 2 
Host rocks, mineralizing style and hydrothermal alteration evolution of the selected TMP mineral deposits.  

Deposit/Mineral 
occurrence 

Host Rocks Mineralization 
Style 

Hydrothermal Alteration References 

Sodic Potassic Propylitic Sericitic Argilic Adv. Argilic 

V3 (Au) 1.89–1.87 Ga 
volcanic rocks 
(Iriri Group) 

Hydrothermal 
breccias and veins 

Pl Kfs, Amp, 
Bt, Qz, 
±Hm ± Sul 

Pl, Kfs, Qz, Ser, 
Chl, Ep, Cab ±
Amp ± Sul 

Qz, Dk, Ser, 
Chl, ±Alu ±
Sul 

Dk, Kao, 
Ser, Chl, 
±Pl ± Kfs 

Pyr, Alu, Dsp, 
Rt, And, Sul, 
Cu, Ag, Au, 
±Hm ± Dk ±
Kao 

Echeverri Misas 
(2015) 

Palito (Au - Cu) 1.88 Ga 
granitoids 

Veins and 
disseminated 

Pl, Bt, 
±Kfs ±
Amp ±
Qz 

Kfs, Qz, 
±Pl ±
Amp ± Bt 
± Hm 

Pl, Ser, Chl, Ep, 
Ttn, Cab ± Sul 

Pl, Kfs, Qz, 
Ser, Sul ±
Au ± Cu 

Pyr, Kao, 
Ser, Sul 
± Pl ±
Kfs 

– Echeverri Misas 
(2015) 

Batalha (Au) 1.88 Ga 
granitoids 

Veins and 
disseminated 

Pl Kfs, Bt, Qz Pl, Chl, Ep, Cab, 
Sul, ±Qz ± Au 

Qz, Ser, Sul, 
Au, Fl ± Cab 

– – Juliani et al. 
(2002) 

São Jorge (Au) OMS and YMS 
granites 

Veins and 
disseminated 

Qz, Pl, Kfs, Bt, Ttn, Mag Pl, Bt, Chl, ±Ep 
± Cab ± Ser ±
Sul ± Mag ± Qz 
± Kfs 

Qz, Cab, Sul, 
Ser ± Pl ±
Kfs ± Bt 

– – Lamarão et al. 
(2002); Borges 
et al. (2009) 

Chapéu do Sol 
(Cu - Mo - Au) 

OMS and YMS 
volcanics and 
subvolcanics 

Disseminated, 
veins and veinlets 

Pl Pl, Bt, Kfs, 
Qz 

Pl, Qz, Chl, Ep, 
Rt, Ttn, Sul, 
Cab, ±Hm ±
Amp 

Qz, Ser, 
Adu, Sul, 
Au, ±Ttn ±
Cab ± Bt 

Qz, ill, 
Kao ±
Hm 

– Echeverri Misas 
(2015) 

Patrocínio (Au) 1.99–1.95 Ga 
granites, syenites 
and monzonites 

Veins and 
veinlets ±
disseminated 

Pl Kfs, Qz Chl, Ep, sodic-Pl Ser, Py, Po, 
±Au 

Chl, 
±Ccp 

– Cassini (2016) 

Tocantinzinho 
(Au) 

1.98 Ga granites Disseminated and 
veinlets 

– Kfs, Qz, Pl, Ep, Chl, Py, Ccp, Au 
± Hm 

Ser, Py, Au, 
Qz, Ccp, Gn, 
Sp, ±Hm ±
Pl 

– – Borgo et al. (2017); 
Lopes and Moura 
(2019); Biondi 
et al. (2018) 

Coringa (Au) 1.97 rhyolites Veins and veinlets – Kfs, Bt, 
±Qz 

Chl, Ep, Qz, Pl, 
±Cab ± Py 

Qz, Ser, Ccp, 
Sp, Gn, 
±Adu 

ill – Tokashiki (2015) 
Guimarães et al. 
(2021) 

Adu: adularia; Alu: alunite; Amp: amphibole; And: andalusite; Bt: biotite; Cab: carbonate; Ccp: chalcopyrite; Chl: chlorite; Dk: dickite; Dsp: diaspore; Ep: epidote; Fl: 
fluorite; Gn: galena; Hm: hematite; ill: illite; Kao: kaolinite; Kfs: K-feldspar; Mag: magnetite; Pl: plagioclase; Po: pyrrhotite; Py: pyrite; Qz: quartz; Rt: rutile; Ser: sericite; 
Sp: sphalerite; Sul: sulfide; Ttn: Titanite. 
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represented by quartz bearing veins and veinlets with galena, pyrite, 
chalcopyrite and gold (Fig. 2o). Guimarães et al. (2021) and Tokashiki 
(2015) described the Coringa deposit as an intermediate-sulfidation due 
the presence of adularia and Mn-carbonates on the mineralized veins. 
However, Tokashiki (2015) believes that the deposit was initially a low 
sulfidation system that evolved to intermediate sulfidation conditions, 
without discarding the potential of a deeper and genetically connected 
porphyry system. Measured and indicated reserves sum a total of 
516.000 oz. of gold (Tokashiki, 2015). 

The Chapéu do Sol (copper, molybdenum and gold) mineralization 
(northern TMP) is genetically related with volcanic and volcanoclastic 
sequences, with coeval porphyry and granitic stocks, formed in two age 
intervals: one at 1.99 – 1.97 Ga and a 100 Ma younger one, at 1.88 – 
1.86 Ga (Echeverri Misas, 2015). The high-K affinity of the igneous 
suites led the author to suggest a mature arc tectonic context. The 
mineralization is represented by disseminated sulfide (pyrite, chalco
pyrite, molybdenite and sphalerite), or gold bearing sulfide veins and 
veinlets, more frequently found on the sericitic alteration halos with 
adularia. Echeverri Misas (2015) describes the Chapéu do Sol mineral
ization as a low-sulfidation system. 

2.2.2. Deposits within the younger magmatic sequence (YMS) 
Among the deposits hosted by the YMS, the Batalha, Palito and São 

Jorge are hosted by biotite and amphibole bearing syeno- and mon
zogranites, whereas the V3 is hosted by intermediate to acid volcanic 
rocks. 

The Batalha gold deposit (northern TMP) is a magmatic- 
hydrothermal system hosted by granitoids of 1.88 Ga that correlate 
with the Parauari Intrusive Suite (Juliani et al., 2002). The hydrother
mal system is characterized by early Na-metasomatism, followed by 
potassic, propylitic and late sericitic alterations (the latter two the most 
important for the mineralization). Within the propylitic zone, ore con
sists in disseminated pyrite with gold inclusions, or gold bearing quartz 
veins with carbonate, fluorite, pyrite, chalcopyrite and chlorite. On the 
sericitic zone, gold mineralization is found either on fissures or in 
pervasive style with quartz, sericite, pyrite, chalcopyrite and galena. As 
proposed by Juliani et al. (2002) the Batalha hydrothermal system is 
compatible with a porphyry Au-Cu deposit, with some features of IRGS. 

The Palito gold and copper deposit (central TMP) is hosted by ca. 
1.88 Ga granitoids that according to Echeverri Misas (2015) correlates 
with the late stages of the Parauari Intrusive Suite, on a collisional or 
post-collisional tectonic setting. It presents potassic, propylitic and ser
icitic hydrothermal alteration zones and mineralization consists mainly 
on sulfide bearing, NW-SE and E-W trending quartz veins and veinlets 
within the sericitic alteration halo, with less frequent disseminated 
sulfides (Fig. 2p–t). Chalcopyrite is the main sulfide associated with the 
gold mineralization, but pyrite, galena, pyrrhotite and Bi bearing min
erals were also identified. Echeverri Misas (2015) describes this 
magmatic-hydrothermal system as a porphyry Au-(Cu) deposit. 

The São Jorge gold deposit (central TMP) is hosted by the 

homonymous granite that was divided by Lamarão et al. (2002) on the 
older and younger São Jorge granites (1.98 and 1.89 Ga respectively), 
the latter more closely related with the mineralization. Similarly to the 
Batalha deposit, it shows mineralization focused on the propylitic and 
sericitic alteration halos, where gold is usually associated with pyrite 
veins and veinlets. A disseminated type of mineralization is also iden
tified but is comparatively rarer. Other than pyrite chalcopyrite, sphal
erite, molybdenite and galena were also described (Borges et al., 2009; 
Lamarão et al., 2002). Borges et al. (2009) claim that the deposit has 
geological attributes of both IRGS and porphyry systems. 

Differently than the other YMS hosted deposits, the V3 gold miner
alization (northern TMP) is associated with hydrothermal breccias 
developed on the volcanic and volcanoclastic sequence of the Iriri Group 
(1.89–1.87 Ga), with coeval shallow level granitic stocks. The hydro
thermal system comprises pervasive and fissural potassic, silicic, pro
pylitic, sericitic, argilic and advanced argilic alunite bearing alterations. 
The latter hosts the highest gold contents, however, the potassic, pro
pylitic and sericitic alteration zones also show considerable sulfide 
contents. 40Ar/39Ar dating in alunite crystals acquired by Echeverri 
Misas (2015) yielded 1.86–1.84 Ga, which is interpreted as the age of 
mineralization. The author describes the deposit as a high-sulfidation 
epithermal system. 

In fact, YMS volcanic rocks are often found as dykes in OMS gran
itoids (the association has been reported in the Tocantinzinho, Patro
cínio and Palito deposits) and potentially define an additional type of 
mineralization, characterize by gold bearing pyrite veins and veinlets 
injected along the contact between the intrusive and subvolcanic units 
(Fig. 2u). 

3. Methods 

The results presented in this contribution refer to whole-rock and 
zircon geochemistry/isotopic analyses. The whole-rock geochemistry 
database counts with published and unpublished results from selected 
deposits in order to cover most part of the TMP, and involves results 
from Biondi et al. (2018), Cassini (2016), Echeverri Misas (2015), 
Gutiérrez (2018), Juliani et al. (2002), Lamarão et al. (2002), Lopes and 
Moura (2019) and Tokashiki (2015) (geochemistry database is available 
as supplementary material). In-situ measurements of trace-elements in 
zircon grains were performed in OMS samples collected in central TMP. 
Three new U-Pb dating results are presented coupled with two reex
amined analyses published by Cassini et al (2020). 

Whole-rock geochemistry data was treated with GCDKit (Janoušek 
et al., 2006) and modelling routines of fractional crystallization were 
performed using further R programming (Janoušek et al., 2016). Major 
elements were modeled through simple mass-balance and trace- 
elements through Rayleigh crystallization using partition coefficients 
from Rollinson (1993) and GERM database (available at http://earthref. 
org). 

Trace-elements and U-Pb geochronology analyses in zircon grains 

Fig. 2. Typology of the different OMS (a – o) and YMS rocks (p – u). (a) Massive, leucocratic, granodiorite drill core sample. (b) Massive, partially altered (potassic 
alteration), granodioritic porphyry; (c) Porphyritic and massive syenogranite with compositionally zoned plagioclase phenocrysts; (d) Syenogranitic porphyry with 
plagioclase phenocrysts (outcrop near the Patrocínio area); (e) Equigranular, massive monzogranite; (f) Strongly altered (potassic alteration) granite, with gold 
bearing pyrite in chlorite-sericite veinlets; (g) Sulfide bearing, chlorite-sericite alteration in K-metasomatized granitoid; (h) Gold bearing, quartz sulfide vein injected 
near the granite-syenite contact. Rocks have previously experienced pervasive potassic and subsequent chlorite-sericite alteration; (i) Granite drill-core sample with 
multi-phasic hydrothermal events. early potassic alteration (reddish feldspar crysts) is followed by fissural and interstitial chlorite-sericite alteration (gray-greenish 
color). The last hydrothermal event is represented by the white-silica infilled breccia; (j) Drill core sample with contact between monzonite (left) and monzogranite 
(right) with a reaction rim (central) and small opaque (sulfide?) crysts; (k) Potassic and chlorite-sericite altered syenite; (l) Chlorite-sericite and potassic altered 
monzonite with disseminated, gold bearing sulfide (pyrite and pyrrhotite), and less frequent sulfide veinlets; (m) Aplitic syenite found as synplutonic dykes in OMS 
granites. (n) Rhyolite with feldspar phenocrysts and potassic alteration form the Coringa deposit; (o) Coringa deposit ore example, with strongly sericitic altered 
volcanic rock (rhyolite?) cross-cut by a chalcopyrite + sphalerite + galena vein, brecciated by sericitic + white silica alteration. (p – t) Palito deposit samples 
(examples from Echeverri-Misas, 2015; (p) potassic altered granite with secondary K-feldspar; (q) potassic and propylitic alteration with K-feldspar, chlorite, epidote 
and carbonate (Cal); (r) Sericitic alteration with quartz (Qtz), sericite (Ser) and pyrite (Py); (s) Sulfide vein in strongly hydrothermalized granite (5), with (1) 
chalcopyrite, (2) pyrite, (3) breccia zone and (4) quartz veins; (t) Strongly hydrothermalized granite with fluorite (6) and white silica veining (7). (u) OMS granite 
injected by YMS dacite dyke with white silica, gold bearing sulfide pocket and smaller veinlets along the dyke contact. 
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were performed at the Department of Earth Sciences (ETH - Zürich) 
using a Thermo Element XR, sector field, single collector ICP-MS 
coupled to a 193-nm Resolution S155 (ASI) laser ablation system. The 
later counts with a two-volume Laurin Technic ablation cell fluxed by 
high-purity He at 0.5 l min− 1 rate. The 20 μm spots were ablated for 30 s 
with a repetition rate of 3 Hz and a laser energy of 2 J cm− 2. Ar was 
admixed to the aerossol within the ablation funnel (0.96 l min− 1) to 
carry the ablated material for ionization. The integration time per point 
was 0.662 s, and elemental concentration was calculated using the 
software Iolite (Paton et al., 2011). The stoichiometric Si content of 
zircon (15.2 wt%) was used as internal standard for trace element 
quantification and U-Pb data reproducibility was assured by analyses of 
reference zircon grains (AUSZ7-1, OG-1, Plešovice and 91500). U-Pb 
and trace element measurements were acquired at the same spot, and 
fractured or metamict domains were avoided. Zircon trace element re
sults were treated with GCDKit and U-Pb data with IsoplotR (Vermeesch, 
2018), results are also available as supplementary material. 

We use the Xmelt
Ce4+/Xmelt

Ce3+ index (Smythe and Brenan, 2016), to 
constrain the fO2 of the magmas from central TMP (equations 1 and 2). 
Most zircon based oxy-barometers available in the bibliography (Ballard 
et al., 2002; Chelle-Michou et al., 2014; Smythe and Brenan, 2016; Trail 
et al., 2012) rely on the lattice strain model (Blundy and Wood, 1994) 
and are strongly influenced by the LREE content of zircon. The lattice 
strain model satisfactorily explains the behavior and HREE, but LREE, 
on the other hand, commonly deviates from the model predictions, 
compromising the robustness of most oxy-barometers. As demonstrated 
by Zou et al. (2019), Smythe and Brenan’s Xmelt

Ce4+/Xmelt
Ce3+ index might be 

considered as REE independent and magmatic fO2 is estimated with 
basis on the temperature of the magmas (Ti-in-zircon thermometer from 
Ferry and Watson (2007), assuming SiO2 and TiO2 activities of 1.0 and 
0.65 respectively), non-bridging oxygens (NBO, Virgo et al., 1980) and 
mole fraction of water (estimated with the hygrometer from Waters and 
Lange, 2015) as it follows:  

1) 
Xmelt

Ce4+

Xmelt
Ce3+

=

⎡

⎣

∑
Cezircon −

(∑
Cemelt*Dzircon/melt

Ce3+

)

(
∑

Cemelt*Dzircon/melt
Ce4+

)−
∑

Cezircon

⎤

⎦*1.04877;

2) ln

[
Xmelt

Ce4+

Xmelt
Ce3+

]

= 1
4 lnfO2 +

13136(±591)
T − 2.064( ± 0.011).

NBO
T

− 8.878( ± 0.112).xH2O − 8.955(±0.091)

4. Results 

4.1. Whole-Rock geochemistry 

In this section we directly compare whole-rock geochemistry ana
lyses from the different TMP deposits. As a first selection criteria and in 
view of the thick weathering profile at the Amazonian region, the whole- 
rock geochemical data were plotted on the MFW diagram after Ohta and 
Arai (2007) (Fig. 3). The diagram was idealized with basis on a dataset 
of igneous rocks and their respective weathered products, where prin
cipal component analysis allows the M and F vertices to capture mafic to 
felsic differentiation sequence, whereas the W apex relates with the 
degree of weathering. Accordingly, the samples that plot on the center of 
the diagram and scatter towards the W vertice likely present some de
gree of weathering that might disturb their original geochemical 
signature and, consequently, these samples were excluded from the 
database. 

4.1.1. Classification diagrams 
With respect to their geochemical classification, the most prominent 

difference between the older and younger igneous suites is the much 
wider compositional range covered by the former, in particular for the 
intrusive sequence (Fig. 4a). The Tocantinzinho, São Jorge and Patro
cínio deposit rocks show a significant variation on the diagram and vary 
between diorites, monzonites, quartz-monzonite, granodiorites, tona
lites and granites. The later also shows lower silica syenites, quartz- 
syenites and syeno-diorites. The Chapéu do Sol rocks show a smaller 
variation and plot on the quartz-syenite, granite and alkali-granite 
fields. Equivalent compositions are verified for the Coringa deposit, 
with the extrusive sequence essentially rhyolitic or alkali-rhyolitic. 

The intrusive sequence of YMS (Palito, São Jorge and Batalha de
posits) shows a much narrower geochemical variation (Fig. 4b). The 
three deposits host rocks vary between granite and alkali-granite with a 
single granodiorite sample for the Batallha deposit. The V3 deposit is 
hosted by a volcanic sequence that is dominated by rhyolites, dacites, 
lati-andesites and, more rarely, quartz-trachyte. 

The diagrams from Fig. 5 brings SiO2 vs. Fe-index, SiO2 vs. MALI and 
an A-B plot for constraining the sample’s aluminosity (Frost et al., 2001; 
Villaseca et al., 1998). In this study we gave preference to use Villaseca’s 
A-B diagram instead of the classic A/CNK vs. A/NK plot (Shand, 1943). 
The former brings aluminosity as a function of maficity, hence petro
logic trends are more promptly identified. In general, the OMS deposits 
are magnesian to slightly ferroan (Fig. 5a), calc-akalic to alkali-calcic 
(Fig. 5b) and metaluminous to moderately peraluminous, defining a 
negative slope on the A-B plot (Fig. 5c). This general trend accounts for 
the Tocantinzinho, São Jorge and Chapéu do Sol deposits, the latter with 
a few alkalic samples. The Patrocínio and Coringa samples behave 
differently and tend to plot on the magnesian-ferroan transition or are 
fully ferroan granitoids (the case for lower silica Patrocínio samples), 
vary from calc-alkalic to alkalic and are metaluminous to felsic- 
peraluminous. 

Within the YMS, the Palito and Batalha samples are ferroan, alkali- 
calcic and metaluminous to moderately-peraluminous. On the A-B dia
gram, the Batalha granitoids do not define any noticeable trend and 
instead, samples cluster around the same value of maficity (at approx
imately B = 40) and spread towards the low-peraluminous and 
moderately-peraluminous fields. The V3 volcanics resemble the trend 
identified for the OMS, with magnesian intermediate samples and 
ferroan acid members that vary from alkalic to calc-alkalic and define a 

Fig. 3. FMW ternary diagram after Ohta and Arai (2007) for the whole-rock 
geochemistry database. Samples that plot on the shaded area indicate higher 
degree of weathering and were not considered for the results and discus
sion sections. 
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clear negative slope on the A-B diagram from metaluminous to felsic- 
peraluminous. 

4.1.2. Major-element contents 
As previously mentioned, the São Jorge and the Chapéu do Sol de

posits are associated with both magmatic sequences, however, due to 
the lack of younger samples, our models for both deposits will concern 
only OMS. Harker diagrams for the OMS show that intermediate samples 
tend to scatter more strongly than the acid members and, for silica 
values over 65%, the trend is linear. Geochemical modelling shows that 
fractional crystallization accounts for the geochemical variability within 
OMS, which is characterized by three main petrologic trends. Within the 
higher silica side (SiO2 > 65 wt%), one of trends accounts for part of the 
Patrocínio and Tocantinzinho samples. It starts from a granodioritic 
melt that fractionates plagioclase, pyroxene, biotite, magnetite and 
titanite, with a monzo-diorite cumulate (green array in Fig. 6). The other 
silica richer trend is characterized by a tonalitic initial composition and 
involves fractionation of albitic plagioclase, amphibole, biotite, 
magnetite and titanite (red array in Fig. 6), and is also compatible with a 
monzo-diorite cumulate. This trend encompasses most of the OMS, 
including the Tocantinzinho, Coringa, Chapéu do Sol, São Jorge (older) 
granite and part of the Patrocínio samples. The lower silica spectrum 
involves syenites and monzonites from the Patrocínio deposit and a few 

Tocantinzinho and Coringa samples that evolved through fractionation 
of K-feldspar, plagioclase, biotite, apatite, clinopyroxene and ilmenite 
(gray array in Fig. 6). 

Samples from the YMS, particularly the intermediate rocks, scatter 
more strongly than the OMS on the Harker diagrams (Fig. 7). Three 
trends accounts for the petrologic evolution of the YMS. Intermediate V3 
volcanics show an evolution coherent with a lati-andesite initial liquid 
that fractionates K-feldspar, amphibole, anorthitic-plagioclase and bio
tite (yellow array in Fig. 7), and generates a quartz-latite liquid and a 
diorite cumulate. The acid members of the V3 deposit define a trend 
compatible with a rhyolitic initial composition that differentiates to 
alkali-rhyolite through fractionation of albitic-plagioclase, K-feldspar, 
pyroxene and titanite, with a syenite cumulate (yellow array in Fig. 7). A 
relatively similar trend comprises the Batalha and Palito granitoids 
(black array in Fig. 7). This evolution starts from a granitic composition 
and is consistent with extraction of albitic-plagioclase (44%), K-feldspar 
(42%), pyroxene (7%), titanite (3%) and apatite (4%), generating an 
alkali-granitic liquid and a syenite cumulate. 

4.1.3. Trace-element contents 
REE spidergrams reveal similar patterns for OMS samples, charac

terized by a moderate level of HREE depletion (average La/YbN ≥ 12.1, 
Fig. 8a–e). The steepest pattern was identified for the São Jorge deposit, 

Fig. 4. De la Roche et al. (1980) classification diagram for the OMS (a), with coeval volcanics from the Coringa deposit at the top-left. (b) Classification diagram for 
the YMS with the V3 volcanics plotted at the smaller top-left diagram. 

Fig. 5. Frost’s classification diagrams for OMS and YMS, with SiO2 vs. Fe-index (a), SiO2 vs. MALI (b), and A-B diagram after Villaseca et al. (1998) (c), where A = Al 
- (K + Na + 2Ca) and B = Fe + Mg + Ti, calculated for millications. Extrusive rocks from the Coringa and V3 deposits are plotted for comparison purposes. 
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in both older and younger granites (Fig. 8a) with averages La/YbN of 
35.4 and 81.5 respectively, that are accompanied by positive to mildly 
negative Eu anomalies. The Patrocínio samples (Fig. 8b) also define a 
steep slope, yet more subtle than the older São Jorge granite, and are 
accompanied by null or moderately negative Eu anomalies. The Chapéu 
do Sol, Coringa and Tocantinzinho deposits (Fig. 8c–e) are characterized 
by less fractionated trends (average (La/Yb)N ratios of 19.5, 18.8 and 
12.1 respectively) and slight to moderately negative Eu anomalies. 

REE spidergrams for the YMS (Fig. 8f–h) show a much more subtle 
fractionation between light and HREE when compared with the older 
sequence (except for the younger São Jorge granite, Fig. 8a). The Eu 
anomalies are more restrict and vary from moderately negative to 
strongly positive. The V3 volcanic rocks show a moderate degree of 
fractionation (Fig. 8f, with average (La/Yb)N of 17.4) and moderately 
negative to negligible Eu anomalies. The Palito and Batalha deposit 
rocks behave similarly (Fig. 8g and h, average (La/Yb)N ratios of 10.9 

and 8.1 respectively) and define smoother trends towards lower HREE 
contents, with moderate to strongly negative Eu anomalies. The trace- 
element spidergram (Fig. 8i) shows that YMS is slightly enriched in 
HFSE (Ti, Dy, Y, Zr, Sm) and show lower Sr contents. 

Fig. 9 shows trace-element ratios plotted against maficity (Fe + Ti +
Mg calculated for millications) or Eu anomaly calculated as EuN/Eu* 
(EuN = concentration of Eu normalized by the chondrite after Boynton 
(1984); Eu* =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
SmN.GdN

√
). On the Dy/Yb vs. maficity plot for the older 

sequence (Fig. 9a) it’s clear that the older São Jorge granite is the unit 
with the largest range of Dy/Yb, and is followed by the Tocantinzinho 
and Chapéu do Sol samples that show a minor spread between 1 ≤ Dy/ 
Yb ≤ 2. The Patrocínio and Coringa samples don’t vary significantly and 
show Dy/Yb ratio around 2. The younger sequence shows a similar trend 
and spread horizontally on the plot, with maficity values between 10 
and 200 for a Dy/Yb ratio around 2. The younger São Jorge granite 
stands as an outlier and shows Dy/Yb ratio from 2 to 4. 

Fig. 6. Silica vs. major oxides diagrams for 
OMS rocks (symbols are the same as in the 
previous figures). Red, green and gray arrays 
mark the petrologic trends modeled with the 
respective minerals involved. The accuracy 
of the models is given by the R2 parameter, 
which is defined by the sum of the differ
ences between the theoretical and real 
differentiated melts for each element 
squared. Abbreviations: Am (amphibole), Pl 
(plagioclase), Bt (biotite), Px (pyroxene), 
Mag (magnetite), Ttn (titanite), Ap (apatite), 
Ilm (ilmenite).   
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The Sr/Y vs EuN/Eu* diagram (Fig. 9b) shows a positive correlation 
between the two parameters. In general terms, the Patrocínio, Coringa, 
São Jorge and Chapéu do Sol show predominantly moderate Sr/Y values 
that fall between 5 and 50. The only sample cluster was identified for the 
Tocantinzinho deposit, that shows predominantly low ratio (Sr/Y ≤ 5), 
with scarce exceptions. A similar behavior was identified for the 
younger Batalha and Palito granitoids, with Sr/Y ratio ≤ 5. On the other 
hand, V3 volcanics and the younger São Jorge granite samples show 
moderate to high ratios (Sr/Y ≥ 50) followed by null or positive Eu 
anomalies. 

Both older and younger igneous sequences can be separated into low, 
moderate and rarer high La/Yb rocks. On average, the La/Yb and EuN/ 
Eu* correlate positively. For the OMS, Fig. 9c shows that the São Jorge 
samples vary from moderate to high ratios (30 ≤ La/Yb ≤ 100). The 

Coringa, Patrocínio and Chapéu do Sol samples show predominantly 
moderate values (20 ≤ La/Yb ≤ 50), whereas the Tocantinzinho deposit 
shows mainly low La/Yb rocks (≤20). For the younger sequence, the São 
Jorge granite shows the highest La/Yb ratios (>100), which is accom
panied by the highest EuN/Eu*. Moderate values (20 ≤ La/Yb ≤ 50) 
were acquired for the V3 volcanic units, whereas the Batalha and Palito 
granitoids show the lowest ratios (La/Yb ≤ 20). 

In summary, OMS shows a wide compositional range and rocks vary 
from magnesian to slightly ferroan, alkali-calcic to calc-alkalic, metal
uminous to moderately peraluminous and show steep REE patterns. 
Three trends accounts for the OMS evolution: a magnetite and pyroxene 
bearing one involving granodiorites and granites; an amphibole and 
magnetite one that comprises most OMS-hosted deposits; and a third one 
involving pyroxene and ilmenite fractionation on K-rich magmas. YMS 

Fig. 7. Silica vs. major oxides for YMS rocks. Yellow and black arrays mark the petrologic trends modeled, with the minerals involved and the R2 parameter indicated 
at the top. Symbols are the same as in the previous figures. Abbreviations: Kfs (K-feldspar), Am (amphibole), Pl (plagioclase), Bt (biotite), Px (pyroxene), Ttn 
(titanite), Ap (apatite). 
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shows similar MALI and aluminosity, however with a more restrict 
compositional range and more subtle REE patterns on essentially ferroan 
samples (excepted for intermediate V3). Our models show that these 
rocks evolved on an reduced and predominantly anhydrous trend. 

4.2. Zircon geochemistry 

4.2.1. Morphology and textural description 
At this study we present three new geochronology results and reex

amine two samples (USP14-136 and USP14-160) presented by Cassini 
et al. (2020) for inheritance. Invariably, all zircon analyses refer to OMS 

Fig. 8. Chondrite normalized (Boynton, 1984) REE spidergrams for the OMS (a – e), YMS (f – h) and trace-element spidergrams normalized by the primitive mantle 
(Sun and McDonough, 1989) for both sequences. The respective colored fields represent the entire range covered by each deposit/unit. Eu anomaly calculated as Eu/ 
Eu* = EuN/

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(SmN.GdN)

√
. 
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samples collected on the surroundings of the Patrocínio village, in 
central TMP. Sample USP14-160 (granodiorite) is characterized by 
subhedral grains, with rounded or partially corroded edges, 2:1 elon
gation ratio, with predominantly oscillatory but also broad and patchy 

zonings. Round shaped xenocrystic cores displaying both dissolution 
and resorption textures are also common (Fig. 10a). Sample USP14-144 
(granodioritic porphyry) is dominated by euhedral to subhedral, elon
gated grains (between 2:1 and 3:1), with oscillatory and less frequent 
patchy and sector zonings. Two types of cores are observed on this 
sample: one comprises rounded, partially resorbed xenocrystic cores 
(Fig. 10b), commonly fractured and metamictic; and the other, 
comparatively more frequent, is characterized by oscillatory or homo
genously zoned nuclei and lacks dissolution or resorption textures. 
Sample USP14-83, an aplite dyke of syenitic composition (R1-R2 clas
sification), comprises euhedral and subhedral zircon grains, with 2:1 
elongation and well preserved oscillatory zoning (Fig. 10c). Round- 
shaped, partially resorbed xenocrystic cores with homogeneous, pat
chy or sector zonings are also observed. Sample USP14-91 represent a 
coarser-grained syenite and is characterized by subhedral to anhedral 
grains, with elongation that varies between 1:1 and 2:1 (rarer 3:1 
grains), predominance of oscillatory zoning with minor examples of 
sector and patchy zonings. Cores show predominantly oscillatory and, 
less frequently, homogenous zonings with rarer xenocrystic and meta
mictic domains (Fig. 10d). Sample USP14-136 (monzonite) is composed 
by euhedral to subhedral grains, with elongation between 2:1 and 3:1, 
with well preserved oscillatory and sector zonings. A detailed evaluation 
and description of the grains allowed the identification of two types of 
cores: rounded xenocrystic cores that commonly display dissolution 
textures and zoning patterns that truncates the rim (Fig. 10e); and 
comparatively homogenous rounded cores that show concordant zoning 
patterns. 

4.2.2. U-Pb dating (LA-ICP-MS) 
The granodiorite sample (USP14-160) presents a continuous distri

bution of 207Pb/206Pb ages between 2000 and 2100 Ma, as demonstrated 
by the frequency histograms from Fig. 10a, with a more pronounced 
peak at ca. 2020 Ma. Autocrystic cores were evaluated and yielded 
concordant ages of 2031.2 ± 2.0 Ma (n = 15), whereas 6 xenocrystic 
cores revealed ages higher than 2050 Ma. Rims analyses yielded 2011.7 
± 4.5 Ma (n = 13) understood as the sample’s magmatic age. 

The granodioritic porphyry (USP14-144) presents 207Pb/206Pb ages 
that spread from 1800 to 2040 Ma, with a more pronounced peak at ca. 
1980 Ma (Fig. 10b). Five xenocrystic cores were analyzed and yielded 
concordant results that converge to 2010.9 ± 8.1 Ma. Autocrystic cores 
and rims point to similar ages, and 22 grains align on a discordia with 
upper intercept at 1986.9 ± 5.9 Ma, considered as the samples magmatic 
age. 

For the aplitic syenite sample (USP14-83) 207Pb/206Pb age histo
grams (Fig. 10c) shows that results concentrate at ca. 1990 Ma, with 
minor older and younger examples. A total of 15 xenocrystic cores were 
evaluated and defined a discordia with upper intercept at 2012.7 ± 6.7 
Ma. Core and rim analyses yielded discordant results and 16 grains align 
on a discordia with upper intercept at 1987.3 ± 7.1 Ma, interpreted as 
the magmatic age. 

The syenite sample (USP14-91) also shows 207Pb/206Pb ages clus
tered at ca. 1990 Ma (Fig. 10d). Cores and rims analyses converge to a 
concordia age of 1993.7 ± 2.7 Ma (n = 11). Xenocrystic cores are rare in 
this sample and were not evaluated. 

The monzonite sample (USP14-136) shows 207Pb/206Pb ages that 
spread between 1900 and 2060 Ma, with a clear cluster at ca. 1980 Ma 
(Fig. 10e). Twelve xenocrystic cores were analyzed and yielded discor
dant ages that roughly align on a discordia with upper intercept at 
2055.5 ± 8.7 Ma. Cores and rims analyses revealed 18 grains that 
converge to a concordia age of 1974.6 ± 1.9 Ma, understood as its 
magmatic age. 

4.2.3. Trace element contents 
Zircon Eu anomalies are constrained on the diagram from Fig. 11a, 

where Eu/Eu* is plotted against Zr/Hf (as a proxy for differentiation). At 
a first glance, all samples show predominantly Eu/Eu* < 0.5, with a few 

Fig. 9. Maficity vs. Dy/Yb (a), Eu/Eu* vs. Sr/Y (b) and Eu/Eu* vs. La/Yb (c) 
plots for OMS and YMS. Dy/Yb ratio is strongly influenced by amphibole as the 
mineral shows high Kd’s for both elements. Sr/Y and La/Yb might also be 
influenced by amphibole, however, plagioclase and pyroxene on a lesser extent 
might also shift the ratios towards higher or lower values. 
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Fig. 10. Cathodoluminescence images from selected zircon grains and the respective concordia-discordia diagrams from the samples analyzed in this study. Spots are 
20 μm wide. 1–3, 10, 11, 17–19 (partially dissolved) and 30–32 show inherited xenocrystic cores (grain 32 is partially resorbed); 4, 5, 14, 20, 25, 26 and 35 show 
oscillatory zoning; 6 and 7 are broad zoned grains; 8, 9, 15 and 27 show patchy zoned zircon grains; 12, 13, 33 and 34 show autocrystic cores; 16, 22, 23, 28, 29, 36 
and 37 show sector zoning; 21 and 24 are homogeneous zoned. 
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exceptions for USP14-136, 144 and 160. Accordingly, samples USP14- 
91 and 144 cover a similar range and Eu/Eu* varies from 0.1 to 0.5, 
with a few values closer to unity or higher. Sample USP14-136 defines a 
gentle negative trend on the diagram, with core Eu/Eu* between 0.1 and 
0.5, and 0.25 to 0.7 for the rims, with minor values>1. USP14-83 also 
defines a subtle negative trend, with Eu/Eu* varying from 0.25 on the 
cores to 0.5 on the rims as Zr/Hf decreases. Grains from sample USP14- 
160 scatter on the plot and Eu/Eu* ratio varies from 0.1 to 2.0, without 
any noticeable trend. The most prominent feature regards the higher Zr/ 
Hf ratio acquired for zircon cores. 

The Th/U vs. Dy/Yb plot marks how the zircon grains from all 
samples evolved regarding middle- and HREE fractionation and, 
accordingly, all samples define a positive trend (Fig. 11b) and zircon 
cores show higher Dy/Yb and Th/U than the rims. Sample USP14-83, 
despite having the most scattered pattern, shows the highest values 
for both ratios and grains plot on the upper right part of the graph (Dy/ 
Yb varies from 0.4 to 1.0 and Th/U from 0.5 to 10). Samples USP14- 91 
and 144 distribute similarly and Dy/Yb varies from 0.4 on the cores to 
0.2 on the rims as Th/U falls from 1.2 to 0.4 (steeper pattern for USP14- 
144). Samples USP14-136 and 160 define sub parallel trends, the later 
characterized by lower Th/U ratios as Dy/Yb decreases from 0.4 on the 
cores to 0.2 on the rims. 

The plot from Fig. 11c shows the LREE-index (LREE-I = Dy/Nd +Dy/ 
Sm), as proposed by Bell et al. (2016), plotted against Ti. The parameters 
correlate negatively and, for LREE-I values>20, the trend shows a 
clearer linearity. Roughly all grains from sample USP14-83, and signif
icant proportion of samples USP14-160, 144 and 136 plots on the 
scattered part of the graph (LREE-I < 20). Zircon grains from sample 
USP14-91, on the other hand, behave more linearly and plot predomi
nantly on the right side of the graph (LREE-I > 20). 

4.2.3.1. Ti-in-zircon thermometry. The Ti-in-zircon (TZirc.Ti) ther
mometer after Ferry and Watson (2007) was applied to constrain 
magmatic temperatures and the results are summarized on Table 3 
(values below 620 ◦C and above 970 ◦C were discarded and not 
considered on our database). The plot from Fig. 12a shows how TZirc.Ti 
and zircon saturation temperature (TZirc.Sat) (Watson and Harrison, 
1983) relate for each sample/grain analyzed and, accordingly, results 
distribute in three fields: i) upper part of the plot where TZirc.Ti > TZirc. 
Sat + 100, hence zircon-undersaturated field; ii) shaded area between 
1:1 and 1:100 ; and iii) bottom part of the plot with TZirc.Ti < TZirc.Sat, 
zircon-oversaturated field. Whereas autocrystic zircons will plot on the 
bottom and eventually on field ii, inherited grains (ante- and xenocrysts) 
spread through all fields. 

Samples USP14-144 and 160 show the lowest magmatic tempera
tures (medians of 768 ◦C and 782 ◦C respectively) with a broader dis
tribution for the later, and are characterized by intermediate TZirc.Sat 
(794 ◦C and 798 ◦C respectively). Zircon grains distribute between fields 
ii and iii, with greater concentrations for the TZirc.Ti < TZirc.Sat field. 
Samples USP14-91, 136 and 83 show progressively higher magmatic 
temperatures, and median TZirc.Ti are respectively 786 ◦C, 811 ◦C and 
818 ◦C. The first two show grains that equally distributed between fields 
ii and iii, with intermediate and high TZirc.Sat (793 ◦C and 819 ◦C 
respectively). Sample USP14-83 differs from the others and its zircon 
grains distribute essentially on fields i and ii, and are accompanied by 
the lowest TZirc.Sat (754 ◦C). 

(caption on next column) 

Fig. 11. Zircon geochemistry with Zr/Hf vs. Eu/Eu* (a) and Th/U vs. Dy/Yb 
plots (b), where both Zr/Hf and Th/U ratios were used as proxies for differ
entiation. Bottom right smaller graph in (b) shows the polynomial regressions 
with the general trend for each sample. (c) Light REE index (LREE-i) as pro
posed by Bell et al. (2016) vs. Ti plot. The index is calculated as LREE-i = (Dy/ 
Nd + Dy/Sm), in order to constrain the proportion between middle and light- 
REE in zircon grains. Grains with low LREE-i show high LREE content, which 
might indicate hydrothermal alteration (or LREE rich inclusions such as apatite 
or monazite on the ablated spot). 
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4.2.3.2. Magmatic fO2 estimates. In order to make the data easier to read 
and comparable with other paper’s datasets, we treat magmatic fO2 in 
log units above or below the fayalite-magnetite-quartz (FMQ) oxygen 

buffer (results are summarized on Table 3). The graph from Fig. 12b 
shows magmatic temperature (TZirc.Ti) plotted against ΔFMQ (xen
ocrysts, high La and low LREE-i zircon grains were ruled out). Sample 
USP14-83 shows the highest fO2 values and zircon grains plot on the top 
part of the graph (values higher than ΔFMQ + 4). However, these results 
should be treated cautiously, as the sample shows predominantly low 
LREE-i zircon grains. The granodioritic porphyry (sample USP14-144) 
shows the second highest fO2 values, with ΔFMQ from 0 to + 4. Sam
ples USP14-91 and 136 cover a similar and narrower fO2 range, with 
ΔFMQ between − 1 and +1. Sample USP14-160 is characterized by the 
widest fO2 range and samples tend to scatter more strongly (ΔFMQ 
varies from – 4 to 0) with a cluster between − 2 and 0. 

5. Discussion 

5.1. A petrogenesis perspective: Generating the older and younger 
magmatic sequences 

In the Tapajós Mineral Province, a clear feature of the OMS (igneous 
suites of 2.00–1.95 Ga) is its wider compositional range when compared 
with the YMS (igneous suites of 1.90–1.86 Ga, Fig. 4a and b). Yet, an 
interesting and relevant common ground for both magmatic sequences is 
the presence of metaluminous samples with higher maficity values (with 
exception of the Batalha granitoids as shown in Fig. 5c). The balance 
between Al and Na, Ca and K is particularly important in granitic rocks 
geochemistry as it efficiently constrains their petrogenesis (Clemens 
et al., 2011; Clemens and Stevens, 2012; Frost et al., 2001; Frost and 
Frost, 2013, 2011; Moyen et al., 2017; Villaseca et al., 1998) and, as 
such, it indicates metaluminous mafic sources for both OMS and YMS. 
Differences between the magmatic sequences are better evidenced on 
the Fe-index and MALI vs. silica diagrams (Fig. 5a and b) and major- 
oxides plots (Figs. 6 and 7), which suggests contrasting melting condi
tions and magmatic evolution, in spite of similar sources. 

OMS rocks might be divided into three categories. Group I granitoids 
correlates with the Cuiú-Cuiú Complex, are found on the Patrocínio and 
Tocantinzinho deposits (southern and central TMP respectively), show 
slightly higher silica contents, are peraluminous, magnesian to ferroan, 
calc-alkalic to calcic and comprises granites and granodiorites compat
ible with mafic and oxidizing sources, with moderate to strong conti
nental crust contribution. The group comprises the oldest granodiorite 
(sample USP14-160) dated in this contribution at 2011 Ma, character
ized by a magnetite bearing and amphibole-free evolution (green array 
in Fig. 6) generating the horizontal distribution of samples on the Dy/Yb 
plot the moderate to low Sr/Y and La/Yb ratios (Fig. 9). These rocks 
represent the first batches of magmatism upon the onset of subduction 
on the TMP at ca. 2.0 Ga, that according to Cassini et al. (2020) is 
characterized by a strong crustal component due to incorporation of 
trench derived sediments and/or subcrustal-erosion of the subducted 
plate (εNd(T) of − 8.36 acquired by the authors). 

Group II granitites (s.l.) predominates at the TMP as a whole and 
correlates with the Creporizão Intrusive Suite. It comprises samples from 
the Tocantinzinho, São Jorge (older granite) and Chapéu do Sol gold 
deposits (northern and central TMP), with a few examples from the 
Patrocínio deposit (sample USP14-144 dated at 1986 Ma). The rocks are 

Table 3 
Summary of zircon saturation temperature (T.Zirc.Sat), Ti-in-zircon thermometer (T.Zirc.Ti) and magmatic fO2 values acquired for OMS.  

Samples T.Zirc.Sat (1) (◦C) T.Zirc.Ti (2) (◦C) log fO2 
(3) 

Min Q1 Q2 Q3 Max Min Q1 Q2 Q3 Max 

USP14-160 798 674 717 734 783 818  − 20.9  − 18.1  − 17.1  − 15.6  − 14.4 
USP14-144 794 715 749 760 767 796  − 16.2  − 15.9  − 15.1  − 13.9  − 12.2 
USP14-83 754 705 762 794 813 864  − 13.4  − 12.0  − 10.8  − 9.5  − 5.1 
USP14-91 793 700 732 767 775 787  − 17.3  − 16.3  − 15.2  − 14.7  − 14.0 
USP14-136 819 725 763 787 807 820  − 16.9  − 15.6  − 15.1  − 14.3  − 13.5 

(1) Watson and Harrison (1983); (2) Ferry and Watson (2007), absolute error of ± 30 ◦C; (3) Smythe and Brenan (2016), propagated uncertainty of ± 1.2 log units. 

Fig. 12. Zircon saturation temperature (Watson and Harrison 1983) vs. Ti-in- 
zircon temperature (Ferry and Watson 2007) plot. The plot separates fields 
where zircon saturation is not achieved by the hosting magmas (top of the 
diagram) and, conversely, fields where zircon might be extracted from the 
magmas (center and bottom parts). Inherited grains might plot in all fields, 
whereas autocrystic grains will plot on the center and bottom parts. (b) 
Magmatic fO2 treated as log units above or below the fayalite-magnetite-quartz 
oxygen buffer plotted against magmatic temperature (T Zirc.Ti). 
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metaluminous to mildly peraluminous, magnesian to slightly ferroan, 
calc-alkalic to alkali-calcic and suggest mafic to intermediate, oxidizing 
sources typical of subduction-related, I-type granites. Geochemical 
modelling demonstrates fractional crystallization as the main differen
tiation mechanism and a hydrous and oxidized trend consistent with 
plagioclase, amphibole, biotite, magnetite and titanite (red array in 
Fig. 6). Middle-REE depletion (clearer for the Tocantinzinho samples, 
Fig. 8) and the distribution on the Dy/Yb, Sr/Y and La/Yb plots (Fig. 9) 
confirms the role of amphibole. Samples from the Coringa deposit 
(southern TMP) plot on the magnesian-ferroan transition and are pre
dominantly alkalic, compatible with highly differentiated I-type granites 
(Frost et al., 2001; Frost and Frost, 2011). In addition, these samples 
cover the higher silica spectrum of group ii’s trend (red array in Fig. 6), 
suggesting a similar petrologic evolution. Considering the more discrete 
variation on the Dy/Yb, Sr/Y and La/Yb ratios, amphibole most likely 
played a lesser role on the evolution of the Coringa rocks. As a whole, 
group ii rocks might be might be understood as differentiated, I-type 
granites that represent the evolution of the arc-magmatism. 

Group III comprises lower silica, K-rich (K2O > 5 wt%), metal
uminous to peraluminous, ferroan and alkalic syenites and monzonites 
with ages between 1974 and 1993 Ma. Major- and trace element pat
terns show that group III derives from anhydrous, metasomatized, mafic 
and reducing parental magmas with restrict crustal contribution (εNd(T) 
from − 1.64 to + 1.69 acquired by Cassini et al., 2020). The authors also 
demonstrated how these rocks evolved on an anhydrous and reduced 
petrologic trend (pyroxene and ilmenite bearing) as a consequence of 
corner flow induced, decompression mantle melting. Early extraction of 
plagioclase is symptomatic of anhydrous melts and explains the Eu 
anomalies (negative), Sr and Ba depletions, and low Sr/Y and La/Yb 
ratios. This group of rocks, that accounts for about 15% of our database 
and encompasses Patrocínio, Tocantinzinho, Coringa and São Jorge 
samples, is not constrained on the S-I-M-A classification (Chappell and 
White, 2001) and it is often treated as K-rich calc-alkaline granitoids 
(Bonin, 2004, 1990; Bonin et al., 2020) or as Fe-K granitoids (Laurent 
et al., 2014) that are typical of post-orogenic or collisional tectonic 
settings (Bonin, 2004; Frost et al., 2001; Liégeois et al., 1998). Despite 
their abundance in Proterozoic terrains throughout the world (Bogaerts 
et al., 2006; Ferré et al., 1998; Ferreira et al., 1998; Kouankap Nono 
et al., 2010; Laurent et al., 2014; Vander Auwera et al., 2011), the 
precise petrogenetic mechanism behind high-K, metaluminous and 
ferroan granitoids is still debatable. 

Within the YMS, V3 volcanics (Iriri Group) vary from metaluminous 
to peraluminous, alkalic to calc-alkalic and are magnesian on the lower 
silica side and ferroan on the more acid members, geochemical attri
butes that suggest oxidizing to reducing mafic parental magmas with 
contribution of preexisting crust. Geochemical modelling indicates that 
intermediate V3 (and the few younger São Jorge granite samples) 
evolved through K-feldspar, amphibole, anorthite-rich plagioclase and 
biotite extraction (yellow array in Fig. 7), yielding higher Dy/Yb, Sr/Y 
and La/Yb ratios (Fig. 9). More prominent differences between the older 
and younger sequences are evidenced by the acid V3 volcanics and by 
the Palito and Batalha granitoids (that correlate with the Parauari 
Intrusive Suite). The rocks show similar aluminosity with the OMS but 
are alkali-calcic, essentially ferroan, show a much narrower composi
tional range and evolved on a pyroxene and magnetite-free trend (black 
array in Fig. 7), characterized by lower Sr/Y, La/Yb and Eu/Eu* ratios. 
These geochemical attributes mark a transition from hydrous and 
oxidizing to anhydrous and reducing mafic sources. 

As a whole, OMS and YMS show subtle geochemical differences and 
contrasting petrologic trends and these differences lend support to a 
changing tectonic framework on the TMP at ca. 1.88 Ga, from a 
magmatic-arc context to a post-orogenic or collisional setting (Juliani 
et al., 2005; Lamarão et al., 2005, 2002; Santos et al., 2004, Santos et al., 
2001; Santos et al., 2000). The suppression of subduction and the 
absence (or low activity) of slab-derived fluids positions SCLM as the 
main magmatic source and explains the higher HFSE content of YMS. 

5.2. Insights from zircon geochemistry: Examples from the Patrocínio gold 
mineralization 

Whole-rock geochemistry shows that the OMS might be grouped into 
three categories: group i involves higher-silica granites and granodio
rites that evolved on a dryer trend through fractionation of pyroxene, 
magnetite and titanite; group II involves granites (s.l.) and are 
compatible with extraction of amphibole, magnetite and titanite; and 
group III accounts for the low-silica, high-K syenites and monzonites 
that evolved on a pyroxene- and ilmenite-bearing trend. Zircon textural 
description and geochemical analyses for groups I, II and III reveal a 
protracted petrologic history of approximately 40 Ma. 

Sample USP14-160 (granodiorite) belongs to group I, shows the 
oldest age among the rocks dated in this study (2011 Ma), autocrystic 
cores of 2031 Ma and xenocrystic cores of 2052 Ma, both characterized 
by higher Zr/Hf and Th/U than the rims (Figs. 10a, 11a and b). The 
abundance of inherited cores combined with the whole-rock εNd(T) = −

8.36 (Cassini et al., 2020) and the high TZirc.Sat (798 ◦C) supports the 
contribution of preexisting crust for the formation of group i magmas. A 
few grains stand as exceptions and show Hf-enriched cores, reflecting 
episodic injections of new magma batches as zircon crystallize. Partially 
corroded and rounded edges and the low whole-rock Zr content of this 
sample (179.6 ppm) suggest early zircon extraction. According to our 
models, this sample belongs to a magmatic series that evolved through 
profound extraction of plagioclase (~71% of the cumulate composi
tion), and a strong negative Eu anomaly would be ubiquitous on the 
evolving melt. Loader et al. (2017) demonstrated how titanite frac
tionation might potentially drive the melt towards positive (or only 
subtly negative) Eu anomalies, as the mineral incorporates preferen
tially the other trivalent REE (KdREE3+

titanite > 100, Bachmann et al., 2005). 
Hence, the chemical effects of plagioclase extraction in group i granites 
is apparently counterbalanced by synchronous extraction of titanite 
(and less importantly pyroxene), which assigns the evolving magma and 
subsequently crystallizing zircon grains (or rims) their Eu/Eu* ≥ 0.5 and 
lower Dy/Yb ratios (Fig. 11a and b). Additionally, the preferential 
incorporation of Th by titanite explains the evolution towards lower Th/ 
U (Harrison et al., 2007; Lee et al., 2021). Despite the compatibility with 
magnetite, the plot from Fig. 12b shows fO2 values close to or a few log 
units below the FMQ buffer, just enough to stabilize the mineral. 

The granodioritic porphyry (sample USP14-144) belongs to group II 
granitoids and is characterized by magnetite, titanite and amphibole 
fractionation, a magmatic age of 1986 Ma and rounded, partially 
corroded inherited xenocrystic cores dated at 2010 Ma (Fig. 10b), 
compatible with group I ages. Zircon morphology (3:1 elongation) and 
the synchronicity of core and rims suggest a rapid crystallization history 
for this sample, which is compatible with the shallower crustal level 
expected for a porphyry intrusion. Profound extraction of plagioclase 
(~73% of the cumulate) explains the evolution towards lower Eu/Eu* as 
Zr/Hf decreases and, the few samples with higher Eu/Eu* likely reflects 
competing titanite extraction. However, differently than sample’s 
USP14-160 case, titanite is approximately 4 times rarer within group II’s 
petrologic trend, fact that diminishes significantly its geochemical ef
fects on the evolving melt. Combined fractionation of titanite and 
amphibole modeled for group II yields the steepest array on the Th/U vs 
Dy/Yb plot and the lowest magmatic temperature (768 ◦C) acquired in 
this study. In addition, the oxidizing condition of this sample is sustained 
by geochemical modelling and by fO2 values between ΔFMQ + 0 and 
ΔFMQ + 4. 

Samples USP14-83, 136 and 91 (syenites and monzonites) belong to 
the high-K series (group III) that is characterized by a dry, reduced and 
protracted magmatic history. USP14-91 marks the onset of the high-K 
magmatism at ca. 1993 Ma (Fig. 10c). This sample presents low silica 
contents (~60 wt%) and zircon stabilization is likely due to the high 
whole-rock Zr (357.7 ppm) (Fig. 12a indicates the predominance of 
autocrystic grains). Sample USP14-136 shares similar characteristics, 
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yet, much younger magmatic age (1974 Ma, Fig. 10d), representing a 
late stage pulse of the high-K magmatism. Inherited zircon grains dated 
at 2055 Ma reflects a longer period of residence on deeper hot zones by 
these primary magmas (Annen et al., 2006), adequately explaining the 
positive to slightly negative εNd(T) acquired for group III rocks (Cassini 
et al., 2020). Sample USP14-83 intrudes as synmagmatic aplitic dykes 
and represents the evolution of the high-K magmatism. Its low whole- 
rock Zr content (127.4 ppm) suggests that the magma underwent pre
vious zircon extraction and, consequently, the 1987 Ma age (Fig. 10e) 
should be understood as inherited (Fig. 12a indicates the predominance 
of antecrystic zircon grains). This idea is supported by the in
compatibility between our geochemical modelling results (that indicates 
a reduced petrologic trend) and the extreme high fO2 values acquired for 
group III (Fig. 12b). The LREE index vs. Ti plot (Fig. 11c) indicates that 
USP14-83 and 136 in a lesser extent, are anomalously LREE enriched, 
reflecting either hydrothermal alteration or mineral inclusions on the 
ablated spot (Bell et al., 2019, 2016), which might compromise the 
reliability of the results. As a consequence, zircon trace-element contents 
for these rocks should be looked at cautiously. The Eu/Eu* values pre
dominantly below 0.5 denies fractionation of titanite and the smoother 
drop on the Dy/Yb ratio as Th/U decreases negates amphibole extrac
tion, supporting the dry, ilmenite- and pyroxene-bearing evolution 
modeled for group III. Its reducing affinity, as pinpointed by geochem
ical modeling, contrasts with fO2 estimates of ΔFMQ + 0 to + 2, which 
evidences the interaction of group III and the synchronous group II 
magmas. Additionally, the higher magmatic temperatures acquired for 
group III syenites and monzonites (786◦–811 ◦C) reinforce the dry 
characteristic of the high-K magmatism. 

5.3. Fertile or not-fertile: The million dollar question 

On a tectonic perspective, typical Cu – Au porphyry deposits form 
preferentially (but not only) in destructive plate margins where they 
genetically relate with hydrous (up to 6 wt% H2O), oxidized (ΔFMQ +
0 to + 2), intermediate to acid, shallow, arc-related intrusions that upon 
decompression exsolves fluids and volatile phases responsible for 
mobilizing siderophile and chalcophile elements under chlorine- or 
sulfate-bearing complexes and, ultimately, for their precipitation as ore 
metals (Richards, 2015a, 2011a; Sillitoe, 2010; Sobolev and Chaussidon, 
1996; Sun et al., 2015). Interestingly, not all arc rocks are adequate for 
the formation of porphyry deposits and, in this regard, hypotheses 
involving the depth of intrusion, size of the pluton, redox state and 
water, sulfur and metallic contents of the magmas have been raised as 
potential players that might influence whether or not a given magmatic 
system is fertile (a good summary might be found in Zhang and Audétat, 
2017). Sulfur speciation, as a consequence of magmatic fO2, stands as 
one of the most critical variable that dictates the characteristics of the 
porphyry mineralization (Sun et al., 2015). According to Richards 
(2015a), mantle melting in subduction zones under fO2 ≥ ΔFMQ + 1 
destabilizes residual sulfides and transfer their metallic content into the 
evolving melt. The optimal oxidation state, around ΔFMQ + 0 to + 2, 
may only be achieved through several million years of steady subduc
tion. In essence, timing and tectonic context are crucial points to fully 
assess the metallogenetic potential of the igneous suites in the TMP. 

The different igneous suites that encompass the OMS are interpreted 
as subduction related (e.g. Cassini et al., 2020; Juliani et al., 2002; 
Lamarão et al., 2005; Lamarão et al., 2002), and group i granitoids of ca. 
2011 Ma represent the first batches of the arc-magmatism. These rocks 
are characterized by fO2 values close to or below ΔFMQ, which are 
lower than the typical range for arc rocks (ΔFMQ + 0 to + 2). By 
combining its redox state with the pyroxene-bearing petrologic evolu
tion, group i granites and granodiorites represent an unfertile stage of 
the arc-magmatism for the formation of typical Cu – Au magmatic- 
hydrothermal mineral deposits. In fact, group i rocks show negligible 
hydrothermal alteration (minor and localized K-metasomatism) and 
lack any trace of mineralization (Cassini, 2016). 

Group II granitoids, identified in the Tocantinzinho, Chapéu do Sol, 
Coringa, São Jorge and Patrocínio deposits, show higher fO2 (ΔFMQ +
0 to + 4) and a petrologic trend compatible with amphibole fraction
ation, characteristics that indicate the evolution of the arc-magmatism 
towards more hydrous, oxidized and metallogenetic fertile conditions. 
The granodioritic porphyry (USP14-144) dated at 1986 Ma is also 
accompanied by younger granitoids, evidencing a protracted magmatic 
history behind group II rocks (i.e. 1958 Ma for amphibole-bearing 
monzogranite from the Patrocínio deposit by Cassini (2016); 1979 Ma 
for the Tocantinzinho deposit syenogranites by Borgo et al. (2017); 
1975 Ma for the Coringa deposit rhyolites by Tokashiki (2015)), a 
typical feature of porphyry forming plutons (Chelle-Michou et al., 2017; 
Large et al., 2018; Pirajno, 2009; Richards, 2015a). Group II-hosted 
mineralizations are defined by disseminated gold bearing sulfides or 
by pyrite-quartz ± gold ± chalcopyrite veins and veinlets most often 
found in the sericitic and, less frequently, in the potassic and propylitic 
alteration zones. Early and late stage hydrothermal alterations (sodic 
and argilic respectively), when present, are barren. 

The high-K magmatism of group III covers an age interval of 
approximately 20 Ma (1993–1974 Ma) and represents decompression 
melting of metasomatized mantle. Group III rocks are rarer in the TMP, 
yet, syenites and monzonites have been reported in the Patrocínio, 
Tocantinzinho, Coringa and São Jorge gold deposits. Our fO2 estimates 
between ΔFMQ − 1 to + 1, combined with the pyroxene-bearing 
petrologic trend, assigns this group a low favorability for the forma
tion of Cu – Au magmatic-hydrothermal systems. Interestingly, group III 
rocks often show sericitic, potassic and carbonate hydrothermal alter
ation with disseminated, gold bearing, pyrite and pyrrhotite, features 
that we interpret as diagnostic of an interaction between the reduced, 
anhydrous and unfertile high-K magmas with the synchronous, hydrous, 
oxidized and metallogenetic fertile group II melts. 

There is a lack of data when it comes to mineralization age in the 
TMP and, in spite of the theoretical fertility of group II granites (and 
group III on a minor extent), Ar-Ar dating of alunite crystals points to 
mineralization age of 1.86 – 1.84 Ga, which is compatible with the YMS 
(ages from the V3 and Batalha deposits by Echeverri Misas (2015) and 
Juliani et al. (2005)). Whereas OMS represents the magmatic-arc 
sequence with oxidized and hydrous melts, YMS is compatible with 
the evolution of the system towards late-orogenic and collisional tec
tonic settings, a consequence of the progressive flattening of the 
subducting-slab, resulting in progressively anhydrous and reduced 
magmas (Fernandes et al., 2011; Fernandes and Juliani, 2019). During 
active subduction, the continuous sulfur influx through the mantle en
ables a high fS2, which stabilizes gold- and copper-rich residual sulfides. 
When subduction stalls, subsequent mantle melting (likely involving 
metasomatized SCLM), triggered due to astenospheric upwelling or 
orogenically thickened crust, will efficiently destabilize the previously 
formed sulfides and mobilize their metallic content into the generating 
melt (Richards, 2015a, 2011a). Hence the association of gold-rich por
phyry deposits with late-orogenic or collisional magmatism such as the 
YMS (Chen et al., 2015; Hou et al., 2013; Richards, 2015b). The Batalha 
and Palito deposit (and possibly the younger São Jorge granite) are 
hosted by the Parauari Intrusive Suite that coupled with the volcanics of 
the V3 deposit (Iriri Group) represent the first batches of the YMS (ca. 
1.89 Ga). The first two deposits show the greatest concentration of 
disseminated gold and gold bearing sulfide veinlets in the sericitic 
alteration zone and, secondarily, on the propylitic and argilic zones. The 
associated granitoids show features (metaluminous to mildly per
aluminous, high-K to shoshonitic, more evolved Nd isotopes than OMS 
and > 2.0 Ga inherited zircon grains) that suggest a mutual role of 
metasomatized mafic and crustal sources (Cassini et al., 2020; Echeverri 
Misas, 2015; Santos et al., 2004). The V3 deposit is hosted by rhyolites 
compatible with a stronger crustal contribution in primary SCLM 
magmas (ferroan, peraluminous, alkali-calcic to calc-alkalic). Minerali
zation is found in hydrothermal breccias in a shallower stratigraphic 
level of the system, and consists on alunite- and gold bearing sulfide 

L.V. Cassini et al.                                                                                                                                                                                                                               



Ore Geology Reviews 142 (2022) 104643

18

veinlets distributed on the advanced argilic alteration, with lower sul
fide concentrations on the potassic, propylitic and sericitic alterations. 

In summary, despite their predominantly anhydrous characteristic, 
the first pulses of YMS are intimately related with gold-rich (gold-only?) 
magmatic-hydrothermal mineral deposits as a result of remobilization of 
SCLM and/or lower crust residual sulfides. Hence, the Parauari Intrusive 
Suite and the initial pulses of the Iriri volcanism may be considered as 
potentially fertile for the generation of gold-rich magmatic-hydrother
mal mineral systems. 

5.3.1. What the Sr/Y ratio tell us? 
Over the past decade much attention has been driven to the relation 

between high Sr/Y rocks and porphyry Cu – Au deposits (i.e. most calc- 
alkaline, arc- and porphyry related magmas found in Andean-type 
subduction zones show high Sr/Y ratio), even though the origin of 
such relation remains in dispute. Some authors (e.g. Mungall, 2002; Sun 
et al., 2015) defend that high Sr/Y arc-rocks are genetically related with 
slab-melting and should be understood as high-silica adakites (Moyen 
2009). However, thermal modelling of subduction zones (e.g. Bouilhol 
et al., 2015) reveals that slab melting is rare and unlikely to be a major 
contributor for arc-magmatism, neither is garnet an abundant restitic 
phase upon mantle melting. An alternative explanation suggests that the 
adakitic signature of arc-magmas relates with the magmatic evolution 
itself and relies primarily on the timing of amphibole and plagioclase 
fractionation (Chiaradia et al., 2012; Loucks, 2014; Richards, 2011b). 
High Sr/Y rocks experienced early amphibole extraction and is typical of 
magmas with ≥ 4 wt% H2O that evolved at mid-crustal depths. On the 
other hand, if plagioclase precedes amphibole extraction, the case for 
less hydrous and shallower developed magmas, the system will be Sr 
depleted and the result will be low Sr/Y magmas. 

More recently, special attention has been driven to alkaline, high-K 
to shoshonitic, low Sr/Y magmas, intruded in late- to post-subduction 
environments, the geologic scenario that frames TMP’s context. 
World-known deposits such as Cadia Au – Cu porphyry (eastern 
Australia), the Bingham Canyon Cu – Mo – Au porphyry (eastern USA) 
and the Ok-Tedi Au – Cu porphyry (Papua New Guinea) are found in 
such geologic and tectonic contexts (Cloos et al., 2005; Cooke et al., 
2014; Grondahl and Zajacz, 2017; Holliday et al., 2002; Richards, 2009). 
Chiaradia (2012) explains the Sr/Y ratio of a given magma with basis on 
the depth of evolution. Accordingly, intermediate composition magmas 
evolving at depths>0.2 GPa will stabilize amphibole prior to plagioclase 
and magnetite, which yields high Sr/Y. Such magmas might eventually 
ascend through the crust and reach shallower depths, ultimately 
exsolving fluids and volatiles necessary to form magmatic-hydrothermal 
mineral systems. On the other hand, if the same magma undergoes a 
rapid decompression, plagioclase and magnetite will precede amphibole 
crystallization, yielding low Sr/Y and less hydrous magmas. In addition, 
magnetite-induced sulfide saturation will deplete the system in chalco
phile elements prior to fluid exsolution, resulting in economically barren 
magmas. Chiaradia’s model adequately explains the low Sr/Y of OMS’s 
group II granitoids, that still show reasonable fO2 for the formation of 
porphyry Au – Cu deposits and is compatible with amphibole, more 
likely on a late stage of the crystallizing sequence. The YMS marks a 
transition from evolved-arc to post-orogenic or collisional tectonic set
tings and, with the exception of intermediate V3 volcanics, amphibole is 
absent in all units, implying in anhydrous magmas with low Sr/Y. 
However, as mentioned on the previous section, YMS’s petrogenesis 
involves remobilization of subduction-modified mantle and possibly 
lower crust, which confers this magmatic sequence its metallogenetic 
potential for gold-rich magmatic-hydrothermal mineral deposits. 

6. Conclusions 

The relevance of this study regards how the tectonic context trans
lates into metallogenetic potential for base and precious metal occur
rences in south-central Amazonian Craton. Results acquired allowed a 

better understanding on the magmatic evolution and on the tectonic 
context of the host rocks from selected mineral deposits in the Tapajós 
Mineral Province (TMP). Discussion and conclusions might be under
stood as a first step towards a unified metallogenetic model for the 
magmatic-hydrothermal mineralizations in the TMP. The different 
mineralizing systems are hosted either by igneous suites of 2.00 – 1.95 
Ga, designated as the older magmatic sequence (OMS), or by igneous 
suites of 1.90 – 1.86 Ga, treated as the younger magmatic sequence 
(YMS). 

OMS rocks might be divided into three groups. Group i correlate with 
the Cuiú-Cuiú Complex and comprises peraluminous granites and 
granodiorites that represent the first batches of arc-magmatism on the 
TMP (granodiorite sample dated at 2011 Ma), which is characterized by 
a strong crustal component and an oxidizing and dry petrologic evolu
tion. The Xmelt

Ce4+/Xmelt
Ce3+ zircon-based oxy-barometer indicate fO2 values 

close to or slightly below the FMQ buffer (– 2 ≤ ΔFMQ ≤ 0). However, 
due to its anhydrous trend these rocks show a low favorability for the 
formation of magmatic-hydrothermal mineral systems. 

Group II rocks are common and widespread in the TMP, correspond 
to the Creporizão Intrusive Suite, comprises metaluminous to per
aluminous granites (s.l) that evolved on an amphibole and magnetite 
bearing trend, and represents the evolution of the arc-magmatism. The 
granodioritic porphyry dated at 1986 Ma represents this stage, which is 
characterized by the lowest magmatic temperature 768 ◦C. fO2 con
straints corroborate the more oxidized trend for these rocks (0 ≤ ΔFMQ 
≤ + 4), rendering their potential fertility for the formation of porphyry 
Cu – Au mineralizations. The low Sr/Y ratio reflects a rapid decom
pression, enabling plagioclase fractionation prior to amphibole extrac
tion in spite of hydrous magmas. On the field, group II rocks are 
commonly affected by hydrothermal alteration, with disseminated gold 
or gold and chalcopyrite bearing veins and veinlets most commonly 
found on the sericitic zone, with potassic and propylitic alterations also 
economically relevant and barren sodic and argilic alterations. 

Group III comprises lower silica, high-K, metaluminous, ferroan, 
reduced and anhydrous syenites and monzonites of 1993 and 1974 Ma, 
generated through decompression melting of metasomatized mantle, 
which yields high magmatic temperatures (TZirc.Ti from 786 to 811 ◦C). 
These rocks are rarer and have only been reported in the Patrocínio and 
Coringa deposits (southern TMP) on drill core sampling. fO2 between 
ΔFMQ = − 1 and + 1 positions these rocks on an intermediate redox 
state within OMS, which contrasts with its ilmenite-bearing evolution. 
Such geochemistry attributes are understood as diagnostic of an inter
action between groups II and III melts, which adequately explains the 
magmatic fO2 estimates. By itself, group III should not be considered 
economically fertile, nevertheless, the group’s metallogenetic potential 
lies exactly on its interaction with the coeval, more hydrous and 
oxidizing group II melts. The end products are represented by syenites 
and monzonites affected by sericitic, chloritic and carbonate alterations 
with disseminated pyrrhotite-pyrite ± gold with less frequent gold 
bearing pyrite veinlets. 

YMS comprises rocks from the Parauari Intrusive Suite and from the 
Iriri Group, and is represented in the Batalha, Palito, São Jorge and V3 
deposits. Field relationships between the older and younger sequences 
are rare, but Iriri volcanics are found as dykes within OMS granitoids or 
define lava-flows, whereas the intrusive units define round-shaped 
plutons. Whereas intermediate V3 volcanics share similar geochemical 
features with the OMS, acid V3 and the Batalha and Palito granitoids are 
essentially ferroan and evolved on a magnetite- and amphibole-free 
trend, suggesting anhydrous and reduced parental magmas. We inter
pret such differences as symptomatic of a changing tectonic framework 
within the TMP, from magmatic-arc (OMS) to a post-orogenic or colli
sional setting. As subduction stalls (or upon the progressive flattening of 
the slab) magmatism gets dryer, comparatively reduced and, in theory, 
less favorable for the formation of magmatic-hydrothermal mineral 
deposits. However, YMS’ metallogenetic potential is related with 
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remobilization or melting of SCLM and/or lower crustal, gold-rich sul
fides formed on the previous magmatic events. The outcome is identified 
in the Batalha and Palito deposits, with disseminated gold and gold 
bearing sulfide veinlets preferentially distributed in the sericitic zone, 
and in the V3 mineralization, with alunite and gold bearing sulfide 
veinlets hosted by hydrothermal breccias on the advanced argilic 
alteration. Therefore, YMS should be treated as metallogenetic fertile for 
the formation of gold-rich magmatic-hydrothermal systems, since it 
efficiently mobilizes previously formed sulfides. 
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Vander Auwera, J., Bolle, O., Bingen, B., Liégeois, J.-P., Bogaerts, M., Duchesne, J.C., De 
Waele, B., Longhi, J., 2011. Sveconorwegian massif-type anorthosites and related 
granitoids result from post-collisional melting of a continental arc root. Earth Sci. 
Rev. 107 (3-4), 375–397. https://doi.org/10.1016/j.earscirev.2011.04.005. 

Vermeesch, P., 2018. IsoplotR: A free and open toolbox for geochronology. Geosci. Front. 
9 (5), 1479–1493. https://doi.org/10.1016/j.gsf.2018.04.001. 
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