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ABSTRACT
In the eastern-southeast sector of Alta Floresta Gold Province (Amazon Craton), the 1.78 – 1.77 Ga calc-
-alkaline magmatism is interpreted as answerable for ore-forming processes responsible for its disseminated, 
vein-type, and filonar gold occurrences hosted in 2.05 – 1.77 Ga units. The Aguinaldo structurally-controlled 
gold occurrence exhibits ore zones hosted in 0.5 – 1.5m thick quartz + sulfide ± carbonate veins crosscutting 
the porphyroblastic mylonite orthogneiss, with SHRIMP U-Pb-zircon concordia crystallization age of 1,984.9 
± 5.2 Ma. Distal to ore zones are observed high temperature, intensive, and pervasive (1) albite-rich alteration, 
followed by (2) K-Feldspar alteration, telescoped by lower temperature pervasive alterations: (3) sericite-mus-
covite alteration, (4) silicification and silica infills; (5) carbonate alteration, (6) chlorite alteration, and (7) late 
veinlet-type quartz. The silica injection represents one of the major hydrothermal stages due to generating 
barren quartz veins and quartz ± carbonate vein with chalcopyrite + pyrite ± gold ± silver ± sphalerite ± galena 
± bismuthinite veins. Although the veins are partially deformed, local comb-quartz texture remains preserved. 
Gold occurs as small inclusions or in contact with pyrite and chalcopyrite, and subordinately, in sphalerite. 
Electron microprobe analysis indicates chlorite of brunsvigite composition formed between 242° and 420° 
C, whereas white mica shows low phengite contents. The polymetallic veins signature, the high chalcopyrite 
contents with galena and sphalerite inclusions, the comb-texture quartz veins, together with the hydrothermal 
alteration sequence, suggest low to moderate temperature, neutral to slightly alkaline pH, and moderate ƒO2 
and ƒS2 conditions, possibly triggered by boiling process. This scenario indicates intermediate-sulfidation epi-
thermal ore-forming processes as the responsible for the genesis of Aguinaldo gold occurrence. 

Keywords: Granitogenesis; Rondônia state, magma mingling; San Ignacio orogeny; Meso-proterozoic; Granitic 
magma sources; LA–ICP–MS.

RESUMO
No setor leste-sudeste da Província Aurífera de Alta Floresta (Cráton Amazônico), o magmatismo cálcio-alcalino 
de ca. 1,78 – 1,77 Ga, é interpretado como responsável pela geração de suas ocorrências auríferas disseminadas, 
venulares e filonares hospedadas em unidades de 2,05 – 1,77 Ga. A ocorrência aurífera estruturalmente controlada 
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INTRODUCTION

The Amazon Craton (AC) configures an extensive Ar-
quean platform, partially reworked and reactivated 
throughout the Proterozoic and stabilized at ca. 1.0 Ga 
(Amaral, 1974; Almeida, 1978; Tassinari and Macambi-
ra, 1999). The craton was the scenario of multiples oro-
genetic events that resulted in a variety of granitic, plu-
tonic, volcanics, and volcaniclastic units derived from 
wide Paleoproterozoic calc-alkaline oxidized magmatism 
(Dall‘Agnol et al., 2005; Juliani et al., 2005; Juliani and 
Fernandes, 2010; Alves et al., 2019). During the last de-
cades, the magmatic events that took place in the AC have 
attracted attention of mining companies and researchers, 
with consequent identification of several gold-silver and 
base-metal occurrences, besides world-class base-metal, 
rare, and precious deposits (Juliani et al., 2005, 2014; Bet-
tencourt et al., 2016; Assis et al., 2017).

Within this conjecture emerges the Alta Floresta Gold 
Province (AFGP) (Dardenne and Schobbenhaus, 2001), in 
the tectonic Juruena-Teles Province (Souza et al., 2005; 
Silva and Abram, 2008; Alves et al., 2019). Between the 
1980 and 1990 decades, the Province has achieved promi-
nence in the mineral national panorama due to its consi-
derable gold production (ca. 160 tons) by artisanal local 
miners (garimpeiros) (Paes de Barros, 2007). The AFGP 
is in the central-southern segment of the AC (north of the 
Mato Grosso state) and occurs as a NW-SE elongated belt 

over 500 km (Souza et al., 2005; Paes de Barros, 2007; 
Alves et al., 2019; Rizzotto et al., 2019), in the vicinity 
of Tapajós-Parima (2.03 – 1.88 Ga) and Rondônia-Jurue-
na (1.82 – 1.54 Ga) tectonic-structural provinces (Santos, 
2003; Santos et al., 2000, 2006).

The Province is majorly composed of Paleoprotero-
zoic granite-volcanic sequences generated in an onset of 
magmatic arcs, which are covered by Quaternary alluvial 
sediments (Souza et al., 2005; Scandolara et al., 2017; Riz-
zotto et al., 2019; Alves et al., 2020; Trevisan et al., 2021). 
These units host innumerous medium to high-grade gold-
-rich placers and hydrothermal occurrences, especially in 
its easternmost and southeast sectors, along the NW-SE Pe-
ru-Trairão striking belt (Paes de Barros, 2007; Miguel-Jr, 
2011; Assis et al., 2014; Bettencourt et al., 2016; Juliani et 
al., 2021; Mesquita et al., 2022).

Over the last three decades, significant advances in the 
geological and metallogenetic knowledge on province, ini-
tially promoted by Brazilian Geological Survey (Souza et 
al., 2005; Alves et al., 2019; Rizzotto et al., 2019), further 
supported by investments from mining companies focused 
on gold exploration (Paes de Barros, 1994, 2007; Moura et 
al., 2006; Assis et al., 2017). The improvements allowed 
understanding the importance of Paleoproterozoic calc-
-alkaline magmatic events concerning the ore-forming pro-
cesses responsible for its gold occurrences (Moura, 1998; 
Assis et al., 2014, 2017; Duarte, 2015; Bettencourt et al., 
2016; Juliani et al., 2021; Trevisan et al., 2021; Mesquita 

do Aguinaldo, está alojada em veios de quartzo + sulfetos ± carbonato de 0,5 – 1,5 m que truncam milonito de ortognais-
se porfiroblástico, com idade de cristalização U-Pb em zircão (SHRIMP) de 1,984.9 ± 5.2 Ma. Os setores marginais ao 
minério são representados por alterações hidrotermais de alta temperatura e estilo pervasivo, que incluem: (1) geração de 
albita, seguida pela (2) formação de K-Feldspato, ambas telescopadas por alterações hidrotermais de menor temperatura. 
Esses estágios são representados por: (3) alteração com sericita-muscovita, (4) silicificação e injeção de sílica; (5) alte-
ração carbonática, (6) alteração clorítica, e (7) vênulas tardias de quartzo. A injeção de sílica é um dos mais importantes 
estágios hidrotermais, pois permitiu a geração de veios estéreis de quartzo, e veios de quartzo ± carbonato, com calcopirita 
+ pirita ± ouro ± prata ± esfalerita ± galena ± bismutinita. Embora parcialmente deformados, setores com quartzo em tex-
tura tipo-pente permanecem preservados. Ouro ocorre tanto como pequenas inclusões como em contato com calcopirita 
e pirita, e subordinadamente com esfalerita. Análises em microssonda indicam clorita essencialmente do tipo brunsvigita, 
gerada entre 242 e 420° C, enquanto a mica branca exibe baixo conteúdo fengítico. A assinatura polimetálica dos veios, 
os altos volumes de calcopirita com inclusões de galena e esfalerita, a textura em pente preservada, em conjunto à evo-
lução paragenética da alteração hidrotermal, sugere condições de baixa a moderada temperatura, pH neutro a levemente 
alcalino, e moderado estado redox, possivelmente derivado de mecanismos de ebulição. Esse cenário indica a atuação de 
processos mineralizantes similares aos observados em depósitos epitermais intermediate-sulfidation, como responsáveis 
pela geração da ocorrência aurífera do Aguinaldo.

Palavras-chave: Granitogênese; Estado de Rondônia, mistura de magma; Orogenia San Ignacio; Mesoproterozoico; 
Fontes de magmas; LA-ICP-MS.
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et al., 2022; Poggi et al., 2022). The hydrothermal-magma-
tic connection is highlighted in disseminated and vein-type 
gold occurrences housed by 1,97 – 1,77 Ga granites (Mou-
ra et al., 2006; Assis et al., 2014; Juliani et al., 2021; Trevi-
san et al., 2021). Nevertheless, there is a group represented 
by structurally-controlled gold occurrences, of great eco-
nomic importance, whose geological descriptive attributes 
are ambiguous due share similarities with mesothermal and 
porphyry-epithermal gold systems (Santos et al., 2001; Po-
ggi et al., 2022; Mesquita et al., 2022).

In order to shed more light on these discussions, this 
work reports the identification of the main descriptive fe-
atures of the Aguinaldo structurally-controlled gold occur-
rence (Nova Guarita city, MT), such as its host rock, its 
U-Pb zircon age, the paragenetic evolution of its hydrother-
mal patterns and the ore zone, the nature of its quartz-rich 
veins, and the composition of chlorite and white mica from 
the hydrothermal halos. These data provide further discus-
sions regarding the gold metallogeny that took place into 
the AFGP, especially if considered the ore-forming pro-
cesses answerable for forming their structurally-controlled 
(filonar-type style) gold occurrences.

GEOLOGIC SETTINGS

The AFGP is in the central-south portions of AC (Brazil), 
where configures an WNW-SSE elongated belt of ca. 500 
km (Paes de Barros, 2007; Miguel-Jr, 2011). The Province 
lies close to the boundaries of the Tapajós-Parima (2.03 – 
1.88 Ga) and Rondônia-Juruena (1.82 – 1.54 Ga) tectonic 
provinces (Santos, 2003; Santos et al., 2000, 2006). It is 
mainly composed of Paleoproterozoic granite, volcanic, 
and volcano-sedimentary units, originated into an onset of 
continental arc magmatism that evolved toward to a post-
-collision setting, posteriorly covered by Mesoproterozoic 
continental sedimentary sequences and Quaternary alluvial 
sediments (Souza et al., 2005; Santos et al., 2006; Paes de 
Barros, 2007; Silva and Abram, 2008; Juliani et al., 2013, 
2014, 2021; Carneiro et al., 2014; Assis, 2015; Scandolara 
et al., 2017; Alves et al., 2019; Rizzotto et al., 2019; Trevi-
san et al., 2021).

The Tapajós-Parima province comprises the Parima, 
Uaimiri, Tapajós and Peixoto de Azevedo domains (San-
tos, 2003; Santos et al., 2004). The latter encompasses the 
older units of the province, including Orosirian tonalitic 
to granitic gneiss with minor migmatite (ca. 2.03 – 1.97 
Ga) of continental arc affinities, belonging to basement 
(Cuiú-Cuiú Complex) (Pessoa et al., 1977; Paes de Bar-
ros, 2007; Alves et al., 2020). This unit also includes cal-
c-alkaline foliated I-type quartz-diorite, tonalite to grano-
diorite (Assis, 2015; Alves et al., 2020; Trevisan et. al., 
2021) (Figure 1). These rocks are intruded by multiple 
1.99 – 1.95 Ga undeformed syn-orogenic calc-alkaline 
oxidized and continental arc granites, represented by Pé 
Quente (1.99 – 1.97 Ga; Assis, 2015; Dezula, 2016; Rios, 
2019) and Nhandu suites (1.96 – 1.95 Ga; Paes de Bar-

ros, 2007; Barros et al., 2015; Rocha, 2016; Alves et al., 
2019), both from Juruena supersuite (Figure 1). Syn- to 
post-orogenic calc-alkaline, high-K, and I-type syenogra-
nite, monzogranite, granodiorite, and tonalite, from Gua-
rantã do Norte (1.9 Ga; Assis, 2015) and Matupá suites 
(ca. 1.88 – 1,86 Ga; Moura, 1998; Assis, 2015; Lima-Jr, 
2017; Alves et al., 2019) were posteriorly emplaced. Su-
bordinately, gabbro stocks and dykes (unknown age), 
from Flor da Serra suite, take place in easternmost seg-
ment of the Province (Souza et al., 2005; Paes de Barros, 
2007; Miguel-Jr, 2011; Assis, 2015).

Porphyries, pyroclastic, volcano-sedimentary, and 
epiclastic I-type rocks from Colíder group (ca. 1.81 – 1,75 
Ga), crosscut and lie over the previous units (Bini et al., 
2015; Rios et al., 2018; Alves et al., 2019), together with 
alkaline A2-type granitoids, subvolcanics, and volcanics 
belonging to Teles Pires suite (1.79 – 1.75 Ga; Santos et al., 
2000; Scandolara et al., 2017; Alves et al., 2019; Rizzotto 
et al., 2019).

Based on Re-Os pyrite and molybdenite ages, Assis 
et al. (2017) discuss the importance of the Colíder group 
as the magmatic event responsible for the formation of the 
granite-hosted gold-rich deposits of the AFGP, therefore, to 
its gold metallogeny.

Mesoproterozoic to Paleozoic clastic sedimentary 
sequences (Alto Tapajós basin), composed of quartz-
-sandstone, mudstone, siltstone, rhythmite, and local 
conglomerate, infrequently lateralized, overlain the units 
previously presented and represent an intracontinental 
rift basin (Alves et al., 2019). Quaternary alluvial fine 
to coarse-grained sand and polymictic gravel layers host 
gold-rich placer occurrences, also prospected by artisanal 
miners (Souza et al., 2005).

In this context, the Peixoto de Azevedo Domain 
hosts a variety of hydrothermal gold-rich occurrences 
(Alves et al., 2019; Juliani et al., 2021; Trevisan et al., 
2021). Based on ore paragenesis and style, such minerali-
zations have been clustered as (i) disseminated, vein-type, 
and stockwork gold occurrences in 1.97 – 1.86 Ga calc-
-alkaline granites; (ii) vein-type and structurally-control-
led gold occurrences housed in 2,05 – 1,97 Ga basement 
rocks; and (iii) polymetallic vein-type gold occurrences in 
1,86 – 1,77 Ga granites, porphyries, and volcanics (Silva 
and Abram, 2008; Assis et al., 2014; Bettencourt et al., 
2017; Juliani et al., 2021; Mesquita et al., 2022). Minera-
lizations from groups (i) and (iii) have been interpretated 
as similar to gold-porphyry and low to intermediate- sul-
fidation epithermal systems, whereas those belonging to 
group (ii) share features equivalent to porphyry and me-
sothermal gold deposits (Moura et al., 2006; Rodrigues, 
2012; Trevisan, 2012, 2015; Bettencourt et al., 2016; As-
sis et al., 2017; Juliani et al., 2021; Mesquita et al., 2022; 
Poggi et al., 2022). Nevertheless, none mine company has 
achieved success in their exploratory mineral issues for 
applying the mesothermal model.
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MATHERIALS AND METHODS

Sampling and Petrography

Sampling was conducted along the galleries of Aguinaldo 
occurrence, from mineralized quartz-veins, hydrothermal 
alteration halos, and portions of less intense modified-
-hydrothermally host rock. A total of 25 representative 
samples were selected to perform petrographic descrip-
tions, geochronology, and mineral chemistry (chlorite and 
white mica). The thin sections preparation was performed 
at Instituto de Geociências, Universidade de São Paulo 
(IGc-USP).

The petrographic descriptions were carried out 
using a transmitted and reflected light Zeiss microscope 
(Axioskip 40 model), at Petrography Laboratory, at Uni-
versidade Estadual Paulista (UNESP), Instituto de Geos-
ciências e Ciências Exatas (IGCE, Rio Claro-SP). This 
stage aimed the identification of (i) host rock composi-
tion, textures, and microstructures, (ii) paragenetic evo-
lution concerning the hydrothermal alteration; (iii) ore 
styles and paragenesis; and (iv) chlorite and white mica 

(sericite and muscovite) textures.
Petrography was detailed in Scanning Electron Micros-

cope (SEM), at Scanning Electron Microscope Laboratory, 
UNESP. The SEM allowed the recognizance of minor mine-
ral phases not individualized during the transmitted and re-
flected light petrography, eventual zoning in sulfides, repla-
cement and intergrowth textures in chlorite and white mica, 
besides the silver contents in gold. The mineral abbreviation 
is in accordance with Silvola and Schmid (2007).

Mineral Chemistry

Mineral chemical composition was obtained on repre-
sentative hydrothermal chlorite, sericite, and muscovite, 
using the JEOL JXA-8230 Electron Microprobe (EMP), 
from Electron Microprobe Laboratory (IGCE-UNESP), 
operated with a 15 kV voltage, 20 nÅ current, and a 3 
μm spot size beam. The following standards were used 
as calibration: orthoclase (for Si and K), anorthite (for 
Al), albite (for Na), wollastonite (for Ca), ilmenite (for 
Fe and Ti), diopside (for Mg), rhodonite (for Mn), chro-
mite (for Cr), barite (for Ba), sodalite (for Cl), and syn-

Modified from Rizzotto et al. (2019).

Figure 1. Simplified regional geological setting of the Alta Floresta Gold Province. 



- 43 -Geol. USP, Sér. cient., São Paulo, v. 24, n. 4, p. 39-62, 2024

Bortolozzo, R. et al.

thetic Ni-rich oxide (for Ni). The EMP allowed obtai-
ning the concentrations of the major elements (Si, Al, K, 
Na, Mg, Fe, Ti, Ba, Cr e Mn), besides Ba, Cl, Cr as trace 
elements (in ppm).

A total of 91 analyses were performed on muscovite, 
65 on chlorite, and 18 on sericite (totalizing 174 analysis 
points). The data were processed using the AX® (for whi-
te mica) and WinCcac® (for chlorite) softwares. The dia-
grams here presented obtained in ioGAS™ software, then, 
vectored in CorelDRAW® Graphics Suite 2020 software.

Zircon SHRIMP U-Pb isotope analysis

One representative sample (AGRB15) from less-intense 
hydrothermally altered gneiss was analyzed by U-Pb Sensi-
tive High Resolution Ion Microprobe (SHRIMP IIe) zircon 
method, at Laboratory of High-Resolution Geochronology 
(GeoLab), located at IGc-USP. Zircon crystals concen-
tration was carried out at the Geochronological Research 
Center (CPGeo), from IGc-USP. The zircon concentration 
was initially obtained crushing the sample with a Fritsch 
Jaw crusher, then, grounded it using a metal disc mill, and 
the separation of heavy minerals on a vibrating table. The 
paramagnetic minerals were extracted from heavy minerals 
concentration employing a Sm-Nd magnet. Heavy mine-
rals concentrate of <350 μm fraction were magnetically in-
dividualized by Frantz applying gradual current increasing 
of 0.1A, 0.3A, 0.6A, 1.0A and 1.5A. Non-magnetic heavy 
minerals (e.g. zircon, apatite) were concentrated by using 
heavy liquid density separation. Inclusion-free zircons 
from non-magnetic fraction were then handpicked under 
binocular ZEISS lens.

The final zircon concentrate was sent to GeoLab, whe-
re it was manually mounted in epoxy mounts resin and po-
lished with diamond paste to expose their internal structu-
res. Furthermore, TEMORA external standard (Black et al., 
2004) was mounted together with the obtained zircon con-
centration, for normalizing the isotopic fractionation during 
the analyses of zircon crystals. To further target the inner 
areas during the U-Pb isotopic analyses, the polished mount 
was imaged with a FEI-QUANTA 250 Scanning Electron 
Microscope equipped with secondary-electron (SEM) and 
cathodoluminescence (CL) detectors. The cathodolumines-
cence operation conditions were: 60 μm of emission current, 
15.0 kV of acceleration voltage, 7 μm of beam diameter, and 
200 μs of acquisition time. The correction of common Pb 
was based on 204Pb measured (the 206Pb/238U ratio is less than 
2%), whereas the uranium abundance and U/Pb ratios were 
calibrated against TEMORA standard.

The typical error component for the 206Pb/238U ratio 
was less than 1.2%, whereas for 207Pb/206Pb and 207Pb/235U 
ratios were less than 2.12 and 2.8%, respectively. The spot 
size applied was of 30 µm. Concordia age calculation was 
given by using ISOPLOT© 3.0 (Ludwig, 2003). The data 
exhibits 95% confidence limit and the uncertainties for 
each individual analysis are expressed by 2σ.

GEOLOGY OF THE AGUINALDO GOLD 
OCCURRENCE

Host rock

The Aguinaldo occurrence places ca. 30 km northeast of 
the Nova Guarita (MT) city, and comprises an area of ne-
arly 7000 hectares, at the alluvial flood plain of the Peixoto 
river. Its gold production came from both gold-rich placer 
hosted by gravel layers, as from quartz-sulfide veins hou-
sed in metamorphic basement.

The host rock is a gray-to-greenish, porphyroblastic 
mylonite gneiss, moderately magnetic, anisotropic, and 
medium to coarse-grained. The porphyroblastic texture is 
represented by 1 – 2 cm long reddish and stretched K-Fel-
dspar crystals that comprise ca. 20 – 30% of rock volume 
(Figure 2A). Moreover, its quartz-feldspar-rich gneissic 
banding is intercalated by a fine-grained matrix compo-
sed of chlorite, sericite, and ankerite (Figure 2B), besides 
a well-defined mylonitic foliation defined by mineral stre-
tching and comminuting (Figure 2C). Magnetite, apatite, 
zircon, and allanite are accessory phases, whereas musco-
vite, sericite, ankerite, calcite, pyrite, and chalcopyrite cor-
respond to hydrothermal minerals (Figures 2D-2F).

Hydrothermal alteration temporal se-
quence

The mylonite gneiss is variably affected by distinctive per-
vasive hydrothermal alterations, for which the temporal 
evolution sequence is defined as (1) initial albite-rich alte-
ration; (2) potassic alteration with K-Feldspar; (3) sericite-
-muscovite alteration; (4) silicification and silica infills; (5) 
pervasive carbonate alteration and minor calcite in veinlets; 
(6) chlorite alteration; and (7) late silica infills (Figure 3).

The pervasive albite-rich alteration represents the ini-
tial hydrothermal stage and consists of albite ± quartz (Fi-
gure 4A) that overprinted the igneous feldspar crystals, and 
it is usually distal to quartz-ore veins. The albite is fine to 
medium-grained, sub-idiomorphic to xenomorphic, and oc-
casionally exhibits the chessboard texture.

The pervasive potassic alteration is defined by 
K-Feldspar ± quartz ± hematite ± magnetite assemblage, 
responsible for the reddish color of mylonite gneiss (Fi-
gures 2A and 4B). This stage is further observed distally 
to quartz-ore veins, in sectors where is less intensively 
obliterated by subsequent alterations. The igneous felds-
par crystals and hydrothermal albite are often partial to 
integrally replaced by K-Feldspar, resulting in overgrow-
th edges. Very fine-grained hematite occurs as inclusion 
in K-Feldspar.

The sericite-muscovite alteration represents the most 
intense hydrothermal stage since it can completely over-
print the matrix and textures of the mylonite gneiss (Figure 
4C), resulting in its light-greenish color. It is represented 
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by sericite + muscovite ± quartz ± pyrite paragenesis better 
developed closely to vein-type ore.

The silica injection occurs as veins-controlled quartz, 
in both (i) quartz-dominated veins with variable sulfide 

contents (Figure 4D), such as sulfides gold-bearing veins, 
and (ii) quartz ± ankerite ± dolomite barren veins, in which 
sulfide minerals are absent. Collectively, this stage is de-
fined by 0.5 – 1.5 m parallelized veins with local thinner 

Fhotomicrographs: (B-D,F) Cross-polarized transmitted-light; and (E) Plane-polarized transmitted-light.
Mineral abbreviations: (Ank) ankerite, (All) allanite, (Ap) apatite, (Cc) carbonate, (Ccp) chalcopyrite, (Chl) chlorite, (Kfs) K-Feldspar, (Ms) muscovite, (Py) pyrite, 
(Qtz) quartz, (Ser) sericite, (Zrn) zircon.

Figure 2. Petrographic features identified in mylonite gneiss: (A) The anisotropy is defined by reddish fine to coarse-grained stretched 
K-Feldspar porphyroblasts in a matrix mainly composed of quartz, carbonate, and chlorite; (B) The fine coarse-grained quartz from 
gneissic banding is often stretched by mylonite-deforming processes; (C) K-Feldspar porphyroblasts partially obliterated by hydrother-
mally altered matrix represented by fine-grained quartz, muscovite, and sericite; (D) Coarse-grained magmatic euhedral zircon into the 
sericite + muscovite alteration; (E) Fine-grained magmatic subhedral apatite in the assemblage consisting of ankerite, muscovite, and 
minor pyrite; (F) Coarse-grained magmatic subhedral allanite partially altered by hydrothermal ankerite. 
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Figure 3. Paragenetic sequence and mineral association of hydrothermal alteration and mineralization suggested for Aguinaldo gold 
occurrence.

segments (pinch and swell geometry?), and comb-quartz 
texture. Quartz is medium to coarse-grained, xenomorphic, 
and exhibits low to moderate undulatory extinction. Anke-
rite and dolomite occur less than 10% in veins volume, are 
mainly sub-idiomorphic, and medium-grained.

The carbonate alteration corresponds to an expressive 
hydrothermal stage that envelops the gold-bearing veins. It 
is characterized by the pervasive calcite + ankerite ± dolo-
mite paragenesis commonly (Figure 4E), although fractu-
re-controlled veinlets (up to 0.1 mm thick) can also occur. 
It is intensively related to igneous plagioclase and hydro-
thermal albite replacement, in addition to obliterating the 
sericite-muscovite alteration.

The chlorite alteration overprints the previous altera-
tions sequence and is dominated by fine-grained chlorite 
(Figure 4F), despite subordinated hematite, magnetite, 
apatite, titanite, rutile, monazite, pyrite, and chalcopyri-
te. It represents an extensive pervasive alteration halo, 
more intensive toward the ore zone. Pyrite, chalcopyrite, 
and hematite are disseminated in minor amounts (2 – 4% 
vol.), especially close to vein-type ore. Pyrite is sub-idio-
morphic, chalcopyrite is xenomorphic, and both form fine 
to medium-grained crystals. Fine-grained idiomorphic to 
sub-idiomorphic magnetite is restricted to chlorite veinlets. 
Apatite is dispersed in the chlorite-rich zones, as idiomor-
phic fine to medium-grained crystals. Nevertheless, he-
matite occurs as xenomorphic fine-grained grains, usually 
replacing pyrite.

Fracture-controlled barren quartz veinlets represent 
the final stage concerning the hydrothermal paragenetic se-
quence identified at Aguinaldo occurrence. It corresponds 
to gold, silver, and sulfide-free quartz veinlets.

Gold mineralization

The entire gold-bearing zone at Aguinaldo occurrence is 
structurally-controlled by NNE-SSW parallel quartz + sul-
fides ± carbonate veins (from 0.5 – 1.5 m thick) that are 
cogenetic to silica infills stage (Figures 3 and 5A). Based 
on paragenesis, the sulfide veins can be clustered as (i) 
quartz + sulfides ± ankerite ± dolomite gold-bearing vein, 
with sulfide paragenesis composed of chalcopyrite (60 – 
80%), pyrite (20 – 40%), bismuthinite (<2%), sphalerite (1 
– 2%), galena (~1%), and silver (<1%) (Figure 5A); and (ii) 
quartz ± ankerite ± dolomite barren vein, with minor pyrite 
± chalcopyrite ± silver ± sphalerite ± galena ± bismuthinite. 
The former exhibits high to massive (up to 80% in volume) 
sulfide concentration, whereas the barren vein shows low 
volume (<5%) in sulfide. Furthermore, covellite, digenite, 
and goethite are common in both situations, replacing chal-
copyrite and pyrite (Figure 5A), resulting from supergene 
conditions.

Chalcopyrite is xenomorphic, medium to coarse-
-grained, and occurs enclosing the pyrite and filling its 
fractures and interstices (Figures 5A, 5B and 5D). Pyrite 
usually manifests itself in lower concentrations, as fine to 
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Photomicrographs: A-F: Cross-polarized transmitted light.
Mineral abbreviations: (Ab) albite, (Ank) ankerite, (Cal) calcite, (Cc) carbonate (calcite?), (Ccp) chalcopyrite, (Chl) chlorite, (Kfs) K-Feldspar; (Ms) muscovite; 
(Pl) plagioclase, (Py) pyrite, (Qtz) quartz, (Ser) sericite.

Figure 4. Major petrographic features concerning the hydrothermal paragenetic sequence of Aguinaldo gold occurrence: (A) Pervasive 
albite alteration overprinted by sericite-muscovite and carbonate alterations, with slight deformation of igneous albite twinning; (B) Coar-
se-grained K-Feldspar partially replaced by sericite and crosscut by calcite-rich veinlet; (C) Igneous plagioclase completely pseudomor-
phed by hydrothermal sericite and muscovite closely to ore zone; (D) Intense mylonite-deformed and recrystallized quartz forming quartz 
sub-grains texture from quartz, besides interstitial fine-grained pyrite and chalcopyrite and late ankerite + calcite veinlet; (E) Extensive 
carbonate alteration obliterating igneous albite previous and partially replaced by sericite; (F) Chlorite-dominated alteration overprinting 
ankerite from carbonate alteration, proximally to ore zone. 
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Photomicrographs: (D-E) Plane-polarized reflected light; (F-G) Backscattered electron images.
Abbreviations: (Ag) silver; (Ank) ankerite; (Bis) bismuthinite; (Cal) calcite; (Cc) carbonate; (Ccp) chalcopyrite; (Chl) chlorite; (Gn) galena; (Qtz) quartz; Sp 
(sphalerite).
Figure 5. Main features and petrographic related to ore-zone from Aguinaldo gold occurrence: (A) Vein-type ore composed of fragmen-
ted quartz as in sub-grains texture with interstitial chalcopyrite and chalcopyrite (ca. 45% in volume), the latter incipiently oxidized by 
covellite; (B) Pyrite and chalcopyrite in quartz ± carbonate vein with deformed comb-quartz texture delimited by fine-grained chlorite, 
as observed at upper portion of figure; (C) Idiomorphic to sub-idiomorphic and fine to coarse-grained pyrite-dominated zone in quartz 
vein; (D) Xenomorphic medium to coarse-grained massive chalcopyrite with fine to medium-grained pyrite and minor quartz inclusions; 
(E) Fine-grained chalcopyrite and quartz filing fractures and interstices in the massive, coarse-grained pyrite zone; (F) Xenomorphic and 
fine-grained chalcopyrite, galena and quartz filling fracture in pyrite with small flames of chalcopyrite and blebs of galena; (G) Xenomor-
phic and fine-grained sphalerite, silver, bismuthinite, and quartz association that fill interstices among pyrite with chalcopyrite inclusions. 
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coarse-grained idiomorphic to sub-idiomorphic crystals, 
or crystal agglomerates (Figures 5B – 5E, and 6A, 6B), 
eventually with small inclusions of quartz and covellite. 
Sphalerite forms diminutive inclusions in chalcopyrite, 
whereas galena, bismuthinite, and silver within pyrite 
(Figures 5F and 5G).

Gold forms rounded to subrounded inclusions (≤ 75 
µm), occupies the edges (Figure 6A), and fills fractures 
mainly in pyrite (Figure 6B). Occasionally, gold can also 
be included in and/or close to sphalerite (Figure 6C), and 
filling fractures in chalcopyrite (Figures 6B and 6D). Low 
to moderate silver contents (up to 43%) were identified 
in electrum (Au-Ag alloy). Silver performs sub-rounded 
to xenomorphic inclusions in chalcopyrite (Figure 5G). 
In addition, bismuthinite is often included in pyrite, chal-
copyrite, and sphalerite, especially associated with gold 
and silver.

Furthermore, in barren sulfide-rich veins, pyrite (65 
– 80%) predominates over chalcopyrite (20 – 35%), silver, 
sphalerite, galena, and bismuth-bearing minerals occur in 
minor amounts, and gold is absent. Pyrite is majorly sub-

-idiomorphic, medium to coarse-grained, and essentially 
forms crystal clusters. Chalcopyrite fills the pyrite intersti-
ces and eventually occurs as small inclusions in quartz and 
pyrite. Sphalerite shows silver and bismuth-bearing mine-
rals inclusions, whereas galena is included in chalcopyrite.

Mineral Chemistry

Chlorite

A total of 65 analyses were performed in three chlorite textu-
res: interstitial chlorite (n=31), veinlet-type chlorite (n=19), 
and chlorite as agglomeration (n=15). The compositional 
average for each chlorite textural variety is shown in Table 1 
(for SiO2, Fe2O3, MgO, Al2O3, TiO2, K2O and Na2O as wt.%). 
The chlorite composition data were recalculated based on 14 
oxygen atoms per formula unit (a.p.f.u.). Due to the anoma-
lous SiO2 contents (> 34.0 wt.%), a total of 11 analyses from 
interstitial chlorite and three from chlorite as agglomeration 
textures were discarded from the dataset.

The interstitial chlorite shows homogeneous SiO2 

Photomicrographs: (A-B) Plane-polarized reflected light; and (C-D) Backscattered electron (BSE) images. 
Abbreviations: (Au) gold; (Bis) bismuthinite; (Ccp) chalcopyrite; (Py) pyrite; (Qtz) quartz; (Sp) sphalerite.
Figure 6. Modes of occurrence and mineral association of gold at Aguinaldo: (A) Subangular to sub-rounded and very-fine-grained 
gold grains at pyrite edges and, in turns, included in chalcopyrite; (B) Xenomorphic gold grains included in chalcopyrite and overgrowing 
pyrite; (C) Very-fine-grained gold and bismuthinite in edges of xenomorphic sphalerite, which is encompassed by chalcopyrite, in quartz 
vein; (D) Bordering and interstice-filling chalcopyrite over chalcopyrite-bearing gold as xenomorphic small inclusions.



- 49 -Geol. USP, Sér. cient., São Paulo, v. 24, n. 4, p. 39-62, 2024

Bortolozzo, R. et al.

Elements

(wt.%)

Chlorite textures

Interstitial
(n = 31)

Veinlet-
-type

(n = 19)

Agglome-
ration

(n = 15)

SiO2 27.79 28.28 27.71

Fe2O3 20.64 17.44 19.57

MgO 19.70 21.82 20.60

Al2O3 18.95 18.51 18.83

TiO2 0.02 0.021 0.035

K2O 0.094 0.041 0.057

Na2O 0.032 0.039 0.057

Table 1. Composition average for the chlorite textures identified 
at Aguinaldo gold occurrence (n=65).

(25.05 – 29.51 wt.%) and Al2O3 (17.8 – 21.1 wt.%) values, 
heterogeneous Fe2O3 (16.6  –  30.2 wt.%) and MgO (12.6  
–  22.8 wt.%) contents, however, low Na2O (0.01  –  0.08 
wt.%), TiO2 (0.01  –  0.09 wt.%) and K2O (0.01  –  0.57 
wt.%) concentrations.

The analyses performed on veinlet-type chlorite have re-
turned more restrictive SiO2 (26.6  –  28.6 wt.%), Al2O3 (17.6  
–  20.3 wt.%), MgO (19.6 – 21.6 wt.%) and Fe2O3 (19.1 – 
20.7 wt.%) values, besides low K2O (0.02 – 0.12 wt.%), Na2O 
(0.03 – 0.23 wt.%) and TiO2 (0.01 – 0.09 wt.%).

In sequence, the chlorite as agglomeration presents hi-
gher SiO2 (22.2 – 29.2 wt.%) values, homogeneous MgO 
(19.1 – 22.9 wt.%), Fe2O3 (16.1 – 20,1 wt.%) and Al2O3 
(17.7 – 20.1 wt.%) contents, and over again, low Na2O 
(0.01 – 0.12 wt.%), K2O (0.01 – 0.07 wt.%), and TiO2 (0.01 
– 0.03 wt.%) concentrations.

Based on chlorite classification ternary, proposed by 
Zane and Weiss (1998), the hydrothermal chlorite from 
Aguinaldo is extensively trioctahedral (Type I), although, 
clustering into two groups: (i) Mg-chlorite (clinochlore): 
framing essentially the veinlet-type chlorite and chlorite as 
agglomerations, and (ii) Fe-chlorite (chamosite): concen-
trating the interstitial chlorite (Figure 7A).

Foster (1962) proposed the Fe/(Fe+Mg) ratios as a 
chemical index useful in identifying chlorite composition. 
Therefore, according to the Fe/(Fe+Mg) ratios vs. AlIV dia-
gram, the chlorite dataset majorly falls into the brunsvigite 
field, although the increase in AlIV values results in a linear 
trend toward the ripodolite field (Figure 7B), exclusively 
for interstitial chlorite.

Moreover, a strongly negative correlation between 
FeO and MgO contents (Figure 7C) is observed in the chlo-
rite EPMA dataset from Aguinaldo, suggesting Tschermak 
replacement between Fe2+ and Mg2+ at the octahedral site. 

Additionally, anew it is noted the existence of both Fe-rich 
chlorite, mainly composed of interstitial chlorite, and Mg-
-rich chlorite, essentially represented by those that occur 
as agglomeration of grains and in veinlets. Such clustering 
agrees with the chlorite classification proposed by Zane 
and Weiss (1998), as previously presented.

White Mica

The white mica dataset summarizes 109 analyses, de-
rived from eight textures: agglomeration of muscovite 
(n=25), coarse-grained muscovite (n=23), pervasive seri-
cite (n=17), veinlet-type muscovite (n=16), sub-idiomor-
phic muscovite (n=14), interstitial muscovite (n=16), radial 
muscovite (n=07), and pseudomorph sericite (n=01). The 
data were recalculated based on 11 oxygen atoms per for-
mula unit (a.p.f.u.). Table 2 summarizes the composition 
average achieved for each white mica texture, concerning 
the SiO2, Al2O3, K2O, Fe2O3, MgO, TiO2, and Na2O values.

Upon examination of the entire dataset, nine analyti-
cal points were excluded due to their anomalous composi-
tion values: one data from agglomerate of muscovite for 
exhibiting high TiO2 values (>9.0 wt.%), one from intersti-
tial muscovite for displaying dissonant SiO2 (<35.0 wt.%), 
Fe2O3 (>16.0 wt.%), MgO (>11.0 wt.%) and H2O (>10.0 
wt.%) contents, three from coarse-grained muscovite for 
showing anomalous H2O contents (3.0 wt.% < H2O > 8.0 
wt.%), and four from vein-type muscovite due their atypi-
cal SiO2 (<44.0 wt.%), TiO2 (>10.0 wt.%) and H2O (<3.0 
wt.% H2O > 8.0 wt.%) contents.

The chlorite EMPA analyses on the eight white mica 
textures reveal uniform and homogeneous compositions. 

Figure 7. Compositional classification diagrams for chlorite tex-
tures from Aguinaldo occurrence according to: (A) Zane and Weiss 
(1998); (B) Foster (1962); and (C) Tschermak replacement based on 
MgO (wt.%) versus FeO (wt.%).
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The SiO2 contents range from 46.02 – 49.84 wt.%, the 
Al2O3 from 26.67 – 32.86 wt.%, the K2O from 7.66 – 10.28 
wt.%, Fe2O3 from 2.07 – 6.09 wt.%, MgO from 1.28 – 2.86 
wt.%, TiO2 from 0.04 – 0.68 wt.%, and Na2O are between 
0.09 – 0.25 wt.%.

Nevertheless, the vein-type muscovite exhibits hete-
rogeneous Fe2O3 (1.89 – 5.98 wt.%), besides higher MgO 
(1.68 – 5.33 wt.%) and TiO2 (0.15 – 0.67 wt.%) values 
compared to other textures, whereas the sub-idiomorphic 
muscovite returned merely higher TiO2 (0.12 – 0.55 wt.%) 
concentrations. Furthermore, higher Na2O values were re-
gistered for radial muscovite (0.16 – 0.24 wt.%), interstitial 
muscovite (0.16 – 0.21 wt.%), and pseudomorph sericite 
(ca. 0.12 wt.%).

The geochemical homogeneity obtained for white 
mica reflects its composition closely aligned with the mus-
covite composition, if considered the muscovite-phengite 
compositional trend proposed by Deer et al. (1992) (Figure 
8A). Based on K-Fe/(Fe+Mg)-Mg(Fe+Mg) ternary sugges-
ted by Tappert et al. (2013), the dataset fits into the Fe-Al 
caledonite field (Figure 8B). Moreover, it is highlighted 
that the muscovite and sericite from Aguinaldo occurrence 
can be clustered into three main groups: (i) coarse-grained 
and agglomerate of muscovite are closer to Fe-Al caledo-
nite, whereas (ii) sub-idiomorphic muscovite and pervasi-
ve sericite display an intermediate composition from Fe-Al 
and Al-caledonite, and (iii) pseudomorph sericite, and the 
radial, interstitial, and vein-type muscovite fit closer to the 
Al-caledonite (Figure 8B).

The chemical homogeneity obtained for white mica 
is also observed in Tschermak substitution reactions. The 
strong negative correlation (R2 = -0.97) between the oc-
tahedral site (AlIV) and Si+(Fe+Mg) contents suggests ca-
tion substitution (Figure 8C), which is also detected on re-
placement equation Al(t) → [Si: +(Fe2++Mg2+)], due its very 
strong negative correlation (R2 = 0.84) (Figure 8D).

Chlorite geothermometer

The empirical chlorite geothermometers proposed by 
Cathelineau and Nieva (1985), Kranidiotis and MacLean 
(1987), Jowett (1991), and Zang and Fyfe (1995) were 
applied focusing on obtaining the Aguinaldo chlorite tem-
perature formation.

The highest temperatures were obtained using the 
Jowett (1991) equation, as follows: interstitial chlorite 
(295 – 420º C); chlorite as agglomerations (283 – 378º 
C); and veinlet-type chlorite (308 – 360º C). The estima-
ted intermediate temperatures were performed for adop-
ting the Kranidiotis and MacLean (1987) and the Zang 
and Fyfe (1995) equations. The first returned such tem-
peratures: interstitial chlorite (274 – 370° C), agglome-
ration of chlorite grains (266 – 334° C), and veinlet-type 
chlorite (285 – 320° C), whereas the former resulted in: 
interstitial chlorite (261 – 316° C), chlorite as agglome-
rations (253 – 307° C) and veinlet-type chlorite (266 – 
298° C). Conversely, the Cathelineau and Nieva (1985) 
geothermometer equation indicates the lowest tempera-
ture ranges: interstitial chlorite (250 – 328º C); agglome-
ration of chlorite grains (242 – 304º C); and veinlet-type 
chlorite (258 – 292º C).

White mica geobarometer

Geobarometric estimates based on muscovite and se-
ricite compositions were calculated according to the 
Massonne and Schreyer (1987) equation, analytically 
expressed by Anderson (1996) (Equation I). The chlo-
rite temperature mode (ca. 314° C), based on the Jowett 
(1991) geothermometer, was considered for calculating 
the pressure (Equation II), since its more precise chemi-
cal parameters: (i) the correction factor index is expres-
sed as Fe/(Fe+Mg); (ii) it is based on 14 oxygen atoms; 

Elements

(wt.%)

Muscovite and sericite textures

Coarse-
-grained

Agglome-
ration

Sub-idio-
morphic

Radial Interstitial Veinlets Pervasive
Pseudo-
-morph

SiO2
47.99 48.18 48.07 48.72 48.71 48.69 48.21 48.82

Al2O3 30.28 30.36 29.46 30.41 31.24 31.64 30.45 30.16

K2O 9.64 9.71 9.76 9.79 9.78 9.48 9.73 10.00

Fe2O3 4.59 4.11 5.19 3.65 3.41 2.76 4.01 3.56

MgO 2.07 1.99 2.20 2.10 2.20 2.29 2.00 2.31

TiO2 0.31 0.25 0.40 0.21 0.25 0.24 0.20 0.05

Na2O 0.18 0.15 0.16 0.20 0.18 0.20 0.16 0.12

Table 2. Composition average for the white mica textures identified at Aguinaldo gold occurrence.
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Figure 8. Compositional classification diagrams for white mica 
textures identified at Aguinaldo occurrence according to (A) Deer 
et al. (1992); and (B) Tappert et al. (2013); besides, binary correla-
tion diagrams (C) Al(total) versus Si+(Fe+Mg); and (D) Al(total) versus 
(Fe+Mg). Legend: M² = Fe²++Mg²++Mn²+; R² = Pearson correlation 
coefficient.

and (iii) the usage of tetrahedral aluminum (AlIV) rather 
a silica (SiIV) (Yavus et al., 2015).

P(Kbar) = −2,6786 x Si2 + 43,975 x Si + 0,001253 x T(°C) −113,9995    1

		        2

Collectively, the pressure estimates range from 0.14 
– 1.84 kbar. In this scenario, the agglomeration of mus-
covite crystals returned pressures from 0.14 – 1.84 kbar, 
the pervasive sericite from 0.16 – 1.47 kbar, and the radial 
muscovite from 0.24 – 1.36 kbar. Lower values were ob-
tained from coarse-grained muscovite (0.35 – 1.15 kbar), 

where, 𝑇(°𝐶) = 319  x [𝐴𝑙
𝐼𝑉
𝑂14

+ (0,1 x 
𝐹𝑒

𝐹𝑒+𝑀𝑔
)] – 69

sub-idiomorphic muscovite (0.14 – 1.17 kbar), interstitial 
muscovite (0.30 – 0.94 kbar), and veinlet-type muscovite 
(0.22 – 0.96 kbar). The pressure for pseudomorph sericite 
was calculated from a single analysis (ca. 1.12 kbar).

GEOCHRONOLOGY: U-Pb RESULTS

A concentrate of zircon crystals was extracted from one 
sample collected from orthogneiss mylonite (AGRB-15).

The crystals are mainly light brown, idiomorphic, pris-
matic to oval-shaped, and exhibit lengths ranging from 95 to 
217 µm (Figure 9). The cathodoluminescence images (CL) 
indicate well-developed magmatic oscillatory zoning, usually 
with more luminescent cores. Furthermore, the crystals reveal 
small fractures and rare mineral inclusions. Xenocrystic cores 
were identified in a few crystals, therefore, which were not 
analyzed for geochronology issues.

A total of nineteen analyses were performed in 19 diffe-
rent zircon crystals, which returned 18 analyses with discor-
dance up to 2%, and only one with discordance of 7%. The da-
taset exhibits variable Th (51.87 – 391.40 ppm; mean = 144.2 
ppm), and U (87.02 – 406.18 ppm; mean = 177.27 ppm) con-
centrations, besides slightly heterogeneous Th/U ratios (0.47 
< Th/U < 1.48; mean = 0.82). Such values are in coherence 
with the zircon of igneous origin. In addition, low 204Pb values 
were obtained and, therefore, within the acceptable limits.

Collectively, 18 analyzed spots produced discordance 
up to 2%, whereas only one exhibits discordance of 7%. 
The analysis provided a concordant age of 1984.9 ± 5.2 
Ma (MSWD = 1.2; n = 19; Figure 10A), considered as the 
crystallization age regarding the igneous protolith. Based 
exclusively on analysis with discordance of 0% (n = 06), 
the data return a 206Pb/238U age-weighted mean of 1,987 ± 
15 Ma (MSWD = 0.56; Figure 10B). Furthermore, two di-
fferent zircon crystals cores yielded ages of 2,005 ± 22 Ma 
and 2,000 ± 19 Ma, whereas their respective rims returned 
ages of 1,963 ± 20 Ma and 1,966 ± 19 Ma.

Figure 9. Cathodoluminescence images of zircon crystals from orthogneiss mylonite (AGRB-15 sample), with individual 207Pb/206Pb 
ages spot locations.
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DISCUSSION

Hydrothermal system evolution

The albite-rich alteration (sodic-like alteration) correspon-
ded to the initial stage concerning the hydrothermal activity 
that took place at the Aguinaldo gold occurrence. This alte-
ration is characterized by the enrichment of Na-Si in oppo-
sition to depletion in Ca and K, due to albite formation over 
igneous feldspars (Engvik et al., 2008; Hövelmann et al., 
2010). The presence of Na-enriched fluids could be attri-
buted both to high temperatures (600° < T < 450° C; Dilles 
and Einaudi, 1992) and to neutral to faintly alkaline fluids 
(Seedorff et al., 2005).

The potassic alteration allowed the K-Feldspar forma-
tion over the previous hydrothermal stage. Similar tempe-
ratures (400° < T < 550 °C) and pH (neutral to alkaline) are 
usually attributed to K-Feldspar formation from calc-alka-
line-derived exsolved fluids, especially those from grano-
diorite to quartz monzonitic composition (Pirajno, 1992; 
Sillitoe, 2010). Such attribution is coherent with the grano-
dioritic composition of the host rock of the Aguinaldo gold 
occurrence. The replacement of igneous and metamorphic 
orthoclase by hydrothermal albite may have promoted the 
K+ release to fluids, therefore, increasing the aK+, essential 
to K-Feldspar formation during the potassic alteration. Mo-
reover, the formation of hematite reflects oxidizing fluids 
conditions, therefore, promoting the pH lowering by sulfa-
te reduction, which releases S2- to fluid. These conditions 
may have favored the chalcopyrite and pyrite precipitation 
(Faure, 1986; Seedorff et al., 2005; Sun et al., 2015).

The sericite-muscovite alteration overprints the pre-
existing alterations, due to the feldspars hydrolysis from 
acidic fluid conditions driven by high aH+ (Guilbert and 

Park, 1986). The EMPA analysis returned Al-rich and Al-
-Fe-rich muscovite and sericite, possibly resulting from 
acidy fluids during temperature decreasing (ca. 200 – 
250°C), consequently, causing the leaching of Ca2+, Na+, 
and Ca+ from igneous feldspars (Barnes, 1997; Robb, 
2005; Sun et al., 2015).

Posteriorly, the hydrothermal system evolved to the 
silica injections stage, simultaneously to gold precipitation. 
According to Rimstidt (1997), the silica solubility is in-
versely proportional to temperature and pressure increase. 
Moreover, the usual presence of comb-quartz veins further 
evidence fluid circulation at shallow crustal levels at low to 
moderate temperatures (ca. 200 – 300°C) (Barnes, 1997; 
Candela, 1997; Seedorff et al., 2005). This temperature ran-
ge may have been influenced by colder, oxidizing external 
fluids (meteoric fluids?). 

The formation of pervasive and veinlet-type calcite, 
in magmatic-hydrothermal-dominated processes, could 
indicate low-salinity, neutral to alkaline, and water-heated 
CO2-rich fluids, therefore, under high partial pressure of 
carbon dioxide (PCO2) (Simmons and Browne, 2000; Robb, 
2005; Simpson et al., 2004). The condensation and absorp-
tion of CO2 loss during boiling processes are usually related 
to the genesis of such fluids (Hedenquist and Henley, 1985; 
Simpson et al., 2004). If the system were close to calcite 
saturation conditions, its formation would be facilitated by 
minimal heating of CO2-rich fluids, as the consequence of 
its retrograde solubility, as reported in epithermal systems 
(Simmons and Christenson 1994; Brathwaite et al., 2000; 
Simpson et al., 2004).

Moreover, several studies have discussed that carbona-
te solubility is inversely proportional to temperature incre-
ases, but directly proportional to pressure increment (Ellis, 
1963; Barnes, 1997; Newton and Manning, 2002; Duan and 
Li, 2008). Furthermore, in low-temperature aqueous fluids 

Figure 10. (A) Zircon U–Pb concordia age diagram yielding an age of 1,984.9 ± 5.2 Ma; and (B) 207Pb/206Pb weighted aos verage age 
plot resulting an age of 1,987 ± 15 Ma, both calculated from zircon crystals analysis extracted from orthogneiss mylonite (AGRB-15 
sample; discordance of ca. 0%).
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(below 300° C), the CO2 exhibits low solubility (Rimstidt, 
1997). Within this temperature range, carbonic acid (H2CO3) 
corresponds to the dominant CO23-component, whose disso-
ciation is enhanced by a slight reduction in pH, which pro-
motes the leaching of cations and, consequently, the gene-
ration of bicarbonate-rich fluids (Bischoff and Rosenbauer, 
1996). Nevertheless, that situation may not have taken place 
at Aguinaldo, since the brunsvigite and ripodolite tempera-
tures formation, achieved by chlorite geothermometer, were 
close to or above 300° C.

Hence, the extensive pervasive carbonate altera-
tion identified at Aguinaldo may be linked to CO2 loss by 
boiling processes rather than the dissociation of carbonic 
acid. Additional evidence for CO2-enriched fluids corres-
ponds to the presence of three-phase saline fluid inclusions 
(aqueous, vapor bubble, and the daughter solid phases) re-
lated to mineralizing fluids, as reported by Cenatti (2019).

Dehydration and devolatilization processes triggered 
by metamorphism could also contribute to H2O-CO2-rich-
-forming fluids at Aguinaldo. However, the δ13C and δ18O 
values from calcite concentrates extracted from carbonate 
alteration, and the δ34S from pyrite derived from ore, re-
turned a strong magmatic signature for carbon, oxygen, 
and sulfur (Mariano, 2021; Pilon and Pereira, 2023), not 
corroborating, therefor, to metamorphic-hydrothermal 
sources. Although aqueous-carbonic fluids are dominantly 
responsible for transporting and precipitating gold in most 
mesothermal gold deposits, saline fluids, analogous to the 
preceding case, are significantly incompatible with this 
ore-forming process (Groves et al., 1998; Wyman et al., 
2016; Gaboury, 2019).

The laterally zoned veins sequence outwards toward 
widely expressive and dominant chlorite alteration. This 
stage may have resulted from progressive dilution and neu-
tralization of the previous faintly acidic condition through 
high wall-rock interaction and possibly the mixing with 
oxidizing and colder external fluids (meteoric?). The cli-
nochlore and chamosite formation are indicative of Fe-Mg-
-rich solutions. During it, the temperature may have lowe-
red to ca. 200 – 300°C, with the increase in aK+/aH+ ratios 
(Robb, 2005), supported by the chlorite geothermometer 
(from 242 to 420° C). According to Barnes (1997), the re-
placement of igneous minerals (e.g. plagioclase, magnetite, 
and biotite) during the sericite-muscovite alteration may 
have promoted the increase of Fe, Mg, Ca, Ti, and P concen-
trations in the fluids, as observed at Aguinaldo occurrence. 
The mineral paragenesis represented by Fe-Mg-chlorite, 
titanite, rutile, monazite, apatite, and low-crystallinity he-
matite restricted to chlorite edges, represent petrographic 
issues concerned to such fluid enrichment. The lowering of 
fluid temperature could have favored the iron release from 
the chlorite structure, with hematite formation in its edges 
and cleavage planes (Deer et al., 2000).

The late-stage hydrothermal evolution of the Aguinal-
do occurrence is represented by silica-infill, responsible for 
generating barren quartz veinlets that crosscut the previous 

hydrothermal alterations. This stage may be associated to 
the ceasing of hydrothermal circulation, possibly due to the 
mixing with external fluids (meteoric), under low-tempera-
ture conditions.

Collectively, the identification of low-temperature 
hydrothermal alteration patterns (e.g. silicification, sili-
ca infill, sericite, and carbonate alterations) over deeper 
alteration types (e.g. albite and potassic alterations) may 
represent the thermal collapse of the hydrothermal cell 
in response to strong hydrolytic alteration due to mixing 
of magmatic fluids with meteoric fluids (Seedorff et al., 
2005; Sillitoe, 2010), resulting in the telescoping-buil-
ding process.

Ore-forming mechanisms

The Aguinaldo structurally-controlled gold mine exhibits 
ore paragenesis mainly composed of pyrite and chalcopyri-
te that host sphalerite, galena, gold, and minor silver inclu-
sions. According to the log ƒO2-pH diagram (Figure 11), 
the coexistence of pyrite and chalcopyrite states moderates 
redox conditions, however, a wide pH range: from very 
acidic to faintly alkaline conditions. If considered that hy-
drothermal quartz and carbonate stabilities require pH un-
der neutral to alkaline conditions, together with the inver-
sely proportional zinc and lead solubility to pH increasing 
(Li et al., 2022), it is possible to restrict the pH and redox 
ranges responsible for quartz + sulfide ± carbonate veins 
forming processes. It is assumed, therefore, that moderate 
redox and neutral to slightly alkaline pH conditions were 
performed during ore-forming processes at the Aguinaldo 
gold occurrence. In this context, the mineralizing fluid has 
experienced pH-increasing processes as those responsible 
for lowering the gold solubility in the mineralizing fluid 
(Figure 11).

Based on the existence of comb-texture quartz veins, 
the low to moderate chlorite temperatures formation, the 
possible deformed open-spaced filling textures, and the 
parallel quartz ± carbonate veins, the Aguinaldo occur-
rence may have formed by hydrothermal fluid circulation 
under shallow crustal level and low-medium temperatu-
res fluids. In these conditions, gold and silver are more 
efficiently transported as hydrosulfide complexes (e.g. 
AuHS, Au(HS)2−), such as observed in most epithermal 
environments (Seward, 1973; Shenberger and Barnes, 
1989; Hayashi and Ohmoto, 1991; Benning and Seward, 
1996; Stefánsson and Seward, 2003, 2004; Liu et al., 2011; 
Pokrovski and Dubrovinsky, 2011).

At the Aguinaldo, the high fluid pressure may have 
caused rock fracture, favoring the fluid circulation, inten-
sive pervasive hydrothermal alteration patterns, and the 
formation of quartz + sulfide ± carbonate veins by mi-
neralizing fluids. These processes may have favored the 
intense silica injection and the metals precipitation by 
lowering the temperature and increasing pH conditions 
(Figure 11). Collectively, it may have been triggered by 



- 54 - Geol. USP, Sér. cient., São Paulo, v. 24, n. 4, p. 39-62, 2024

Aguinaldo gold occurrence, Alta Floresta Province

boiling processes, as often assigned to epithermal and 
porphyry systems (Seedorff et al., 2005; Heinrich et al., 
2004; Sillitoe, 2010).

Moreover, the brunsvigite and minor ripidolite for-
mation in the pervasive chlorite alteration halo demonstra-
tes iron-rich fluids and their intense interaction with host 
rock. During the hydrothermal chlorite-forming stage, it 
might has occurred the input of Fe2+ into the system. Such 
iron excess may have favored the restricted disseminated 
pyrite-forming processes, possibly between 250 to 350° C 
(Phillips, 1986; Heinrich et al., 2004). John et al. (2010) 
and Mao et al. (2011) suggest that the slightly neutral fluids 
derived from chlorite alteration can play as an important 
proxy for metal precipitation. The chlorite geothermometer 
here estimated (242° < T < 420° C) corroborates to this 
interpretation.

At the galleries of Aguinaldo occurrence is observed 
the infiltration of elevated volume of water from Peixo-
to river, through faults and fractures systems. The final 
stage, therefore, is represented by the major input of me-
teoric fluid to the system, after the hydrothermal fluids 
circulation has ceased. The ingress of low-temperature 
oxidizing fluids (meteoric fluids) favored the oxidation 
reactions of sulfides, resulting in the secondary mineral 
assemblage formation, the leaching of metallic cations 
(e.g. Fe2+, Cu+, S2+), and the production of H2SO4(aq) 
(acid mine drainage). Digenite and covellite (Cu-sulfi-
des), resulting from chalcopyrite and pyrite oxidation, 
besides hematite and goethite from pyrite oxidation and 
hydrolysis reactions, represent the diagnosing secondary 
mineral assemblage.

Genetic model

The genetic model concerned with structurally-controlled 
gold occurrences and deposits at the Alta Floresta Gold 
Province has been controversial, especially if considered 
their ambiguous descriptive geological attributes (Assis et 
al., 2014; Juliani et al., 2021; Mesquita et al., 2022). Such 
proposals have interpreted them as: (i) mesothermal gold 
deposits (Paes de Barros, 1994; Siqueira, 1997; Madruci, 
2000; Santos et al., 2001; Silva and Abram, 2008; Poggi, 
2019; Mesquita et al., 2022; Poggi et al., 2022); (ii) in-
trusion-related gold systems, IGRS (Santos et al., 2001; 
Abreu, 2004; Bizotto, 2004; Paes de Barros, 2007), and 
(iii) porphyry-epithermal systems (Moura, 1998; Moura et 
al., 2006; Assis, 2011, 2015; Rodrigues, 2012; Assis et al., 
2014; Trevisan, 2015; Juliani et al., 2021; Trevisan et al., 
2021).

At Aguinaldo gold occurrence, the host rock compri-
ses the 1.98 Ga orthogneiss, with apatite, allanite, and mag-
netite as accessory mineral phases, suggesting it has been 
derived from calc-alkaline and oxidized-derived magmas. 
Such geochemical and geochronological signatures are 
compatible with rocks belonging to Cuiú-Cuiú Complex, 
which share affinity with calc-alkaline, oxidized and me-
taluminous granitoids (I-type granites) (Klein et al., 2001).

The ore zones show a polymetallic signature (Au, Ag, 
Cu, Zn and Pb), composed of major pyrite, chalcopyrite, 
and gold, with minor silver, sphalerite, and galena. The 
abundance of chalcopyrite, together with the base metal 
signature, are dissonant to mesothermal gold deposit, due 
to the absence of Cu-rich sulfide phases in their mineral pa-
ragenesis (Goldfarb et al., 2001, 2005; Goldfarb and Gro-
ves, 2015; Zhong et al., 2015; Gaboury, 2019). It is known 
that copper is efficiently transported by saline mineralizing 
fluids, such as described in Mississippi-valley type (MVT; 
Leach et al., 2005, 2010; Paradis et al., 2007; Anderson, 
2008), sedimentary exhalative (SEDEX; Leach et al., 
2005; Goodfellow and Lydon, 2007; Cooke et al., 2000), 
porphyry and base metals epithermal deposits (Tosdal et 
al., 2009; Sillitoe, 2010; Sun et al., 2015, 2017; Hurtig et 
al., 2021). Metamorphic-derived solutions, however, are 
known by their low-salinity fluid signature (Goldfarb et al., 
2005; Zhong et al., 2015; Gaboury, 2019).

Moreover, the physicochemical conditions required 
for magmatic-sourced fluids transport and precipitate co-
pper, zinc, and lead are found in intermediate-sulfidation 
epithermal systems (Tosdal et al., 2009; Hurtig et al., 
2021). Magma-derived base metals-rich fluids can effi-
ciently transport metals at low to moderate temperatures 
(ca. 260° < T < 400° C) and from intermediate to very-
-low ƒS2 conditions (Einaudi et al., 2005). Although the 
Aguinaldo gold occurrence exhibits galena and sphalerite 
as small inclusions in Cu-Fe-sulfides, is notable the coexis-
tence between pyrite and chalcopyrite. This petrographic 
evidence is coherent with ore-forming processes linked to 
intermediate-sulfidation epithermal deposits (Figure 12).

Figure 11. Log ƒO² vs pH diagram exhibiting the physicochemical 
conditions attributed to mineralizing fluids responsible for trans-
porting and precipitating the gold at the Aguinaldo occurrence.
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Based on mineralized quartz + sulfide veins, the hy-
drothermal alteration is zoned. The paragenetic temporal 
evolution concerning the distal and deeper hydrothermal 
alterations comprises (1) an incipient pervasive albite-ri-
ch alteration, obliterated by (2) an intensely developed 
potassic alteration with pervasive reddish K-Feldspar. 
These stages are temporally followed by colder, proxi-
mal, and shallower hydrothermal alterations paragenesis 
represented by (3) pervasive sericite-muscovite altera-
tion; (4) silicification and silica infills that favored quart-
z-veins formation; (5) intensive pervasive carbonate al-
teration; (6) wide chlorite-rich alteration; and finally, (7) 
late silica infills with generation of later quartz-veinlets. 
It is observed that the moderate-low temperatures para-
genesis have obliterated those of higher temperatures, 
suggesting an effective telescoping process at Aguinaldo 
gold mineralization.

Overall, the Aguinaldo gold occurrence is characteri-
zed by (i) structurally-controlled mineralization in quartz + 
sulfide ± carbonate veins; (ii) ortho-derived photolith host 
rock; (iii) ore paragenesis composed of precious and base 
metals, suggesting low to intermediate sulfur activity (e.g. 
pyrite, chalcopyrite, sphalerite, and galena); (iv) presence 
of comb quartz veins; (v) gold with high silver contents; 
and (vi) according to Cenatti (2019), aqueous biphasic fluid 
inclusions in coexistence with restricted aqueous-carbonic 
and three-phase saline inclusions. These attributes advoca-
te moderate ƒO2, intermediate to very-low ƒS2 conditions, 
in conjunction with moderate temperatures (Figure 12), 
suggesting fluid percolation at shallow crustal level, pos-
sibly derived from boiling processes triggered under de-

compression of magmatic-hydrothermal fluids. Although 
the chlorite geothermometer data (200º < T < 400º C) are 
not fully compatible with intermediate-sulfidation systems, 
since their fluid temperatures are usually lower than 300° 
C, such values do not exclude that conclusion. Overall, the 
Aguinaldo mineralization exhibits characteristics compara-
ble to other gold occurrences from AFGP.

On the other hand, few important characteristics ob-
served in epithermal deposits were not identified at Agui-
naldo occurrence, such as: (i) ore-hosting felsic volcanic 
rocks; (ii) lölingite, tennantite, sphalerite, and galena as 
major sulfide phases; (iii) adularia and/or barite as impor-
tant gangue hydrothermal minerals; and (iv) illite-rich or 
smectite-rich argillic alterations.

Hence, the ore precipitation in the Aguinaldo occur-
rence could have been linked to ore-forming processes 
similar to those described in intermediate-sulfidation epi-
thermal systems (Figure 12) (Corbett and Leach, 1997; He-
denquist et al., 2000; Simmons et al., 2005; Taylor, 2007), 
however, pre- or sin-deformation. Such a conclusion opens 
an important issue concerning the gold and base metals 
fertility of Paleoproterozoic provinces in housing por-
phyry and epithermal deposits, which are usually focused 
on Cenozoic Provinces mainly composed of calc-alkaline 
arc-derived magmas (Hedenquist et al., 2000; Seedorff et 
al., 2005; Taylor, 2007; Sillitoe, 2010), as exemplified by 
Andes, Indonesia, and Philippines.

Therefore, the Paleoproterozoic calc-alkaline magma-
tic events that took place at AFGP played a significant role 
in building the ore-forming processes responsible for its 
porphyry and epithermal-like gold occurrences.

CONCLUSION

The present investigation points out that Aguinaldo gold 
occurrence is similar to intermediate-sulfidation gold depo-
sits. Such conclusion is concerned with the major following 
descriptive and geochemical data:

1. Aguinaldo occurrence is hosted by 1.98 Ga felsic or-
thogneiss mylonite, correlated to 2.0 – 1.97 Ga Cuiú-
-Cuiú Complex.

2. The sulfide-rich zones occur as barren disseminated 
pyrite ± chalcopyrite ± hematite ± magnetite ± apatite 
within the chlorite alteration that envelopes the struc-
turally-controlled ore zone, defined by quartz + sulfide 
± carbonate veins.

3. The sulfide-rich zones exhibit a polymetallic signature 
composed of chalcopyrite + pyrite + gold ± silver ± 
sphalerite ± galena ± bismuthinite.

4. The hydrothermal alteration temporal evolution is 
defined as poorly developed pervasive albite altera-
tion, pervasive K-Feldspar alteration telescoped by 
pervasive sericite-muscovite alteration, silicification, 
and quartz-rich veins formation, intensive pervasive 
carbonate alteration, overprinted by pervasive chlorite 
alteration, and late quartz veins and veinlets.

Figure 12. Log ƒS2 vs temperature diagram (Extracted from Ei-
naudi et al., 2005), exhibiting the relative sulfidation state regarding 
epithermal systems classification plotted over a grid of mineral 
sulfidation reactions. The positioning of the structurally-controled 
Aguinaldo gold occurrence, here classified as similar to interme-
diate-sulfidation epithermal deposits, was suggested based on the 
mineral paragenesis identified within its ore zone.
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5. The EMPA analyses performed in chlorite returned 
brunsvigite and minor ripidolite compositions, formed 
in the range from 242 to 420° C.

6. Based on EMPA analyses, the white mica is of musco-
vite composition.

7. Comb-texture quartz veins suggest fluid circulation in 
shallow crustal level environment (<2km depth).

8. Decreases in temperature and redox conditions, together 
with the increase of pH may have been important issues 
for transporting and precipitating the gold by ore-mi-
neralizing fluids, possibly triggered by boiling process.

9. The previous features suggest that the Paleoprotero-
zoic calc-alkaline magmatism may have been respon-
sible for the gold ore-forming processes that took pla-
ce at AFGP.
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