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A B S T R A C T   

The main gold deposits of the Archaean-Paleoproterozoic Terrain of Goiás, in central Brazil, occur in the Crixás 
Greenstone Belt, one of the five volcanosedimentary sequences of this terrain. The Crixás orogenic gold deposit 
consists of several orebodies structurally controlled by low to moderate angle thrust faults, hosted in different 
stratigraphic units that exhibit contrasting mineralization styles and hydrothermal alteration assemblages. 

This study characterizes the hydrothermal footprints of the Palmeiras Structure and Structure IV, which 
control the orebodies hosted in the hydrothermally-altered mafic metavolcanic rocks and carbonaceous schists, 
respectively. We assessed the magnitude of fluid-rock interactions by integrating mineralogical, geochemical, 
and petrophysical data with the reflectance spectroscopy results for drill core samples for both structures. 

The Palmeiras Structure hydrothermal footprint is characterized by a distal halo composed of Fe-Mg chlorite 
+ biotite ± carbonates (calcite and Fe dolomite), followed by the intermediate halo defined by epidote + car-
bonates (dolomite, Fe dolomite, and ankerite) ± Fe-Mg chlorite, and proximal halo composed of muscovite + Fe- 
enriched chlorite ± paragonite, magnetite, tourmaline, Fe dolomite, and ankerite. Additionally, the chemical 
pattern of the hydrothermal alteration along the Palmeiras Structure has significantly increased concentrations of 
alkali (K2O, Na2O, Rb, Cs, Li, and Ba), as well as Fe2O3, Al2O3, TiO2, LOI, U, W, Th, and Ta towards the gold 
mineralization. Also, the high magnetite concentration resulted in high magnetic susceptibility and density, with 
values above 1432.00×10–3 SI. In Structure IV, the proximal alteration assemblage comprises muscovite + Fe 
dolomite, Fe-Mg chlorite + arsenopyrite. The lithogeochemical signature is characterized by enrichment in SiO2, 
CaO, Na2O, K2O, P, Ba, and pathfinder elements As, W, Sb, Te, that increase towards the gold mineralization. A 
new potential target hosted in the hydrothermalized metabasalt was identified, whose signature is defined by the 
occurrence of muscovite, chlorite and enrichment in K2O, Ba, Rb, Li Cs and pathfinder elements such as As, W, 
Sb, Te. 

This study demonstrates that the integrated application of reflectance spectroscopy, petrophysics and chemical 
analyses provide a powerful tool for characterizing the hydrothermal footprint and determining the vectors 
toward gold mineralization in regional-scale mineral exploration.   

1. Introduction 

The Crixás greenstone belt (CGB), located in the western portion of 
the Brasilia Belt, is a part of the Archean-Paleoproterozoic Terrain of 
Goiás (APTG), Central Brazil (Fig. 1). This terrain comprises orthogneiss 
complexes and metavolcanosedimentary sequences that host significant 
orogenic gold deposits (e.g. Crixás, Sertão, and Pilar deposits – Jost and 

Fortes, 2001; Bogossian et al., 2020; Bacha et al., 2021). The CGB hosts 
the main deposits, where mineralization is controlled by regional-scale 
shear zones and thrust faults with associated hydrothermal alteration 
(Thomson and Fyfe, 1990; Jost et al., 2001; Jost et al., 2010). 

Orogenic gold deposits are defined as structurally controlled epige-
netic deposits, associated with the percolation of hydrothermal fluids 
during orogenic processes (Goldfarb et al., 2005; Phillips and Powell, 
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2010). The percolation of these fluids promotes specifics anomalous and 
systematic mineralogical and geochemical changes in the host rocks, 
which the extend and magnitude depend on its deformation state, 
porosity, permeability, and degree of chemical reactivity (Kishida and 
Kerrich, 1987; Eilu et al., 2001; Dubé and Gosselin, 2007). These 
changes generates alteration footprints that may assist in determining 
the exploratory guides for identifying new high-grade targets in mature 
mineralized terrains (Eilu et al., 2001; Gaillard et al., 2020). Therefore, 
characterizing mineralogical and geochemical footprints become 

extremely relevant in the exploration of orogenic deposits (Eilu and 
Mikucki, 1998; Large et al., 2000). 

The hydrothermal footprint of mineral deposits is assessed by inte-
grating different analytical tools and techniques. Due to its ability to 
delineate and characterize the alteration patterns, reflectance spectros-
copy has been successfully used in exploration targeting for different 
types of hydrothermal mineral deposits (Ducart et al., 2006; Chang 
et al., 2011; Harraden et al., 2013; Duuring et al., 2016; Simpson and 
Christie, 2019, Tian et al., 2019; Zhang et al., 2020a; 2020b). This 

Fig. 1. A) Brazilian geotectonic map. B) Simplified map of the Brasilia Belt showing the main geological units (modified after Pimentel et al., 2004). C) TTGs and 
greenstonee belts of Archean-Paleoproterozoic Terrain of Goiás. (modified from Jost et al., 2014). 
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technique allows defining the quantitative and qualitative mineralogical 
informations, such as relative abundance, chemical composition, and 
varying crystallinity of some minerals (Van der Meer, 2004), thus 
helping to delineate and characterize mineralized zones and their hy-
drothermal alteration halos. 

The geochemical footprint can be mapped several hundred meters 
(>200 m) beyond the economically viable portion of the deposit (Heath 
and Campbell, 2004). Metamorphic processes taking place in hydro-
thermal alteration halos associated with orogenic gold deposits are 
defined by varying degrees of alkali enrichment and pathfinder ele-
ments, including As, Hg, Mo, Sb, Se, Te, Ag, and W (Groves et al., 1998; 
Dubé and Gosselin, 2007; Pirajno, 2009). Mineralogical halos replace 
the metamorphic mineral assemblages with hydrothermal assemblages 
associated with sulfidation, carbonation, sericitization, and chloritiza-
tion processes (Christie and Brathwaite, 2003). 

Hydrothermal mineralization processes may produce geophysical 
anomalies in the host rocks that help to delineate and characterize the 
associated ore deposits. Given that its geophysical signature is directly 
related to the chemical, mineralogical and textural changes caused by 
the alteration processes, the study of physical properties of rocks is 
fundamental for determining the hydrothermal footprints of ore de-
posits (Chopping and van der Wielen, 2011; Dentith and Mudge, 2014; 
Dentith et al., 2020). 

In this work, petrographic, reflectance spectroscopy, geochemistry 
and petrophysics data were integrated to characterize the hydrothermal 
footprint of the CGB gold deposit and provide guidelines for gold 
exploration in the Archean-Paleoproterozoic terrain of Goiás. The study 
was performed in a 1200 m deep drill hole located in the Corpo IV 
orebody, one of the several orebodies of the CGB. 

2. Geological setting 

The Tocantins Province, in central Brazil, is a Neoproterozoic (Bra-
zilian-Pan-African) orogenic system derived from the convergence of 
three continental blocks: Amazonian, São Francisco – Congo, and Par-
anapanema cratons (Fig. 1; de Almeida et al., 1981), and consists of 
three fold belts: Araguaia Belt in the northern domain, Paraguay Belt in 
the southwestern domain, and Brasília Belt, west of the São Francisco 
Craton (Fig. 1a; Pimentel et al., 2000). 

The Brasília Belt is divided into the NE-SW-trending north segment 
and the NW-SE-trending south segment (Fig. 1a), separated by the Pir-
ineus Syntaxis, which marks the changing structural directions. This belt 
is divided into External and Internal Zones (Fig. 1a; Araújo Filho, 2000). 
The External Zone consists of metasedimentary rocks (Bambuí, Paranoá, 
and Canastra groups), deposited on a passive continental margin 
structured in a thrust-fold system verging towards the São Francisco 
Craton (Fig. 1a; Pimentel et al., 2004a; Valeriano et al., 2008). In the 
northern portion of the External Zone, the Paleoproterozoic basement 
consists of granites, orthogneisses, and sedimentary sequences repre-
sented by the Araí and Nativity groups (Pimentel et al., 2004; Valeriano 
et al., 2008). 

The Internal Zone is subdivided into three main compartments. First, 
the Goiás Massif comprises the Archean-Paleoproterozoic Terrain of 
Goiás (Jost et al., 2013), the Paleo-Mesoproterozoic Serra da Mesa 
metasedimentary rocks, and three Meso-Neoproterozoic mafic-ultra-
mafic layered complexes (Fig. 1a; Ferreira Filho et al., 1994; Ferreira 
Filho et al., 1998; Pimentel et al., 2004b). Second, the high-grade 
Anápolis-Itauçu metamorphic core and the Uruaçu complex (Piuzana 
et al., 2003; Della Giustina et al., 2009), both composed of metasedi-
mentary rocks of the Araxá Group (Seer et al., 2001) and ophiolitic 
fragments (Fig. 1a; Strieder and Nilson, 1992). Lastly, the Neo-
proterozoic Goiás Magmatic Arc (Fig. 1a) consists of orthogneisses and 
metavulcanosedimentary sequences interpreted as a juvenile continen-
tal crust generated during the Brasiliano/Pan-African cycle from 900 to 
630 Ma (Pimentel and Fuck, 1992). 

2.1. The Archean-Paleoproterozoic Terrain of goias 

The APTG extends over 18.000 km2 in the western limit of the Bra-
sília Belt (Fig. 1a) and comprises granite-gneiss complexes of mostly 
TTG (tonalite, trondhjemite, and granodiorite) composition, as well as 
remnants of greenstone belt terrains (Fig. 1b). 

About 80% of the APTG consists of six individual granite-gneiss 
complexes with distinct structural, lithological, and geochronological 
frameworks: the Anta, Caiamar, Moquém, and Hidrolina complexes to 
the north, and the Caiçara and Uvá complexes to the south (Fig. 1b). Two 
stages of magmatism were established in the northern complexes 
(Queiroz et al., 2008). The first stage is recorded in the TTG gneisses of 
the Caiamar and Anta complexes, with U-Pb zircon crystallization ages 
between 2845 and 2785 Ma and ƐNd varying from − 1.0 to +2.41 
(Queiroz et al., 2008). Magma contamination with older sialic crust was 
evidenced by inherited zircon crystals with ages between 3.3 and 3.15 
Ga (Queiroz et al., 2008). In the Moquém Complex, the second stage is 
defined by granodiorite and granite intrusions with U-Pb zircon crys-
tallization ages between 2711 and 2707 Ma (Queiroz et al., 2008). 

In the southern APTG, the Caiçara Complex consists of tonalitic 
orthogneisses with a U-Pb zircon crystallization age of 3.14 Ga (Beghelli 
Junior, 2012). Jost et al. (2013) defined two groups of orthogneisses in 
the Uvá Complex. The first group consists of polydeformed tonalitic and 
granodioritic batholiths and a diorite stock. Tonalite U-Pb ages were 
constrained between 3040 and 2930 Ma while zircon U-Pb dating of 
diorite showed the age of 2934 ± 5 (Pimentel et al., 2003; Jost et al., 
2013). The second group is defined by smaller, tabular, and isotropic 
tonalite and monzogranite bodies with U-Pb zircon dating between 2764 
and 2846 Ma (Jost et al., 2013). 

The supracrustal sequences comprise about 20% of the APTG and are 
represented by five elongated metavolcanosedimentary sequences 
confined between the TTG complexes (Danni and Ribeiro, 1978). The 
Crixás, Guarinos, and Pilar de Goiás greenstone belts occur to the north 
(Fig. 1b). The Faina and Serra de Santa Rita greenstone belts occur to the 
south, juxtaposed by a dextral strike-slip fault (Fig. 1b). The strati-
graphic sequences of the five greenstone belts consist of metavolcanic 
sequences formed by komatiites and metabasalts overlapped by meta-
sedimentary sequences with particular characteristics in each green-
stone belt. These rocks underwent polycyclic deformation and 
greenschist to lower amphibolite facies metamorphism (Jost et al., 
2014). 

The APTG origin and its role in the evolution of the Brasilia Belt have 
been much debated. Some authors interpret it as an allochthonous 
Archean-Paleoproterozoic microcontinent amalgamated to the Brasilia 
Belt during the Neoproterozoic Brasiliano Orogeny (Pimentel et al., 
2000; Jost et al., 2013). On the other hand, recent studies suggest that 
the APTG and the other tectonic domains of the Goiás Massif are part of a 
continuous continental mass of the São Francisco-Congo paleocontinent 
that was already amalgamated since the late Paleoproterozoic (de Oli-
veira Cordeiro and de Oliveira, 2017; Borges et al., 2021a). 

2.2. The crixás greenstone belt 

The CGB extends 6 km wide and is approximately 45 km long in the 
northern portion of the APTG. It is bordered by the Caiamar Complex to 
the east, the Anta Complex to the west, and the Neoproterozoic meta-
sedimentary rocks of the Santa Terezinha Sequence to the north 
(Fig. 2a). 

2.2.1. Stratigraphy 
The CGB stratigraphic sequence is defined by a lower ultramafic- 

mafic metavolcanic sequence, represented mainly by metakomatiites 
and ultramafic schists, as well as tholeiitic metabasalts and mafic schists 
(Fig. 2a; Sabóia and Teixeira, 1983); and an upper metasedimentary 
sequence, composed of a thick layer of carbonaceous schists with 
dolomite lenses that gradually transition to metagraywackes at the top 
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of the sequence, composing a turbiditic succession (Fig. 2a; Jost and De 
Oliveira, 1991; Jost et al., 1996; Jost et al., 2019). 

In low-stress zones, the metavolcanic rocks are locally preserved and 
exhibit primary textures such as olivine cumulates, polyhedral disjunc-
tions, spinifex textures, pillow lavas, amygdalas, and vesicles (Kuyum-
jian, 1981). Thin layers of banded iron formations, gondite, and 
metacherts are interspersed with the volcanic rocks (Kuyumjian, 1981). 
Geochronological studies in metakomatiites and metabasalt samples 
provide Sm-Nd and Pb-Pb errochrons of ca. 3.0 and 2.8 Ga (Arndt et al., 
1989; Fortes et al., 2003). Recently, Borges et al. (2021b) obtained a Re- 
Os isochron of 2609 ± 65 Ma, interpreted as a metasomatic event 
related to the emplacement of the youngest Archean granites of the re-
gion (ca. 2.7 Ga) that overprinted the regional Re-Os isotopic signature 
of the rocks. In summary, current data indicates that the protoliths are of 
the Archean age. 

Isotopic data of the metasedimentary sequence indicates Archean to 
Rhyacian ages (Resende et al., 1998; Fortes et al., 2003; Tassinari et al., 
2006; Jost et al., 2008; Jost et al., 2014; Jost et al., 2019; Borges et al., 
2021a). Detrital zircon U-Pb ages of metagreywacke and carbonaceous 
schist samples show a dominant source dated ca. 2.2 – 2.1 Ga, with a 
minor contribution from sources dated ca. 2.7–2.4 Ga (Jost et al., 2008; 
Borges et al., 2021a). The youngest zircon crystals provided a maximum 
deposition age of 2149 ± 2 Ma (Borges et al., 2021a). The rocks present 
relatively homogeneous Sm-Nd model ages (2.5 to 2.34 Ga) and ƐNd 
(-0.27 to + 1.25) (Borges et al., 2021a). Intermediate magmatism 
associated with the metasedimentary sequence of the CGB was dated 
2172 ± 13 Ma (Borges et al., 2021b). 

2.2.2. Deformation and metamorphism 
The CGB deformational evolution comprises four major compressive 

events (Magalhães, 1991; Queiroz, 1995; Queiroz, 2000; Massucato, 
2004). The first event generated regional-scale isoclinal folds with axial 
foliation parallel to the original bedding, under low- to moderate-grade 
metamorphic conditions (Massucato, 2004). The second event is char-
acterized by an E-W progressive compression that generated shear zones 
and low-angle thrust faults associated with semi-recumbent folds and 
was responsible for the inversion of the stratigraphic sequence (Mag-
alhães, 1991; Queiroz,1995), and favored the percolation of the hy-
drothermal fluids, responsible for the gold concentration and deposition 
in the region (Massucato, 2004). The third event is related to an N-S 
compression that generated the partial overlapping of the Mara Rosa 
Arch to the north and generated the Rio Vermelho Antiform (Fig. 2b; 
Magalhães, 1991). The folding caused partial remobilization of gold, 
which concentrated parallel to the axial axes of the folds and defined the 
mineralization plunge. Late NNW-SSE compression produced crenula-
tions and smaller folds (Massucato, 2004). 

Because the CGB rocks underwent greenschist to amphibolite facies 
metamorphism, the stratigraphic reconstruction is complex due to the 
polycyclic deformation, thickening, and the rarity of marker horizons 
(Jost et al., 2014). 

2.2.3. Gold mineralization 
The CGB gold exploration began in the 18th century by the Ban-

deirantes. In the 70s, the first regional prospective research by the joint 
venture between the Inco and Kennecott partners discovered the giant 
Mina III orebody. Mineração Serra Grande, which currently belongs to 
AngloGold Ashanti, started the gold production in the late 80s and as the 

Fig. 2. A) Geological map and Stratigraphic column of the Crixás greenstone belt (modified from Jost et al., 2014; Jost et al., 2019). B) Lithological map of Crixás 
greenstone belt showing the location of the CPIVESD0031 drill hole and the section of Corpo IV (provided by AngloGold Ashanti – unpublished data). C) Geological 
section of Corpo IV exhibiting the mineralized structures (provided by AngloGold Ashanti – unpublished data). The older Archean metavolcanic rocks are overlapped 
the Rhyacian metasedimentary sequence. 

L.M. Campos et al.                                                                                                                                                                                                                             



Ore Geology Reviews 146 (2022) 104925

5

exploratory programs extended over the years, several exploration tar-
gets have been continuously discovered in the Crixás deposit. According 
to recent technical reports, the Crixás gold deposit has a mineral 
resource of approximately 3.69 Moz, with an annual production of 
114–123 Koz and gold grade up to 8 g/t (https://www. 
anglogoldashanti.com/portfolio/americas/serra-grande, accessed on 
March, 23, 2022). 

Studies define an epigenetic model for the Crixás gold deposit, which 
would be generated from a late-metamorphic hydrothermal event 
associated with shear zones (Thomson, 1987; Fortes, 1996; Portoccar-
rero, 1996). The mineralization is hosted in metasedimentary and 
metabasalt rocks, with differing mineralogical assemblages and hydro-
thermal alteration degrees. It occurs as: (i) massive sulfides, (ii) quartz 
veins, and (iii) disseminated ore (Jost and de Oliveira, 2001; Jost et al., 
2010). The mineralized zones were developed in dilation zones 
controlled by second-order thrust faults related to stacked major low- to 
moderate-angle detachment faults and semi-recumbent folds (Thomp-
son, 1987; Jost et al., 2001; Ulrich et al., 2021). The main structures 
controlling the several orebodies of the Crixás gold deposit are Palmeiras 
Structure, Structure IV, and Structure III. The orebodies exhibit linear 
shapes with shallow plunge and continuity along the NW to W-WNW 
trending structures (Ulrich et al., 2021). 

The Palmeiras Structure controls the gold mineralization in the 
Palmeiras, Palmeiras Norte, and Baru orebodies. This low-angle shear 
zone intercepts the hydrothermally-altered mafic metavolcanic next to 
the contact with a dolomitic layer (Fig. 2c). The mineralization occurs in 
quartz veins or as disseminated ore associated with pyrite and in frac-
tures in magnetite crystals. 

Structure IV is a low-angle shear zone that intercepts the carbona-
ceous schists (Fig. 2c) and controls the mineralization in the Corpo IV, 
Corpo V, Corpo Forquilha, Corpo Pequizão, Corpo Mangaba, and Corpo 
Sucupira orebodies. The gold mineralization occurs in intense silicifi-
cation zones and is associated with quartz veins and/or disseminated as 
gold-rich arsenopyrite and pyrrhotite. 

Structure III controls the mineralization in the Mina III, Mina Nova, 
Corpo IX, Inga, and other orebodies, is divided into Upper and Lower 
Zones and also occurs in the hydrothermally-altered carbonaceous schist 
of the Ribeirão das Antas formation. The Upper Zone (Yamaoka & 
Araújo, 1988) is related to massive sulfides lenses composed mainly of 
arsenopyrite and pyrrhotite. The Lower Zone is a low-angle thrust fault 
in the carbonaceous schist above the contact between the meta-
graywacke. Its mineralization is related to arsenopyrite, pyrrhotite and 
minor chalcopyrite disseminated in 0.5 to 5 m thick quartz veins that 
reach up to 700 m deep. 

The first geochronological studies on the hydrothermal alteration 
halos applying Rb-Sr, K-Ar, and Ar-Ar methods determined mineraliza-
tion ages from 750 to 550 Ma, suggesting that the Crixás gold miner-
alization is Neoproterozoic and related to the Brasiliano Orogeny 
(Fortes, 1996; Fortes et al.,1997). Later Re-Os dating in arsenopyrite 
from massive sulfide lenses of the Mine III Upper Zone indicates dates ca. 
2126 ± 16 Ma (Marques et al., 2013), and 2137 ± 11 Ma (Borges et al., 
2021b), suggesting a Paleoproterozoic age for the mineralization and 
indicating that the previously obtained Neoproterozoic age likely rep-
resents the metamorphic overprinting due to the Brasília Belt Orogeny 
(Jost et al., 2014). 

Fig. 3. Log profile of the drill hole CPIVESD0031 illustrating the mineralized Palmeiras Structure and Structure IV.  
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3. Sampling and analytical methods 

3.1. Sampling 

This study focuses on the Palmeiras Structure and Structure IV that 
intercept the metabasalts and carbonaceous schists, respectively (Fig. 3). 
The sampling was performed in drill core samples collected from a 1200 
m deep drill hole located in the Corpo IV orebody (Fig. 3). Fifteen cm- 
long core samples were collected from the CPIVESD0031 drill hole 
every 2 m, with denser sampling (i.e., every 1 m) in the mineralized 
zones. A total of 619 samples were used for the petrographical, spectral, 
geochemical, and petrophysical investigation. 

3.2. Petrography and mineral chemistry 

A total of 30 representative thin sections were petrographically 
analyzed to identify the mineral assemblages as well as the metamorphic 
and hydrothermal textures recorded on host rocks and mineralized 
samples. Also, mineral chemistry analyses were performed at the Elec-
tronic Microprobe Laboratory of the University of Brasilia to comple-
ment the petrographical study. The JEOL JXA-8230 equipment used 
works between 15 and 20 kV, 10 to 20nA current, and 1 to 5 µm beam 
diameter. The analyzed minerals include chlorite, amphibole, carbon-
ates, micas, and plagioclases. The analytical results are included in the 
supplementary data (Appendix C). 

3.3. Reflectance spectroscopy 

Reflectance spectroscopy data were obtained with a FieldSpec-3 
HiRes® spectroradiometer (ASD). The instrument works within a 
350–2500 nm spectral range and a 1.4 nm to 350–1050 nm (VNIR) and 
2 nm to 1000–2500 nm (SWIR) sampling interval, with a spectral res-
olution of 3 nm on VNIR and 8 nm on SWIR. Each saved spectrum 
represents the average of 50 spectra measured at the same points and in 
total 5457 spectra were acquired in 607 samples. The spectral signatures 
were analyzed using The Spectral Geologist (TSG CoreTM) software. 

Each mineral has a specific spectral signature, controlled by its 
chemical composition and crystal structure, wich is defined by the 
spectral parameters position, shape, and depth of the absorption features 
(Van der Meer, 2004). The relative abundance, chemical composition, 
and degree of crystallinity data are acquired based on the spectral pa-
rameters calculations that can be directly correlated with other numeric 
attributes such as geochemistry. In this study, the relative abundance 
and chemical composition of each mineral was obtained by the depth 
and the wavelength position of the deepest absorption feature in the 
continuum-removed spectrum, respectively. Filters and masks adapted 
for this work to obtain the spectral indices are presented in Appendix A. 

The spectral parameter calculations results were plotted in a sche-
matic profile of the drill hole CPIVESD0031 to understand the varying 
spectral properties of some key minerals concerning the different lith-
ological and alteration patterns along the drill core. The results were 
validated by the petrographical and mineral chemistry analyses. 

3.4. Geochemistry 

Whole-rock geochemical analyses of 619 samples were performed 
following standard laboratory procedures at the commercial geochem-
istry ALS Laboratory, in Goiânia, Brazil. Major elements are presented as 
the weight percentage of elemental oxide determined by the ICP – AES 
method. Trace elements, including rare earth elements (REE), are pre-
sented as a percentage per million (ppm) determined by ICP-MS. C and S 
dosages were determined by the combustion furnace method. The 
metals Ag, As, Cd, Cu, Li, Mo, Ni, Pb, Sc, Tl, and Zn were determined by 
ICP-AES. It is highlighted that the iron analysis corresponds to Fe2O3T. 
A complete description of the analytical methods and the CCP-PKG01 
package is available on the ALS website (www.alsglobal.com). The 

analytical results are included in the supplementary data (Appendix D). 
Elements present in amounts below the detection limit of the methods 
are not shown in the tables. Geochemical data were processed using 
Excel (Microsoft). 

To characterize the geochemical patterns of mineralized structures, 
strip logs were constructed with chemical analysis for major and minor 
elements from the drill core samples. These profiles allowed us to assess 
the chemical behavior of elements throughout the CPIVESD0031 drill 
hole. To compare the geochemical signatures of the hydrothermalized 
halos and host rocks, the ratios between the dosages of chemical ele-
ments in the hydrothermalized and non-hydrothermalized samples were 
calculated for each mineralized zone. Ratios above 1 indicate that the 
element concentration increased in the alteration halo relative to the 
unaltered sample, while ratios below 1 indicate depletion. 

3.5. Petrophysics 

Density and magnetic susceptibility were determined to characterize 
the physical properties signatures of the lithological units and the 
mineralized structures of the CGB. The results of the density calculations 
and magnetic susceptibility measurements versus CPIVESD0031 drill 
hole depth were plotted in scatter plots. Table 1 and box plots show the 
statistical analysis results. 

The density of drill core samples was determined by weighing 607 
samples in an IND560 industrial weighing scale. A docked base was used 
to weigh the samples immersed in water. The density values were 
calculated based on the Archimedes Principle, which determines that: Ds 
= (Mss/Mss-Msi). Dl, where Ds is the density of a solid; Mss is the dry 
solid mass; Msi, wet solid mass, and DI is the density of the liquid used in 
the measurements. 

The magnetic susceptibility was measured using a portable KT-10 
susceptibility meter, manufactured by Terra Plus. This equipment 

Table 1 
Magnetic susceptibility and density of the CGB rock units measured in the 
CPIVESD0031 drill hole samples.  

Lithology  Magnetic 
Susceptibility (x 
10–3SI) 

Density (g/ 
cm3) 

Talc schist Mean 4.491 2.884 
Range 0.428–8,287 2.812 – 2.956  

Metabasalt Mean 0.639 3.009 
Range 0.131 – 2.233 2.786 – 3.67  

Quartz-chlorite-carbonate- 
sericite schist 

Mean 0.707 2,876 
Range 0.204 – 1424.545 2.5 – 3.576  

(densdade e susceptibilidade 
magnética) Chlorite-garnet 
schist 

Mean 0.838 2.879 
Range 0.355 – 75.632 2.428 – 3.727  

Amphibole schist Mean 0.729 3.080 
Range 0.514 – 0.849 2.875 – 3.2  

Dolomite Mean 0.120 2,825 
Range 0.006 – 0.518 2.130 – 3.733  

Carbonaceous schist Mean 0.421 2,781 
Range 0.020 – 2.876 2.471–3.880  

Metagreywacke Mean 0.385 2,802 
Range 0.137 – 0.642 2.658 – 2.980  

Quartz-chlorite-garnet-sericite 
schist 

Mean 0.584 3.030 
Range 0.311 – 2.769 2.933 – 3.165  

L.M. Campos et al.                                                                                                                                                                                                                             

http://www.alsglobal.com/


Ore Geology Reviews 146 (2022) 104925

7

works in contact with the sample and provides values in ×10–3 SI units. 
All values are averages of 3 measurements per sample. 

4. Results 

4.1. Gold mineralization and hydrothermal alteration 

Based on petrographic analyses, the observed mineralogical and 
textural variations allowed the determination of alteration halos from 
unaltered portions of the host rock to the distal, intermediate and 
proximal portions of each mineralized zone. The adopted lithotype 
nomenclature was previously defined by Mineração Serra Grande Ltd 
and is summarized in Fig. 3. 

4.1.1. Palmeiras structure 
Compositional and textural variations towards the mineralized zone 

allowed to differentiate the unaltered metabasalt and the hydrothermal 
alteration halos, defined as distal, intermediate, and proximal halos 
(Fig. 5a–e). 

4.1.1.1. Metabasalt (Unaltered host rock). The mafic metavolcanic 
sequence (Rio Vermelho Formation) is characterized by dark green, 
predominantly fine- to medium-grained massive to slightly foliated 
metabasalts (Fig. 5a). Locally, primary igneous features like pillow lavas 
and amygdalas can be observed. The metabasalt metamorphic assem-
blage consists of hornblende (ca. 30–60 vol%), plagioclase (ca. 10–30 

vol%), and carbonate (ca. 3–10 vol%), with subordinate chlorite, 
actinolite, epidote, and quartz (ca. 1–5 vol%). Ilmenite (ca. 1–3 vol%), 
titanite, apatite, rutile, and sulfides (pyrite and chalcopyrite) occur as 
accessory minerals, corresponding to <1 vol% of the modal 
composition. 

The primary texture is pseudomorphic intergranular. The interstices 
between the euhedral to subhedral amphibole crystals are filled with 
recrystallized and very fine-grained anhedral plagioclase and quartz 
(Fig. 5f and g). Fine-grained secondary carbonates may be present. 
Metamorphic nematoblastic texture domains are marked by the pref-
erential orientation of amphiboles in one or more directions, associated 
with granoblastic texture domains consisting of recrystallized quartz, 
plagioclase, and carbonate. Primary amygdalas and late carbonate or 
quartz-rich veinlets may occur. 

Mineral chemistry data (Appendices B and C) indicate that the 
plagioclase composition corresponds to oligoclase, whereas amphibole 
has a transitional composition between Mg-hornblende and tscherma-
kite, predominantly. Actinolite may also be present. The hornblende +
oligoclase mineral assemblage indicates metamorphism under amphib-
olite facies. The presence of chlorite, actinolite, and epidote indicates 
retrograde metamorphism under greenschist facies conditions. 

4.1.1.2. Distal hydrothermal alteration halo. The distal halo of the Pal-
meiras Structure is represented by foliated greenish-gray schist, defined 
by alternating amphibole- and lamellar minerals-rich domains, and 
quartz- and carbonate-rich domains (Fig. 5b). It consists of chlorite (ca. 

Fig. 4. Paragenetic sequences of the hydrothermal alteration halos of the Palmeiras Structure and Structure IV. The line thickness indicates mineral concentrations.  
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15–30 vol%), hornblende (ca. 15–20 vol%), quartz (ca. 20–30 vol%), 
plagioclase (ca. 10–15 vol%), biotite (ca. 10–15 vol%), carbonate (ca. 
1015 vol%), epidote (ca. 2–5%), ilmenite (ca. 1%), sulfides (<1 vol%), 
and rutile (<1 vol%). The texture is lepidoblastic, marked by chlorite 
and biotite orientation. Biotite may be partially or totally replaced by 
chlorite (Fig. 6a). Subhedral hornblende, oriented according to one or 
two directions of tectonic foliation, defines the nematoblastic texture 
domains. Fine-grained quartz and plagioclase constitute recrystallized 
granoblastic domains. Fine-grained anhedral carbonate may occur in 
minor proportions. Ilmenite is characterized as small fine-grained ori-
ented prismatic subhedral crystals. The sulfides are very fine-grained 
anhedral pyrite and chalcopyrite. Quartz and carbonate-rich veinlets 
may also occur. 

Mineral chemistry data indicate an oligoclase composition for the 
plagioclase and compositions ranging from Mg-hornblende to tscher-
makite for the amphibole. Chlorite has significant Fe content and is 
classified as ripidolites. Carbonates are classified as calcite and Fe- 
dolomite (Appendices B and C). The metamorphic paragenesis of 
amphibolite facies is partially preserved, represented by hornblende and 
oligoclase. Chlorite, biotite, carbonate, and epidote constitute the hy-
drothermal assemblage of this halo. 

4.1.1.3. Intermediate hydrothermal alteration halo. The intermediate 
halo exhibits rocks with similar mineralogical composition but different 
mineral textures and proportions. In general, this halo has a greenish- 
gray rock, marked by alternating layers of quartz and carbonate with 
layers of micaceous minerals and epidote porphyroblasts that are ori-
ented according to the tectonic foliation (Fig. 5c and Fig. 6d). A fine- 
grained gray rock, with a less developed foliation, is also observed in 
the transition to the proximal halo (Fig. 5d). This transitional domain 
consists of micaceous minerals, carbonate, quartz, fine-grained magne-
tite, and less epidote. Veinlets filled with quartz and carbonate are 
common. 

The mineral assemblage consists of chlorite (ca. 30–40 vol%), 
epidote (ca. 10–30 vol%), carbonate (ca. 15–30 vol%), quartz (ca. 
15–40 vol%), biotite (ca. 2–8 vol%), ilmenite (ca. 3 vol%), and sulfides 
(pyrite and chalcopyrite <1 vol%). Allanite and rutile constitute <1 vol 
% of the modal composition. Very fine-grained plagioclase (ca. 5–15 vol 
%) occurs in recrystallized domains and may be saussuritized. Magnetite 
(<3 vol%) and muscovite (<15 vol%) may also be present. Compared to 
the distal halo, the main difference is the complete absence of Mg- 
hornblende and decreasing biotite, giving rise to higher concentra-
tions of epidote and carbonate. Muscovite and magnetite appear in the 
transition to the proximal halo. 

Fig. 5. Samples of the Palmeiras Structure hydrothermal alteration halos. From left to right, unaltered host metabasalt (A), and the distal (B), intermediate (C and D), 
and proximal halos (E). (F and G) Photomicrographs of fine-grained metabasalt showing partially preserved intergranular texture, characterized by recrystallized 
plagioclase and quartz in the interstitial spaces between large subhedral hornblende crystals. Images are in plane (F) and crossed polarized lights (G). Abbreviations: 
Cbt – carbonate; Hbl – hornblende; Ilm – ilmenite; Plg – plagioclase; Qtz – quartz. 
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This halo is also characterized by a strongly foliated rock with a 
lepidoblastic texture defined by chlorite, muscovite, and biotite. Biotite 
porphyroblasts up to 4 mm also occur. Subhedral epidote porphyroblasts 
up to 1 cm are observed encompassing inclusions of fine-grained ori-
ented ilmenite and minerals of the rock matrix. The epidote can also 
occur as fine-grained anhedral crystals, defining granoblastic domains 
with fine-grained quartz and plagioclase (Fig. 6c and d). Carbonate 
appears as fine to medium-grained anhedral crystals in smaller 
proportions. 

A third petrographical pattern of this transitional domain is defined 
by a fine-grained grayish rock composed of chlorite and carbonate, 
predominantly. Quartz, plagioclase, epidote, biotite, ilmenite, magne-
tite, muscovite, and sulfides occur in minor proportions. The orientation 
of the chlorite lamellae defines the lepidoblastic texture. Medium- 
grained anhedral carbonate and fine-grained quartz-enriched portions 

define the granoblastic texture domains (Fig. 6b). Fine-grained rod- 
shaped ilmenite occurs oriented according to the foliation. Magnetite 
appears as fine- to medium-grained subhedral crystals. Fine-grained 
quartz and plagioclase crystals compose the recrystallized matrix. 

Compared with the distal halo, the carbonate composition shows a Fe 
and Mg increase and Ca decrease, also classified as Fe dolomite and 
ankerite, while chlorite is classified as ripidolite and exhibits Fe increase 
and Mg decrease. Plagioclase composition corresponds to oligoclase 
(Appendices B and C). 

4.1.1.4. Proximal hydrothermal alteration halo. The proximal halo is 
characterized by grayish fine-grained foliated rock, consisting of 
magnetite and mm-sized quartz-rich domains intercalated with chlorite- 
and mica-rich layers (Fig. 5e). 

The mineral assemblage consists of chlorite (ca. 25–35 vol%), 

Fig. 6. Photomicrographs of the Palmeiras Structure hydrothermal alteration halos. A) Distal halo: Chlorite replacing biotite oriented according to the foliation. B) 
Intermediate halo: Lepidoblastic texture is defined by chlorite and granoblastic domains composed of carbonate, quartz, and plagioclase. C and D) Intermediate halo: 
epidote and biotite porphyroblasts and chlorite oriented according to the tectonic foliation and a muscovite and fine-grained recrystallized quartz-rich groundmass. E 
and F) Proximal halo: sin- to late-tectonic magnetite porphyroblasts arranged in a matrix consisting of muscovite and paragonite, Fe-Mg chlorite and ilmenite 
oriented according to the foliation. Abbreviations: Bt – biotite; Cbt – carbonate; Chl – chlorite; Ep – epidote; Hbl – hornblende; Ilm – ilmenite; Mg – magnetite; Ms – 
muscovite; Qtz – quartz. 
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muscovite (ca. 30–45 vol%), quartz (ca. 15–20 vol%), plagioclase (ca. 
10–12 vol%), and magnetite (ca. 10–15 vol%), as well as ilmenite (ca. 3 
vol%), epidote (<1 vol%), tourmaline (<1 vol%), and sulfides (<1 vol 
%), such as pyrite and chalcopyrite. The tectonic foliation is character-
ized by a spaced, anastomosing schistosity, defined by the preferential 
orientation of muscovite and chlorite lamellae, among fine-grained 
recrystallized groundmass of quartz and plagioclase. Quartz is also 
present as a medium to fine-grained recrystallized crystals in lenses 
associated with pressure shadows developed around magnetite por-
phyroblasts (Fig. 6e and f). Ilmenite occurs as rod-shaped crystals ori-
ented according to the foliation. Very fine-grained green tourmaline 
may be present disseminated in the rock, as well as relics of fine-grained 
anhedral epidote and carbonate crystals. 

This halo differs from the others due to white mica and magnetite 

enrichment, biotite disappearance, and the restricted occurrence of 
epidote and carbonate. Compared to the distal and intermediate halos, 
chlorite and carbonate are more enriched in Fe while plagioclase has an 
oligoclase composition. White mica predominantly has a muscovite 
composition and paragonite is also present in minor proportion 
(Appendices B and C). 

4.1.2. Structure IV 

4.1.2.1. Carbonaceous schist (Unaltered host rock). Structure IV in-
tercepts the carbonaceous schist characterized as a dark, foliated and 
fine-grained rock composed of thin layers of black carbonaceous matter 
and micaceous minerals, alternated with thin quartz and plagioclase- 
bearing layers (Fig. 7a). Disseminated fine-grained sulfide and quartz 

Fig. 7. Samples of Structure IV mineralized zone. A) Fine-grained dark gray carbonaceous schist, with crenulations and partial overprint of S1 foliation. B) Distal 
halo: fine-grained gray rock, strongly foliated, characterized by alternating carbonaceous matter and micaceous-bearing bands and quartz and plagioclasio-bearing 
bands. C) Intermediate halo: light gray, foliated rock composed of carbonaceous matter, quartz, and carbonates with sulfide-rich domains. D) Proximal Halo: light 
gray rock composed of quartz, carbonate, carbonaceous material, and sulfides. The foliation is partially obliterated by quartz veins and silicification. (E and F) 
Photomicrographs of the carbonaceous schist of the Crixás greenstone belt. The rock has domains composed of carbonaceous material and biotite alternated with 
granoblastic domains of fine-grained quartz, plagioclase, and garnet. Abbreviations: Bt – biotite; Grt – garnet; Pl – plagioclase; Qtz – quartz. 
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or carbonate-rich veins are common in this unit. 
Carbonaceous schists consists mainly of quartz (ca. 20–40 vol%), 

carbonaceous matter (ca. 60–50 vol%), and biotite (ca. 3–20 vol%), as 
well plagioclase (ca. 3–10 vol%), muscovite (ca. 0–10 vol%), chlorite 
(ca. 1–10 vol%) and garnet (ca. 1–8 vol%) in smaller proportions. Pyr-
rhotite, chalcopyrite, arsenopyrite, ilmenite, and zircon are common 
minerals and constitute <1% of the mineral assemblage. Lepidoblastic 
texture domains are defined by the orientation of biotite, chlorite, and 
muscovite dispersed among the carbonaceous matter that commonly 
exhibits folding and crenulation. Anhedral quartz and plagioclase with 
oligoclase to andesine compositions (Appendices B and C) constitute 
fine-grained, recrystallized domains (Fig. 7e and f). Garnet occurs as 
subhedral crystals ranging from 0.05 to 0.2 mm or as porphyroblasts up 
to 0.7 mm with inclusions of the groundmass minerals. 

4.1.2.2. Distal hydrothermal alteration halo. The effects of the hydro-
thermal alteration process on the distal halo are slightly pervasive, 
resulting in few mineralogical and textural modifications compared to 
the intermediate and proximal halos. The dark grayish rock is charac-
terized by alternating millimeter carbonaceous matter and micaceous 
mineral-bearing layers with the quartz-rich layers (Fig. 7b). The tectonic 
foliation is characterized by a spaced schistosity, with a preferential 
mica and chlorite orientation. 

The rock mineral composition consists of quartz (ca. 40 vol%), bio-
tite (ca. 30 vol%), chlorite (ca. 20–25 vol%), carbonaceous material (ca. 
20–25 vol%), muscovite (ca. 20 vol%), plagioclase (ca. 5 vol%), and 
garnet (ca. 2 vol%). Ilmenite, pyrrhotite, and chalcopyrite comprise <1 
vol% of the modal composition. The texture is defined by lepidoblastic 
domains, marked by the orientation of biotite and chlorite lamellae 

according to the rock foliation, alternated with granoblastic domains 
defined by fine-grained recrystallized quartz and plagioclase. Anhedral 
garnet porphyroblasts are common and may exhibit poikiloblastic 
texture, with inclusions of the matrix minerals. Garnet also occurs as fine 
to medium-grained crystals. Chlorite occurs oriented, replacing biotite. 

The distal halo is characterized by a slight increase in chlorite and 
white mica, and a decrease in carbonaceous material. Mineral chemistry 
data indicate that the white mica corresponds to muscovite. Plagioclase 
is classified as oligoclase (Appendices B and C). 

4.1.2.3. Intermediate hydrothermal alteration halo. The intermediate 
halo is characterized by a fine-grained grayish rock, composed of 
carbonaceous matter and micaceous minerals. Sulfide-rich and colorless 
domains, composed of quartz and carbonate, are also observed. Quartz 
and carbonate veinlets are common (Fig. 7c). 

The mineral assemblage consists of quartz (ca. 35–45 vol%), 
muscovite (ca. 25–39 vol%), carbonate (ca. 12–15 vol%), carbonaceous 
matter (ca. 10–15 vol%), biotite (ca. 3–6 vol%), and chlorite (ca. 3 vol 
%). Allanite, apatite, rutile, tourmaline, pyrrhotite, arsenopyrite, chal-
copyrite, and ilmenite occur as accessory minerals, comprising <1 vol% 
of the modal composition. The rock is characterized by lepidoblastic 
texture domains with biotite, chlorite, and muscovite lamellae oriented 
according to the tectonic foliation. Granoblastic domains composed of 
medium to coarse-grained quartz and carbonate crystals also occur 
(Fig. 8a and b). Quartz is present as anhedral crystals, with irregular 
contacts and undulating extinction. Sulfides occur as fine to medium- 
grained anhedral crystals, represented by pyrrhotite and arsenopyrite. 
Chalcopyrite is rare and always associated with pyrrhotite crystals. Very 
fine-grained tourmaline occurs as clusters of tabular crystals with light 

Fig. 8. Photomicrographs of Structure IV hydrothermal alter-
ation halos. A and B) Intermediate Halo: lepidoblastic domains 
with muscovite, biotite, chlorite, and carbonaceous matter- 
bearing layers alternated with granoblastic recrystallized 
quartz and carbonate domains. C and D) Proximal halo: biotite 
porphyroblasts and tourmaline clusters, and quartz, carbonate, 
and plagioclase layers. E) Proximal halo: fine-grained and 
recrystallized granoblastic matrix composed of quartz, 
plagioclase, carbonate, and rutile, with biotite and muscovite 
lamellae. F) Proximal halo: coarse-grained plagioclase sur-
rounded by tourmaline cluster and biotite lamellae in a 
recrystallized matrix composed of quartz, plagioclase, and 
carbonate. Abbreviations: Bt – biotite; Cbt – carbonate; Chl – 
chlorite; Ms – muscovite; Pl – plagioclase; Qtz – quartz; Rt – 
rutile; Tur – tourmaline.   
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greenish pleochroism. 
Chlorite compositions correspond to ripidolite and plagioclase is 

classified as oligoclase. Carbonate is classified as Fe dolomite (Appen-
dices B and C). 

In this halo, the hydrothermal process is more evident due to quartz, 
carbonate, and muscovite enrichment, accompanied by decreasing 
biotite, carbonaceous matter, and chlorite. 

4.1.2.4. Proximal hydrothermal alteration halo. The proximal halo is 
characterized by a massive light-gray rock composed predominantly of 
quartz and carbonate, with some domains consisting of relics of lamellar 
minerals and carbonaceous matter. Sulfide-rich domains are recurrent 
(Fig. 7d). 

The proximal halo consists mainly of quartz (ca. 40–45 vol%), 
plagioclase (ca. 20–30 vol%), carbonate (ca. 15–20 vol%), carbonaceous 
matter (ca. 5–10 vol%), biotite (ca. 5–10 vol%), muscovite (ca. 3–8 vol 
%), and tourmaline (ca. 2 vol%). Chlorite, rutile, allanite, and apatite 
constitute <1 vol% of the modal composition. Sulfides are represented 
by arsenopyrite, pyrrhotite, and chalcopyrite and may constitute <5 vol 
% of the mineral assemblage. Arsenopyrite is the predominant sulfide 
phase, and chalcopyrite occurs eventually as very fine-grained crystals. 
The predominant rock texture is granoblastic, characterized by medium- 
grained recrystallized aggregates of quartz, carbonate, and plagioclase. 
Locally, idioblastic and lepidoblastic domains occur with oriented 
muscovite and biotite lamellae. Biotite may be replaced by chlorite 
(Fig. 8e). 

Muscovite appears as very thin lamellae. Biotite occurs as fine- 
grained lamellae dispersed in the rock matrix and as porphyroblasts 
up to 1.5 mm. Tourmaline is present as very fine-grained tabular crystals 
with greenish pleochroism occurring mainly concentrated in irregular 
domains and surrounding plagioclase and biotite porphyroblasts (Fig. 8c 

and d). Plagioclase is commonly saussuritized and occurs as fine-grained 
anhedral crystals or as coarse grains with inclusions (Fig. 8e and f). 

The mineral assemblage and textures suggest an intense hydrother-
mal alteration zone where the original mineralogy was completely 
altered, and the foliation was obliterated. 

Mineral chemistry data (Appendices B and C) indicate oligoclase 
composition for the plagioclase in this halo. Chlorite is classified as 
ripidolite, similar to the other halos. White mica composition corre-
sponds to muscovite, and carbonate is Fe dolomite. 

4.2. Reflectance spectroscopy 

Reflectance spectroscopy allowed identifying different mineral 
groups, such as: chlorite (Mg chlorite, Mg-Fe/Fe-Mg chlorite, and Fe 
chlorite), hornblende, carbonate (ankerite, calcite, and dolomite), white 
mica (muscovite and paragonite), epidote and talc (Fig. 9). 

4.2.1. Chlorite 
The chlorite spectrum is characterized by two main SWIR absorption 

features; one between 2240 and 2270 nm, related to the Fe-OH bond or 
Al(Mg, Fe)–OH (Lypaczewski and Rivard, 2018), and another between 
2317 and 2365 nm associated with Mg-OH (Clark et al., 1990; King and 
Clark, 1989). The positions of both absorption features change accord-
ing to the chlorite composition, shorter and longer wavelengths indicate 
Mg-rich and Fe-rich compositions, respectively (McLeod et al., 1987). 
Mg chlorite exhibits absorption features at approximately 2240–2255 
nm and 2319–2342 nm (Yang et al., 2005). Absorption features at 
2250–2262 nm and 2342–2365 nm characterize intermediate Mg-Fe 
chlorites whereas 2257–2265 nm and 2355–2365 nm characterize Fe 
chlorites (Fig. 9; Yang et al., 2005). 

In the present study, the drill core samples show that chlorite is the 

Fig. 9. Stacked continuum-removed reflectance spectra of minerals identified in the rock samples from the CPIVESD0031 drill hole.  
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most abundant mineral. The parameter 2340Dcl (Appendix A) uses the 
depth of the ~2340 nm absorption feature to calculate chlorite relative 
abundance. Chlorite was identified in spectra commonly associated with 
carbonate (calcite, Fe-dolomite and ankerite) and epidote. In the CPI-
VEDS0031 drill core samples, chlorite occurs predominantly in the 
hydrothermalized mafic rock represented by quartz-chlorite-carbonate- 
sericite schist and chlorite-garnet schist, including in the hydrothermal 
alteration halos of the Palmeiras Structure, and occasionally in the 
metabasalt. In the carbonaceous schist unit, chlorite content is lower and 
related to hydrothermalized zones as well (Fig. 10). 

Chlorite composition (2340Wvl, Appendix A) was defined by the 
position of the ~2340 nm absorption feature. The results were plotted in 
a frequency histogram to identify the compositional variation that 
shows the predominance of Mg-rich and Fe/Mg-rich chlorite composi-
tions, and less Fe-rich chlorite. The most Fe-enriched chlorite occurs 
predominantly in the hydrothermal zones of the Palmeiras Structure and 
Structure IV, whereas Mg-enriched chlorite occurs in unaltered host rock 
(Fig. 10). This result was confirmed by the mineral chemistry analysis 
(Appendix C). 

4.2.2. Hornblende 
Hornblende is characterized by Mg-OH-related diagnostic features 

between 2300 and 2330 nm, and between 2375 and 2400 nm (Fig. 9; 
Hunt, 1977). In this study, the parameter 2320Danf was used to define 
hornblende relative abundance considering the depth of ~2320 
absorption-feature (Appendix A). Along the drill hole, hornblende is the 
second most abundant mineral and is predominantly associated with the 
metabasalt unit, also occurring in some hydrothermalized metabasalt 
domains, such as quartz-chlorite-carbonate-sericite schists (Fig. 10). 

4.2.3. Carbonates 
The spectral signature of carbonates is characterized by CO3

2– related 
absorption features in, 2300–2350 nm and three other minor features in 
1870–1886 nm, 1985–2008 nm and 2135–2170 nm (Gaffey, 1986). The 
absorption feature at ~2300 nm occurs as a function of the carbonate 

composition and can vary between 2306 and 2330 nm (dolomite), 
2316–2340 nm (ankerite), and 2327–2349 nm (calcite). 

The carbonate abundance algorithm 2328Dc (Modified from Prado 
et al., 2016; Appendices A) considered the depth of the absorption 
feature at ~2328 nm. The results indicate that carbonate predominates 
in the dolomite layers, but it also occurs in zones of hydrothermalized 
metabasalts and carbonaceous schists. 

The carbonate composition parameter (2328 Wvl, Appendix A) 
considers the wavelength position of the ~2328 nm absorption feature 
for distinguishing calcite, dolomite and ankerite. The results indicate the 
predominance of dolomite in the drill hole samples (Fig. 11). Ankerite 
and Fe-dolomite occur strictly in mineralized structures (Fig. 10). 
Calcite occurs in quartz-carbonate veinlets hosted in volcanic mafic 
rocks (Fig. 10). Even though iron carbonates may also be identified by 
the Fe2+ absorptions features in ~1060 and ~1270 nm (Fig. 9; Hunt and 
Salisbury, 1971; Gaffey, 1986; Clark et al., 1990; Clark, 1999), in this 
study these absorptions features were not efficient for calculating the 
carbonate parameters. 

4.2.4 White mica 

The Al-OH related absorption feature near 2200 nm is a function of 
the Al content in the octahedral cation sites and defines the white mica 
spectrum signature (Vedder and McDonald, 1963; Post and Noble, 
1993). Absorptions between 2180 and 2190 nm correspond to para-
gonite (Na-rich white mica), while features between 2200 and 2208 nm 
characterize Al-rich muscovite (Fig. 11). Al-poor phengite is identified 
by absorptions between 2216 and 2228 nm (Post and Nobe, 1993). 

In this study, the white mica relative abundance was defined by the 
parameter 2200Dwm, which is calculated by the depth of ~2200 nm 
absorption feature (Appendix A). The results exhibit the presence of 
white micas in the hydrothermalized mafic rock domains, dolomites, 
and carbonaceous schist, including the hydrothermal alteration halos of 
the Palmeiras Structure and Structure IV. 

The parameter 2200Wvl determines the white mica composition as a 

Fig. 10. Results of the composition and relative abundance spectral parameters calculations in relation to the different lithological units and mineralized zones along 
the CPIVESD0031 drill hole. 
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function of the absorption feature position observed near the 2200 nm 
wavelength. The results were plotted in the histogram (Fig. 11), where it 
is observed white mica compositions tending to paragonite with ab-
sorptions ranging between 2192 and 2200 nm that occurs strictly in the 
Palmeiras Structure proximal halo (Fig. 10). Also, muscovite spectra 
with absorption features between 2200 and 2209 nm (Fig. 11) are 
observed and it occurs preferably in the alteration halos of the Palmeiras 
Structure and Structure IV (Fig. 10). 

4.2.5. Epidote 
Epidote was identified in spectra based on the OH absorption fea-

tures at ~1550 and ~1830 nm (Yang et al., 2005) since its most 
prominent Fe-OH-related absorptions at ~2255 and ~2340 nm 
(Liebscher, 2004) overlap the diagnostic features of chlorite and car-
bonates in mineral mixtures The 1550D relative abundance parameter 
was defined based on the depth of the ~1550 nm feature. The result 
showed that epidote occurs predominantly in the Palmeiras Structure 
hydrothermal zone, with some occasional occurrences in the non- 
hydrothermalized metabasalt (Fig. 10). 

4.2.6 Talc 

Talc can be identified by the doublet MgOH- related feature at 
~2288 and ~2310 nm, and by the secondary feature at ~2387 nm 
(Fig. 9; Clark et al., 1990). The 2290D algorithm was used to define the 

relative abundance of talc in drill core samples, based on the analysis of 
the depth of the absorption feature at ~2387 nm (Appendix A). The 
results indicated that talc occurs strictly in the talc schist at the top of the 
CPIVESD0031 drill hole and in some samples of quartz-chlorite- 
carbonate-sericite schist (Fig. 10). 

4.3. Geochemistry of mineralized zones 

4.3.1. Palmeiras Structure 
The major element analyses indicate a significant K2O, BaO and LOI 

increase in the hydrothermalized metabasalt, and even higher in the 
three alteration halos associated with the Palmeiras Structure (Fig. 12). 
Also, progressive Na2O, Fe2O3, Ti2O, Al2O3, and Cr2O3 enrichment is 
observed toward the proximal halo (Fig. 12). The distinct behavior of 
MnO showed increasing concentrations in the distal and intermediate 
halos, followed by significant depletion in the proximal halo. And CaO, 
MgO, and P2O exhibited progressive depletion toward the proximal halo 
(Fig. 12). 

Analyses of trace elements show that hydrothermal alteration halos 
have significant enrichment in Ba, Cs, Rb, U, Li, W, and ETR (Fig. 12). 
Whereas V, Co, Cd, and Zn concentrations increased less along the hy-
drothermal alteration zone (Fig. 12). 

4.3.2. Structure IV 
Despite the chemical differences observed between the hydrothermal 

Fig. 11. Histogram showing the varying composition of chlorite, carbonate and white mica based on spectral data. The representative SWIR spectra of each 
identified mineral composition are displayed to the right of each histogram. 
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Fig. 12. A) Results of the ratio calculations between the concentration of the chemical elements in the hydrothermal halos and unaltered host rocks along the 
Palmeiras Structure. Ratios below 1 indicate element depletion, whereas ratios above 1 indicate element enrichment. B) Chemical behavior of selected elements in 
the metabasalt and quartz-chlorite-sericite schist samples, as well as in the hydrothermal halos along the Palmeiras Structure. 
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alteration halos and the host metasedimentary rocks (Fig. 13), the 
geochemical changes were less pronounced in the hydrothermal alter-
ation halos of Structure IV compared to the Palmeiras Structure. 

The results on major elements indicate SiO2 and CaO enrichment in 
all hydrothermal alteration halos. Also, Na2O and P2O increased in distal 
and proximal halos and decreased the intermediate halo. K2O increased 
in the intermediate halo, with lower concentrations in the distal and 
proximal halos (Fig. 13). On the other hand, Fe2O3, MgO, and MnO show 
progressive depletion towards the proximal halo (Fig. 13). Al2O3 and 
TiO2 also display a decrease in their concentrations in all the hydro-
thermal halos (Fig. 13). 

Regarding trace elements, As, Sb, W, Te, and Re exhibit higher 
concentrations in the hydrothermal alteration halos than the host rock. 
Mo, Bi, and S, also increase in the proximal halo (Fig. 13). 

4.4. Physical properties of rocks 

Table 1 presents the statistical analyses (mean, minimum and 
maximum values) and the measured physical properties, density and 
magnetic susceptibility, of the lithological components of the rock 
samples collected in the CPIVESD0031 drill hole. 

4.4.1. Density 
The density values vary between 3.880 and 2.130 g/cm3 (Table 1; 

Fig. 14). The ultramafic unit is represented by talc schist with an average 
density close to 2,884 g/cm3 and a small range between 2.812 and 
2.956 g/cm3 (Fig. 14). 

Metabasalt and amphibole schist average densities are close to 3.009 
g/cm3 and 3.080 g/cm3, respectively, ranging from 2.786 to 3.67 g/cm3 

for metabasalt and from 2.875 to 3.2 g/cm3 for amphibole schist 
(Table 1). Anomalous values such as densities below the average 
determined for metabasalt indicate hydrothermalized samples or sam-
ples with amygdala and venulations (Fig. 14). The density of hydro-
thermalized metabasalts, such as quartz-chlorite-carbonate-sericite 
schist and chlorite-garnet schists, decreases significantly due to the 
replacement of metamorphic minerals with less dense hydrothermal 
alteration minerals. 

The average density of quartz-chlorite-carbonate-sericite schist is 
2.876 g/cm3, ranging from 2.5 to 3.576 g/cm3 (Table 1). Anomalous 
values such as higher-than-expected densities correspond to samples 
from the Palmeiras Structure proximal halo (highlighted in Fig. 14). This 
density increase is a response to Fe enrichment as indicated by the 
magnetite abundance in the mineral assemblage as well as the mineral 
chemistry data of chlorite and carbonate. 

The average density of chlorite-garnet schist is close to 2.879/cm3 

with a relatively broad range, between 2.428 and 3.727 g/cm3 (Table 1), 
whereas anomalous density values between 3.33 and 3.47 g/cm3 were 
obtained for the domain below the Palmeiras Structure. 

The dolomite density values range from 2.130 to 3.733 g/cm3, with 
an average of 2.825 g/cm3 (Table 1). The outliers in Fig. 14 correspond 
to the dolomite layer below the Palmeiras Structure, which occurs in 
contact with chlorite-garnet schist. 

The carbonaceous schist has the lowest average density of 2.781 g/ 
cm3, ranging from 2.471 to 3.880 g/cm3 (Table 1). Although hosted in 
this unit, the density values of the Structure IV samples have no signif-
icant changes (Fig. 14). Carbonaceous schist samples with higher den-
sities also occur, indicating high contents of sulfides and garnet, 
commonly in contact with the quartz-chlorite-sericite-garnet schist 
levels (Fig. 14). 

On the other hand, quartz-chlorite-garnet-sericite schist has the 
highest average density of 3.03 g/cm3, ranging from 2.933 to 3.165 g/ 
cm3 (Table 1). Compared to the other rocks, this high density is due to 
the abundance of minerals such as garnet and amphibole in the mineral 
assemblage. Quartz-chlorite-sericite schist represents a hydro-
thermalized metagraywacke level. Metagraywacke has a lower average 
density of 2.802 g/cm3, ranging from 2.658 to 2.980 g/cm3 (Table 1). 

4.4.2. Magnetic susceptibility 
The magnetic susceptibility values of the drill core samples ranged 

from 0.006 to 1424.545×10− 3 SI (Table 1; Fig. 14). Magnetic suscep-
tibility is lower in metasedimentary compared to the mafic and ultra-
mafic metavolcanic rocks. The lowest average magnetic susceptibility 
value of 0.120×10− 3 SI was obtained for dolomite, followed by 
0.385×10− 3 SI for metagraywacke, and 0.421×10− 3 SI for carbona-
ceous schist (Table 1). 

Talc shale is the lithological unit with the highest mean MS value of 
4.491×10− 3 SI. However, the highest MS values recorded (up to 
1424,545×10–3 SI) are related to the presence of magnetite in the hy-
drothermal alteration halos of the Palmeiras Structure, highlighted in 
red in Fig. 14. The garnet shale domain in contact with the Palmeiras 
Structure also has outliers that can reach up to 75,632×10–3 SI. 

5. Data integration and discussion 

5.1. Palmeiras Structure 

The Palmeiras Structure is a low-angle thrust fault that occurs par-
allel and next to the contact with the metasedimentary unit (Fig. 2c) and 
intercepts the hydrothermal metabasalt, displaying intense hydrother-
mal alteration (Massucato, 2004; Almeida and Aurífera, 2006), which is 
approximately 10 m wide at 750 m deep in the CPIVESD0031 drill hole. 
According to unpublished data by AngloGold Ashanti, the gold grade 
can be up to 31 g/t. 

The metamorphic paragenesis of the metabasalt, represented by 
hornblende + oligoclase, indicates the lower amphibolite facies meta-
morphic conditions. Hydrated mineral phases, stable at lower temper-
atures, completely replaced the metamorphic assemblage as a result of 
the hydrothermal processes. Fig. 4 shows the paragenetic sequences 
established for each hydrothermal halo of the Palmeiras Structure. 

The distal halo is dominated by chloritization, biotitization, and 
incipient carbonation. The mineral assemblage is represented by Fe-Mg 
chlorite + biotite + ankerite + quartz ± epidote ± hornblende ±
ilmenite ± oligoclase (Fig. 4). Hornblende occurs as a relic of the peak 
metamorphic assemblage. 

The intermediate hydrothermal alteration is defined by epidotization 
and carbonation. The resulting halo is characterized by a mineral 
assemblage of epidote + ankerite + Fe-Mg chlorite + biotite + quartz ±
ilmenite ± magnetite ± muscovite ± oligoclase (Fig. 4). This halo is 
defined by the complete absence of hornblende as well as the formation 
of epidote and carbonate porphyroblasts. 

The proximal halo is dominated by muscovite-rich alteration and the 
mineral assemblage consists of muscovite + Fe-Mg chlorite + magnetite 
+ quartz ± ilmenite ± oligoclase ± paragonite ± tourmaline. Biotite 
has been entirely replaced by chlorite whereas ankerite and epidote 
occur as minor components (Fig. 4). 

The sulfide phase, composed of pyrite and chalcopyrite, occurs 
throughout the Palmeiras Structure and its amount does not increase 
when compared to the unaltered host rock. Therefore, this mineral phase 
cannot be considered as diagnostic for hydrothermal alteration halos. 

Mineral chemistry results indicate that the hydrothermal processes 
did not modify plagioclase since the same oligoclase composition is 
observed in both non-altered metabasalt and hydrothermal alteration 
halos. However, chlorite and carbonate exhibit progressive Fe enrich-
ment towards the proximal zone of the Palmeiras Structure; this Fe 
enrichment is also observed in the geochemical data (Fig. 15). 

The reflectance spectroscopy was useful to recognizing the Palmeiras 
Structure since it allowed identifying the chlorite, white mica, and 
epidote relative abundance, besides assessing their compositional vari-
ation (Fig. 15). Although petrographical data indicated carbonate-rich 
zones in Palmeiras Structure, they were not fully identified by reflec-
tance spectroscopy. The Palmeiras Structure samples are composed of 
several minerals with FeOH and MgOH related absorptions features 
(chlorite, biotite, epidote and amphibole) that, in spectral mixtures, can 
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Fig. 13. A) Results of the ratio calculations between the concentration of the chemical elements in the hydrothermal halos and unaltered host rocks along the 
Structure IV. Ratios below 1 indicate element depletion, whereas ratios above 1 indicate element enrichment. B) Chemical behavior of selected elements in the 
carbonaceous schist samples and in the hydrothermal halos along the Structure IV. 
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share the wavelength position of the main carbonate absorption fea-
tures. If the carbonate content is low concerning the chlorite content in a 
spectral mixture, its diagnostic absorption feature will overlap in 
~2340 nm, becoming more difficult to calculate the carbonate relative 
abundance. 

The geochemical results highlighted a progressive increase in the 
concentration of alkalis (K2O, Na2O, Rb, Cs, Li, and Ba) towards the 
mineralized zone (Fig. 15). Such enrichment was identified throughout 
the hydrothermalized metavolcanic rocks. Previous studies have shown 
that the increased alkali concentrations in gold mineralizations hosted in 

Fig. 14. Box plots showing the ranges, averages, and outliers values of the density and magnetic susceptibility measured in each drill hole lithology. The anomalous 
values of physical properties associated with mineralized structures are highlighted in red. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 15. Synthesis of the spectral, geochemical, and petrophysical signature of the hydrothermal alteration halos of the Palmeiras Structure.  
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mafic rocks constitute much larger geochemical halos than visible hy-
drothermal alteration halos (Heath and Campbell, 2004). The study on 
the mobility of these elements can, therefore, be used as a promising tool 
in gold prospecting since the alkali distribution may indicate the path of 
fluid percolation (Gaillard et al., 2020). Increased alkali concentrations 
near the mineralization levels may define an important vector toward 
gold mineralization exploration (Xu, 1999; Heath and Campbell, 2004; 
Bacha et al., 2021). 

The increase of alkalis in the hydrothermalized mafic rocks occurs 
due to feldspar breakage and loss of potassium and LILEs such as Cs and 
Rb (Heath and Campbell 2004), which in turn enrich micas, clays, and 
other secondary minerals as the hydrothermal fluids migrate to more 
distal portions of the mineralized zones. Cs and Rb commonly replace K 
in hydrated minerals such as micas, for example, causing the LILEs to 
fractionate between the hydrothermal fluid and host rock so these ele-
ments can be more useful indicators of fluid percolation than K (Melzer 
and Wunder, 1999). This suggests that the increased alkali in the Pal-
meiras Structure alteration halos may also be related to feldspar 
breakage and subsequent incorporation of alkalis in the identified hy-
drated mineral structures. 

The chemical behavior of elements also indicates a progressive in-
crease in Al2O3, Fe2O3, Cr2O, and TiO2 concentrations in the interme-
diate and proximal halos, associated with the progressive stabilization of 
chlorite, muscovite, and magnetite. The gain of Na2O in the proximal 
halo can be related to paragonite formation. Less significant U, W, Th, 
Ta, Hf, Nb, and Zr concentrations were also evidenced in the proximal 
halo. 

Because no thermo-barometric studies have been performed on the 
Palmeiras Structure minerals, the hydrothermal fluid physicochemical 
conditions cannot be defined. On the other hand, the geochemical and 
petrographic data indicated the addition of alkalis and iron, as well as 
CO2 due to the carbonation zones. 

Petrophysical anomalies assist in characterizing ore deposits hosted 
in greenstone belts. The orebody magnetization depends on the con-
centration of magnetic minerals in the rock, which can be generated or 
destroyed by the hydrothermal/metamorphic processes associated with 
mineralization. Also, the content, shape, and size of ferromagnetic 
mineral grains and Fe concentration in the rock affect the magnetic 
susceptibility directly (Gunn and Dentith, 1997; Airoing and Mertanen, 
2008; Airo, 2015; Dentith and Mudge, 2014; Dentith et al., 2020). 

Anomalous values of magnetic susceptibility data were observed, 
with values ranging from 0.425 to 1425.00×10–3 SI (Table 1; Fig. 14) 
and individual values varying significantly from one sample to another. 
These significant differences are probably explained by the different 
content, size, and shape of ferromagnetic, paramagnetic, and diamag-
netic minerals, as well as higher Fe concentrations. 

Individual analysis of the alteration halos shows average magnetic 
susceptibility values of 1.187×10–3 SI, 10.457×10–3 SI, and 
305.96×10–3 SI for the distal, intermediate, and proximal halos, 
respectively. Thus, it is observed that the average magnetic suscepti-
bility values increase progressively as the magnetite concentration in-
creases in the direction of the proximal halo of the Palmeiras Structure. 

The Palmeiras Structure density data also exhibit anomalous average 
values for the samples from the CPIVESD0031 drill hole (Fig. 15). The 
average density values of 2.808, 2.967, and 3.068 g/cm3 were calcu-
lated for distal, intermediate, and proximal halos, respectively. Similar 
to the magnetic susceptibility values, the average densities increased 
linearly towards the internal zone of the Palmeiras Structure. A direct 
correlation between high values of magnetic susceptibility and density 
with increasing Fe concentration can be observed in the samples, 
allowing us to conclude that density increase is a direct response to the 
presence of magnetite. 

In summary, the hydrothermal footprint of the Palmeiras Structure is 
composed of a distal halo marked by chloritization, biotitization, and ±
carbonation, an intermediate halo defined by the epidotization, 
carbonation ± chloritization, and a proximal halo marked by 

sericitization ± chloritization. 
Reflectance spectroscopy highlighted the rocks with Fe- enriched 

chlorite, white mica (muscovite and paragonite), and epidote, suggest-
ing that these minerals can be used as guides towards the orebodies 
along the Palmeiras Structure. The geochemical signature is character-
ized by the significant increase in K2O, Rb, Cs, Li, and Ba concentrations, 
as well as smaller gains in Na2O, Fe2O3, Al2O3, TiO2, LOI, U, W, Th, Ta, 
and ETR. The physical properties exhibit significant magnetic suscepti-
bility anomalies related to the magnetite present in the proximal halo, 
accompanied by rock density increase (Fig. 15). 

Fig. 15 shows the main parameters of the Palmeiras Structure hy-
drothermal footprint. Note that the exploratory vectors defined for the 
Palmeiras Structure highlighted another unknown mineralized zone, 
which is also hosted in the hydrothermalized metabasalts nearly 1060 m 
deep with gold grade up to 4.3 g/t and stands out for the presence of 
chlorite and white mica, as well as K2O, Rb, Cs, Li, and Ba enrichment, 
similar to the Palmeiras Structure. The absence of magnetite explains the 
lack of anomalous values of density and magnetic susceptibility. 
Enrichment in the pathfinder elements As, W, Sb, and Re was observed 
as well (Fig. 16). 

5.2. Structure IV 

Structure IV is defined as a high-strain deformation zone that in-
tercepts the carbonaceous schists, in which the mineralization is either 
related to disseminated ore or quartz veins. Previous studies (Petersen, 
2003; Sobiesiak, 2011; Souza, 2018) on several orebodies controlled by 
Structure IV determined that the ore occurs associated with intense 
silicification zones, accompanied by quartz and sulfide veinlets with 
arsenopyrite, pyrrhotite, and chalcopyrite. Gold occurs associated with 
sulfides, filling arsenopyrite fractures or free in quartz veins and gangue 
(Petersen, 2003). 

In the CPIVESD0031 drill hole, Structure IV occurs parallel and next 
to the contact between the carbonaceous schist and the dolomite layer, 
at a depth of 850 m and approximately 6 m thick. Unlike the Palmeiras 
Structure, Structure IV does not exhibit such pronounced hydrothermal 
alteration halos since carbonaceous schist is less reactive to hydrother-
mal fluids. Therefore, visible hydrothermal alteration halos are strictly 
concentrated near the quartz vein and the mineralized zone, where 
textural and mineralogical variations were identified. 

The carbonaceous schist is defined by a metamorphic assemblage 
composed of carbonaceous matter + quartz + biotite + plagioclase 
(andesine to oligoclase) + garnet + ilmenite ± muscovite ± chlorite ±
pyrrhotite ± arsenopyrite ± chalcopyrite (Fig. 4). 

The distal halo mineral assemblage is very similar to that of the 
unaltered host rock, indicating a low-intensity hydrothermal process 
with a small increase in muscovite and chlorite, and a decrease in the 
carbonaceous matter, biotite, and plagioclase. The sulfide phase is rare 
and composed of pyrrhotite and chalcopyrite. Plagioclase composition 
changes from andesine to oligoclase towards the proximal halo (Fig. 4). 

The intermediate halo presents more evidence of hydrothermal ac-
tivity and is characterized by the increase in Fe-dolomite, quartz, and 
muscovite contents, indicating carbonation, silicification, and sericiti-
zation processes. Chlorite, tourmaline, carbonaceous matter, biotite, 
oligoclase, pyrrhotite, arsenopyrite, chalcopyrite, and ilmenite also 
constitute the mineral assemblage of this halo (Fig. 4). Also, the con-
centrations of carbonaceous material, oligoclase, and biotite decrease in 
this halo compared to the distal halo. Tourmaline crystals can be 
observed locally. The sulfide contents increase, predominantly 
composed of pyrrhotite, arsenopyrite, and low chalcopyrite (Fig. 4). Ca 
is released in the transformation of andesine to oligoclase and accom-
modated in the carbonate structure present in this halo. 

The proximal halo is characterized by foliation obliteration, 
accompanied by significant mineralogical changes. This halo exhibits 
increased quartz, oligoclase, and tourmaline concentrations, whereas 
Fe-dolomite content is less expressive than in the intermediate halo 
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(Fig. 4). Biotite, tourmaline, apatite, allanite, muscovite, rutile, arse-
nopyrite, pyrrhotite, and chalcopyrite also constitute the mineral 
assemblage of this halo. Close to the ore, there is a significant decrease in 
carbonaceous matter and ilmenite. In addition, sulfide content in-
creases, marked by arsenopyrite predominance over pyrrhotite and 
chalcopyrite. (Fig. 4). The amount of oligoclase increases in the prox-
imal halo relative to the intermediate halo and is recorded in the 
geochemical signature by the increase in Na2O contents. The content of 
carbonaceous material decreases progressively from the distal to the 
proximal halo, as a result of oxidation when interacting with hydro-
thermal fluids. The presence of hydrothermal oligoclase suggests hy-
drothermal alteration temperatures of 440◦ to 480◦ in the wall rocks 
(Thomson, 1991). 

Although carbonaceous schists is a rock with low reflectance, the 
reflectance spectroscopy was efficient in vectoring Structure IV, since 
the hydrothermal assemblage of this mineralized zone is composed of 
minerals with absorption features related to VNIR-SWIR, such as 
muscovite, chlorite and Fe carbonate. The results prove that this is an 
effective tool for studying the hydrothermal footprint of Structure IV, as 
it allows identifying these mineral guides. 

The study of the chemical element behavior in the carbonaceous 
schist-hosted mineralization highlighted the SiO2, CaO, Na2O, As, Sb, W, 
Te, and Re increase throughout the hydrothermal alteration halos 
(Fig. 17). The increase of Ca and Ba can be related to the formation of 
carbonate and phyllosilicates, such as biotite and muscovite. The in-
crease in As and S concentrations reflects an increase in sulfides for-
mation, especially arsenopyrite. 

Compared to the unaltered host carbonaceous schist, the physical 
properties of hydrothermally altered samples do not vary significantly 

(Fig. 17). The average density values of 2.77, 2.774, and 2.715 g/cm3 

were determined for the distal, intermediate, and proximal halos, 
respectively. These values are very close to the general average density 
of 2,781 g/cm3 obtained for carbonaceous schist from the CGB outside 
the mineralized zone. The average magnetic susceptibility values of 
0.262×10− 3, 0.290×10− 3, and 0.296×10− 3 SI, were measured for the 
distal, intermediate, and proximal halos, respectively, indicating no 
relevant changes in the rock petrophysical responses. Thus, the hydro-
thermal processes did not generate significant changes in the physical 
properties of the hydrothermal zone associated with Structure IV, 
although chemical and mineral changes have been identified in these 
zones. 

Finally, Structure IV is characterized by a hydrothermal zone defined 
by silicification, carbonation, and sericitization, as indicated by the 
mineralogical and geochemical data. This data highlighted the increased 
SiO2, CaO, Na2 O, K2O, P, and Ba in the defined hydrothermal alteration 
halos. Enrichment in the pathfinders, such as As, W, Sb, Te, and Mo was 
also identified in the hydrothermal zones associated with Structure IV. It 
is suggested that muscovite, chlorite, and Fe dolomite can be used as 
mineral guides for identifying Structure IV, as highlighted in the results 
performed by reflectance spectroscopy (Fig. 17). 

6. Conclusions 

The integration of multi-source exploratory tools has been increas-
ingly used to characterize the alteration patterns and define the foot-
prints of mineralized zones in hydrothermal systems (Carrino et al., 
2015; Naghadehi et al., 2014; Duuring et al., 2016; Simpson and 
Christie, 2019). The present study characterizes the records of 

Fig. 16. Pathfinder elements distribution along the metabasalt and hydrothermally-altered metabasalt samples. Highlighted the new identified mineralized zone 
marked by the enrichment of As, W, Sb, Tl and Te. 
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hydrothermal processes associated with the Crixás orogenic gold deposit 
in two mineralized zones, one hosted in a mafic metavolcanic sequence 
(Palmeiras Structure) and the other hosted in a metasedimentary 
sequence (Structure IV). The results show that the magnitude of the 
hydrothermal records is different in each structure, considering that 
carbonaceous schists are less reactive to the hydrothermal processes 
than metabasalts. 

The integration of the petrographical, spectral, geochemical, and 
petrophysical data allowed us to identify the main changes caused by the 
hydrothermal mineralizing processes in the rocks and define exploratory 
guidelines for the CGB, as indicated below:  

(1) The Palmeiras Structure footprint is defined by the presence of 
Fe-enriched chlorite, epidote, muscovite/paragonite, alkali 
enrichment, as well as iron and magnetic susceptibility anoma-
lies. A new target potential hosted in the hydrothermalized 
metabasalt was identified by the spectral and geochemical data. 
This zone signature is represented by the occurrence of musco-
vite, chlorite and enrichment in K2O, Ba, Rb, Li Cs and pathfinder 
elements such as As, W, Sb, Te. There are important vectors for 
metabasalt-hosted gold deposits (Table 2). 

(2) The Structure IV footprint is defined by the presence of musco-
vite, Fe dolomite, Fe-enriched chlorite, arsenopyrite, as well as 
enrichment in Si, Ca, Na, and pathfinder elements such as As, W, 
Sb, Te, and Mo, that can predict metasedimentary-hosted gold 
deposits in the studied region (Table 2). 

This study demonstrates that the integrated application of petrog-
raphy, reflectance spectroscopy, geochemical, and petrophysical tech-
niques is an efficient way to characterize the hydrothermal footprints of 
the Crixás deposit, and its results define important exploratory vectors 
for orogenic gold deposits in greenstone belt terranes. 
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Fig. 17. Synthesis of the spectral, geochemical, and petrophysical signature of the hydrothermal alteration halos of the Structure IV.  

Table 2 
The main exploratory vectors for the Crixás gold deposit.    

Structure 

Palmeiras Structure IV 

Metabasalt Carbonaceous Schist 

Vectors Mineralogical Fe-enriched chlorite, 
muscovite, paragonite, 
epidote, and magnetite. 

Arsenopyrite, Fe 
dolomite, Fe-enriched 
chlorite, and muscovite. 

Geochemical Alkali (K, Rb, and Ba), Cs, 
Fe and Na enrichement. 

As, W, Sb, Te, Si, Ca and, 
Na enrichment. 

Petrophysical High magnetic 
susceptibility and high 
density.   
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.oregeorev.2022.104925. 
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