
Abstract
The Mamão gold deposit is located in the eastern portion of the Amazonian Craton, Northern Brazil, and hosted in Archean metamafic rocks 
of the Andorinhas greenstone belt. Troy Resources Ltd. mined the deposit between 2008 and 2015, producing about 350 koz via under-
ground operation. The deposit exhibits structural and mineralogical characteristics that allow its classification as an orogenic gold deposit. 
Reflectance spectroscopy is a non-destructive, fast, and low-cost technique that was applied in drill cores at the Mamão deposit to map and 
refine stages of hydrothermal alteration. The hydrothermal alteration is marked by a distal or chlorite zone; an intermediate or carbonate 
zone; a proximal or potassic zone, and a gold-rich quartz vein-hosted orebody. The reflectance spectroscopy has confirmed the diversified 
mineralogical compositions (tourmaline, amphibole, mica, epidote, carbonate, and chlorite) observed along the hydrothermal zones, having 
been confirmed by a petrographic study. The study has also demonstrated that chlorite abundance decreases from the edge to the center of the 
altered profile, proving a fast and reliable result to the mapping of the hydrothermal halos in Archean greenstone belts, which is an important 
tool for the vectoring of gold mineralization, acting as an excellent mineral prospecting tool.
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INTRODUCTION
Several gold deposits are related to Archean granite-green-

stone terrains worldwide (Goldfarb et al. 2001, Groves et al. 
2016, Nguimatsia et al. 2017). Mining activity in the Rio 
Maria region (Pará state, Brazil) has been traditionally linked 
to gold mineralization since the 1970s, where the gold has 
been extracted from the alluvial artisanal or small-scale min-
ing or “garimpos.” Some orogenic-type gold deposits (such as 
Mamão, Lagoa Seca, Coruja, and Babaçu) are located in this 
sequence, named Andorinhas greenstone belt (Costa e Silva 
et al. 2012, Souza et al. 2020, Souza et al. 2021).

The Mamão gold deposit is a mechanized underground 
mining, located about 40 km southeast of Rio Maria city. 
This deposit is located in the Rio Maria Domain, in the south-
east portion of Carajás Mineral Province (CMP). It was oper-
ated between 2008 and 2015 by Reinarda Mineração Ltda. 

company (a Troy Resources subsidiary), having extracted 
an amount of approximately 350 koz gold with head grades 
around 6 g/t Au, locally reaching more than 100 g/t Au due 
to the nugget effect (Souza et al. 2021). 

Mineralization is related to quartz-carbonate-sulfide lodes 
of high-grade/free gold mineralization within sheared-hosted 
metabasalts and metadolerites of the Archean age (Souza et al. 
2021). Mineralization occurs on a structural trend, on ENE-
WSW shear zones with better development of orebodies at 
EW trending bends, filling out dilational jogs on a high-strain 
zone within the metavolcanic rocks of Andorinhas greenstone 
bel (Costa e Silva et al. 2012, Souza et al. 2021).

Reflectance spectroscopy is a method that has been pro-
gressively utilized in mineral exploration. It is a widely known 
technique for pointing out the minerals within altered hydro-
thermal zones of the mineral deposits, especially useful for field 
and active exploration work. This technique is non-destructive 
and simple to use, and it can quickly provide large quantities of 
data (Herrmann et al. 2001, Harraden et al. 2013). The tech-
nique is based on the interaction of electromagnetic energy at 
350–2500 nm wavelengths and the surface of materials (Clark 
1999). Specifically, the energy at the 1300–2500 nm wavelength 
range (short-wave infrared (SWIR) region) interacts, through 
vibrational processes with molecular bonds in H2O, NH4, SO4, 
and CO3

2– and with cation –OH bonds in Al–OH, Mg–OH, and 
Fe–OH (Clark 1999, Hunt 1977). As a result of this interaction, 
different absorption features are produced in specific wavelengths. 
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The use of reflectance spectroscopy is routinely applied in 
the study of the Phanerozoic slightly or non-deformed por-
phyry-, epithermal-, IOCG-, and VMS-type gold deposits 
(Herrmann et al. 2001, Squire et al. 2007, Tappert et al. 2011, 
Mauger et al. 2016, among others). However, less research has 
been performed on pre-Phanerozoic deformed orogenic gold 
deposits (Travers and Wilson 2015, Wilson et al. 2009, Arne 
et al. 2016, Sandeman et al. 2010). Thompson et al. (1999) 
suggested that different hydrothermal alteration zones might 
be mapped using reflectance spectroscopy techniques and 
used for mineral exploration applications on Archean oro-
genic gold deposits. Recently, Naleto et al. (2019) studied the 
Paleoproterozoic orogenic Pedra Branca gold deposit (Tróia 
Massif, Borborema Province, Northeast Brazil) using spectro-
scopic data to investigate and characterize the hydrothermal 
paragenesis, with the aim of developing mineral exploration 
guides in the region.

The use of a reflectance spectroscopy analysis allows eluci-
dation of the history of hydrothermal systems related to these 
gold deposits, providing parameters that, when integrated with 
petrographic studies, are capable of showing the evolution 
of the mineralizing process, the spatial location, and the dis-
tribution of the ore. Hydrothermal alterations form variable 
dimensions zones that relate directly to the style of mineraliza-
tion, metal ratios, and physical-chemical rock properties with 
implications for genetic and resource modeling of the deposit 

(Gregory et al. 2013). Alteration mineral assemblages are 
important to the understanding of the hydrothermal process 
where ore deposits were formed. Determination of the type 
and distribution of alteration minerals is a routine part of min-
eral exploration and is useful in the assessment of exploration 
properties and the construction of deposit models.

This paper evaluates the application of reflectance spectros-
copy for the study of hydrothermal alteration in the Mamão gold 
deposit, which can help to link hydrothermal alteration types 
with the concentration of economic gold content and illustrate 
potential contributions of the method to the understanding 
of the hydrothermal evolution of the orogenic gold deposit.

GEOLOGICAL SETTING

Regional geology
The CMP is the largest and best-preserved Archean seg-

ment of the Amazonian craton (Fig. 1a), in northern Brazil 
(Dall’Agnol et al. 2006, Vasquez et al. 2008). It was formed in 
the Mesoarchean and tectonically stabilized in the Neoarchean 
(Tassinari and Macambira 1999, 2004). It represents one of the 
most important mineral provinces in the world, standing out 
for its diversity and notable metallogenetic potential, includ-
ing a broad range of deposits such as iron (e.g., N4 and N5), 
iron-oxide–copper–gold (e.g., Salobo and Sossego), manganese 

Figure 1. (a) Simplified map of the Amazonian Craton, showing the Carajás Mineral Province and the study area location highlighted. 
(b) Geological map of the Rio Maria domains and location of the studied area in Amazonian Craton (modified after Almeida et al. 2013).
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(e.g., Azul, Buritirama), nickel (e.g., Vermelho and Onça-Puma), 
chrome-PGE (e.g., Luanga), gold–palladium–platinum (e.g., 
Serra Pelada), and copper–molybdenum–gold deposits (e.g., 
Serra Verde; Dardenne and Schobbenhaus 2001, Villas and 
Santos 2001). It is considered one of the most important min-
eral provinces of fertile metallogenetic exploration (Dardenne 
and Schobbenhaus 2001, Villas and Santos 2001, Bettencourt 
et al. 2016). CMP is divided into two distinct tectonic domains: 
Rio Maria Domain (Mesoarchean) at the south, with a pre-
dominance of granite-greenstone terrains (ages ranging from 
2.85 to 3.04 Ga), and Carajás Domain (Neoarchean) to the 
north, characterized by metavolcano-sedimentary and gran-
itoid sequences generated mainly between 2.76 and 2.55 Ga 
(Fig. 1a) (Vasquez et al. 2008).

The Xingu Complex is interpreted as the basement of the 
CMP (~2.83−3.06 Ga), composed of high-grade orthogneiss 
(Vasquez et al. 2008). The Mamão deposit, which is located 
in the Rio Maria Domain, is hosted by Archean supracrustal 
greenstone belt sequences and granitoids (Fig. 1b). The green-
stone belt sequences are grouped on Andorinhas Supergroup 
and represent the oldest lithostratigraphic unit of the region. 
These rocks display different grades of deformation and green-
schist facies metamorphism, which are composed of ultramafic 
and mafic metavolcanic rocks intercalated with iron formations 
and intermediate to felsic rocks at the base (Babaçu Group) and 
clastic metasedimentary rocks at the top (Lagoa Seca Group) 
(Souza et al. 2001). The metavolcanic rocks host small lode 
gold deposits (e.g., Mamão, Babaçu, and Coruja), while other 
deposits are associated with the metagreywacke (Lagoa Seca) 
(Huhn 1992, Souza 1999, Souza 2018) (Fig. 2).

Archean granitoids intrude the greenstone belt sequence 
and can be assembled in four groups: 

 • an older TTG series composed of Arco Verde tonalite com-
plex (2.98−2.92 Ga) (Althoff et al. 2000); 

 • a sanukitoid suite represented by the Rio Maria granodi-
orite (~2.87 Ga; Oliveira et al. 2009); 

 • a younger TTG series (~2.87−2.86 Ga), represented by 
the Mogno trondhjemite (Almeida et al. 2011, Almeida 
et al. 2013); 

 • potassic leucogranites of  calc-alkal ine af f inity 
(~2.87−2.86 Ga) represented by the Xinguara granite 
pluton (Leite et al. 2004). 

Paleoproterozoic anorogenic alkaline to subalkaline A-type 
granitoid stocks and batholiths cut the greenstone belt rocks 
(Dall’Agnol et al. 2006). The Araguaia Belt is composed of a 
metamorphosed psammitic and pelitic sequence with minor 
contributions of chemical sediments and mafic and ultramafic 
rocks (Vasquez et al. 2008) (Fig. 1b).

Local geology
The geology of the study area was first described by 

DOCEGEO (1988). It classified the rocks in the Babaçu 
Group, which comprises tholeitic metabasalt flow, accompa-
nied by pillow lava structures and intensive intercalations of 
banded iron formations, metatuffs, metaultramafic (talc-chlo-
rite-schists), metachert, and subordinate metadacites rocks, 
which are intruded by dolerite dikes. Metabasalt to mafic schist 
are fine-grained rocks, sometimes magnetic, deformed, and 
metamorphosed at greenschist facies. Recently, the Geological 

Source: Souza (2018). 
Figure 2. Geological map of the Andorinhas greenstone belt.
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Survey of Brazil (CPRM) carried out a basic geological map-
ping program comprising the study area (Sabóia et al. 2018). 
In this study, the Babaçu Group has been renamed to the 
Andorinhas Group, consisting of the Babaçu Formation at 
the base and the Lagoa Seca Formation at the top, which does 
not outcrop in the study area. Gold occurrences are associated 
with quartz veins and/or quartz-carbonate veinlets, followed 
by strong hydrothermal alteration. Figure 2 shows the geolog-
ical mapping carried out by Troy Resources Ltd. and summa-
rized by Souza (2018).

Gold mineralization
The Mamão gold deposit comprises two tabular orebod-

ies, called Melechete and M2, both mineralized for 500 m 
along strike and at least 600 m down dip (Souza et al. 2021). 
The gold deposits occur in structurally controlled quartz veins 
within the metabasalts and metadolerites greenstone belt rocks 
(Fig. 3a). The oreshoots have an NE plunge along ENE-WSW 
trending shear zones dipping 30–60° to the north (Fig. 3a). 
These shear zones started as surfaces of reverse movement 

and were reactivated in a later stage as surfaces of normal dis-
placement. Gold was introduced by sulfide-rich fluids that 
percolated these shear zones, and the mineralization style at 
Mamão deposit is classified as gold-rich orogenic-type (Souza 
et al. 2021) or shear-zone related lode-gold (Villas and Santos 
2001), in contrast to IOCG-type deposits at Carajás Domain 
that are characteristically base metal poor-gold deposits (Melo 
et al. 2017, Craveiro et al. 2019, Melo et al. 2019).

The mineralized zones are composed of quartz veins and 
veinlets in a shear zone that cuts quartz-carbonate-chlorite 
schist, which sometimes shows a strong mylonitic foliation 
marked by the preferential orientation of chlorite and biotite 
lamellae and by quartz-carbonate-rich and chlorite-mica-rich 
bands on altered metavolcanic host rocks (Souza 2018). 

Quartz veins were formed during the alteration process 
and are oriented parallel or subparallel to the mylonitic foli-
ation. Their thickness varies from 0.5 to 5 m with an average 
thickness of around 2 m (Fig. 3a). The higher grades of min-
eralization are associated with massive silica replacement and 
quartz veins (Figs. 3b and 3c). 

Figure 3. (a) Schematic cross section showing the mineralization in the Mamão deposit, according to Souza (2018). (b) Detail of the M2 
orebody and its hydrothermal alteration zoning. (c) Detail of the Melechete orebody and its hydrothermal alteration zoning.
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Hydrothermal alteration zones
The paragenetic sequence of the hydrothermal minerals 

of the Mamão deposit can be observed in Figs. 3b, 3c, and 4 
(Souza et al. 2021, after Tunussi 2012). It is composed of 
pyrite, biotite, quartz, carbonate, biotite, muscovite, chlo-
rite, and gold, occurring as replacement products of the orig-
inal mineral assemblages. This assemblage indicates at least 
four hydrothermal alteration zones, including chlorite-cal-
cite-hornblende-epidote-albite (distal or chlorite zone), cal-
cite-albite-chlorite-epidote-hornblende-muscovite-quartz 
(intermediate or carbonate zone), biotite-quartz-calcite-chlo-
rite-pyrite-muscovite-actinolite-(gold) (proximal or potas-
sic zone), and quartz-pyrite-calcite-chlorite-biotite-tour-
maline-albite-actinolite-(gold) (orebody or silica-sulfide 
zone) (Fig. 5).

The hydrothermal alteration reaches up to a width of 
10 m. The outermost part of alteration comprises the distal 
and intermediate zones, which are characterized by chlorite 
and carbonate alteration, respectively, varying from 3 to 5 m 
in width. The inner altered zone is filled by proximal and ore 
zones, which are marked by pervasive potassic alteration (bio-
tite) and strong silicification and sulfidation process plus gold 
deposition, culminating in the quartz vein formation. The inner 
mineralized package presents a width of 1–5 m.

MATERIALS AND METHODS
A total of 16 geological samples were obtained at four 

diamond drill cores that cut hydrothermal and ore zones of 
the Mamão deposit. From these samples, specifically, eight 
samples correspond to two drill holes of the Melechete ore-
body (MAF-64 and MAF-74) and another eight samples to 
two drill holes of the M2 orebody (RBD011 and RBD017, 
as the core samples from drill holes MAF-64 and MAF-74 
were incomplete). Petrographic studies were performed on 
thin/polished sections using the Olympus Microscope Model 
BX60FS (Olympus Optical Co. Ltd.) from the Microscopy 
Laboratory of the Universidade de Brasília. 

A reflectance study was obtained using an Analytical 
Spectral Devices (ASD)/FieldSpec-3 Hi-Res® spectrora-
diometer directly on selected diamond drill core intervals. 
The measurements were carried out using a contact probe cou-
pled to a halogen lamp as the luminous source. The window 

acquisition comprises an area of 1 cm2, and the final spectrum 
is the average of about 70 spectra obtained in the process. 
The spectra are collected in three stages, covering the wave-
lengths of visible to near-infrared (VNIR: 350–1,000 nm) to 
the SWIR (1,000–2,500 nm). The spectral resolution is 3 nm 
(VNIR) and 6 nm (SWIR) to the analytical records, with 
sampling intervals of 1.4 nm (VNIR) and 1.1 nm (SWIR). 
The spectra collected by the spectroradiometer were converted 
from radiation to reflectance using a Spectralon™ panel, col-
lected through a calibration made every 20 min during the 
data collection.

 A total of 47 spectra were measured in the laboratory and 
duly photographed for sample orientation and results loca-
tion. Spectral data were processed, analyzed, and interpreted 
through “The Spectral Geologist” (TSG-8) commercial soft-
ware and following established spectroscopy works of Hunt 
and Salisbury (1970, 1971), Hunt and Ashley (1979), Clark 
(1999), and Bishop et al. (2008). Specific absorption features 
were also analyzed to investigate the abundance and chemical 
composition of chlorites and carbonates. The composition of 
chlorite is based on the wavelength of the Mg–OH absorption 
feature at ~2,350 nm (McLeod et al. 1987). The wavelength of 
this absorption feature increases as the iron content of chlo-
rite increases. Wavelengths of Mg–OH absorption between 
2,331 and 2,337 nm are related to Mg-rich chlorite, between 
2,337 and 2,347 nm to Fe-Mg chlorite, and between 2,347 
and 2,358 nm to Fe-rich chlorite. The abundance of chlorite 
was defined considering the depth of the Mg–OH absorption 
at ~2,350 nm. The composition of carbonate is based on the 
wavelength of CO3

2– absorption feature at ~2,340 nm (Hunt 
and Salisbury 1971). The wavelength of CO3

2– absorption is 
between 2,340 and 2,345 for calcite.

The values and curves of linear correlation (R2) for chlorite 
abundance were obtained using Microsoft Excel® spreadsheets.

RESULTS
The reflectance spectroscopy results obtained in drill cores 

of the Melechete and M2 orebodies are shown in Figs. 6 and 7. 
The figures also note the sampling position in relation to the 
equivalent hydrothermal alteration zones. The diamond drill 
holes related to the Melechete orebody are represented by MAF-
64 (samples 9–12) and MAF-74 (samples 85–88). The drill 
holes related to the M2 orebody are represented by RBD011 
(samples 25–28) and RBD017 (samples 4–7). 

The spectral data extracted by reflectance spectroscopy 
for the Melechete orebody can be observed in Fig. 6, obtained 
through each hydrothermal alteration zone. The analysis of 
samples 9 and 85 indicated the presence of calcite and FeMg 
chlorites. Samples 10 and 86 returned FeMg chlorite, some-
times mixed with calcite and hornblende, and a very fine-
grained aggregate composed of hornblende-calcite-muscovite. 
Samples 11 and 87 showed greater mineralogical variability, 
ranging from calcite, FeMg chlorites, and actinolite up to 
a mixture of muscovite and biotite micas. Samples 12 and 
88 were characterized as calcite, FeMg chlorites, and actin-
olite. The wavelengths of Mg-OH absorptions for chlorite 

Source: Modified from Souza et al. (2021).
Figure 4. Paragenetic sequence of hydrothermal alteration in the 
Mamão deposit. 
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Ab: albite; Act: actinolite; Au: gold; Bt: biotite; Cal: calcite; Chl: chlorite; Ep: epidote; Hbl: hornblende; Mus: muscovite; Qz: quartz; Py: pyrite; 
Tur: tourmaline; TS: thin section; PS: polished section; PPL: plane-polarized light; XPL: cross-polarized light.
Figure 5. Photomicrographs of hydrothermal alteration and ore assemblages in the Mamão deposit. (a) Distal zone composed of chlorite-
calcite-hornblende-epidote-albite (Sample 9 – TS/PPL). (b) Intermediate zone marked by calcite-albite-chlorite-quartz-epidote (Sample 
26 – TS/XPL). (c) Proximal zone composed of biotite-quartz-calcite-pyrite-chlorite-muscovite (sample 6 – TS/PPL). (d) Typical quartz 
vein (orebody zone) characterized by quartz-calcite-albite-tourmaline (Sample 12 – TS/PPL). (e and f) Different gold textures and sizes, 
occurring as filling fractures (e) or enclosed in pyrite or as well as free particles (f) in the quartz matrix (Sample 28 – PS/PPL). 

vary between 2,338 and 2,347 nm, and the CO3
2– absorp-

tion wavelengths of carbonates range between 2,332 and 
2,339 nm (Table 1).

For the M2 orebody, the spectral data were, at large, very 
similar to those obtained in the Melechete body (Figure 7). 
Samples 4 and 25 returned the presence of calcite, FeMg chlo-
rites, and hornblende. Samples 5 and 26 identified the same 
previous mineralogy, in addition to epidote. Despite showing 

unusual spectral curves, samples 6 and 27 were classified as 
calcite and FeMg chlorites. However, in samples 7 and 28, 
in addition to the presence of calcite and FeMg chlorite, the 
reflectance also indicated the presence of biotite and tour-
maline. The wavelengths of Mg–OH absorptions for chlorite 
vary between 2,339 and 2,347 nm, and the CO3

2– absorp-
tion wavelengths of carbonates range between 2,337 and 
2,340 nm (Table 2).
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FeMg-Chl: Fe-Mg-chlorite; Cal: calcite; Hbl: hornblende; Act: actinolite; Bt: biotite; Ms: muscovite.
Figure 6. Mineralogy obtained by reflectance spectroscopy on diamond drill cores of the Melechete orebody from the Mamão deposit, 
classified according to its hydrothermal zone. Spectra are stacked. Rounded absorption features at approximately 1,900 nm are related to 
water inclusions in quartz. Y-axes of spectra represent continuum-removed reflectance. 

FeMg-Chl: Fe-Mg-chlorite; Cal: calcite; Tur: tourmaline; Bt: biotite; Ep: epidote; Hbl: hornblende.
Figure 7. Mineralogy obtained by reflectance spectroscopy on diamond drill cores of the M2 orebody from the Mamão deposit, classified 
according to its hydrothermal zone. Spectra are stacked. Y-axes of spectra represent continuum-removed reflectance. Absorption features at 
approximately 1,900 nm are related to water inclusions in quartz. 
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Table 1. Representative minerals appointed by reflectance spectroscopy study in the Melechete orebody from the Mamão deposit. 
Abundance values are relative, in a 0–1 interval (0 = absence). Wavelengths are in nanometer units.

Drill Hole Sample
Hydrothermal

Detected Minerals
Chlorite Carbonate

Zone Abundance Wavelength Wavelength

MAF-64

9 Distal FeMg-Chl, Cal 0.085 2,347 2,339

10 Intermediate FeMg-Chl, Cal, Hbl 0.054 2,339 2,338

11 Proximal FeMg-Chl, Cal, Act, Bt, Ms 0.067 2,344 2,333

12 Ore FeMg-Chl, Cal, Act 0.066 2,338 2,332

MAF-74

85 Distal FeMg-Chl, Cal 0.209 2,345 2,339

86 Intermediate FeMg-Chl, Cal, Hbl, Ms 0.143 2,347 2,332

87 Proximal FeMg-Chl, Cal, Bt, Ms 0.095 2,342 2,341

88 Ore FeMg-Chl, Cal 0.078 2,343 2,341

FeMg-Chl: Fe-Mg-chlorite; Cal: calcite; Hbl: hornblende; Act: actinolite; Bt: biotite; Ms: muscovite. 

Table 2. Representative minerals appointed by reflectance spectroscopy study in the M2 orebody from the Mamão deposit. Abundance values 
are relative, in a 0–1 interval (0 = absence). Wavelengths are in nanometer units.

Drill Hole Sample
Hydrothermal

Detected Minerals
Chlorite Carbonate

Zone Abundance Wavelength Wavelength

RBD011

25 Distal FeMg-Chl, Cal 0.168 2,346 2,339

26 Intermediate FeMg-Chl, Cal 0.153 2,346 2,340

27 Proximal FeMg-Chl, Cal 0.132 2,347 2,338

28 Ore FeMg-Chl, Cal, Bt, Tur 0.076 2,351 2,340

RBD017

4 Distal FeMg-Chl, Cal, Hbl 0.185 2,343 2,340

5 Intermediate FeMg-Chl, Cal, Ep, Hbl 0.135 2,342 2,337

6 Proximal FeMg-Chl, Cal 0.112 2,347 2,339

7 Ore FeMg-Chl, Cal, Tur 0.085 2,339 2,337

FeMg-Chl: Fe-Mg-chlorite; Cal: calcite; Tur: tourmaline; Bt: biotite; Ep: epidote; Hbl: hornblende.

DISCUSSION
A robust metallogenetic characterization of the Mamão 

deposit was recently studied by Souza et al. (2021) and the 
references therein, who concluded that the deposit belongs to 
the class of orogenic gold deposits, associated with the devel-
opment of pervasive (proximal) to weak (distal) hydrothermal 
alteration halos, auriferous quartz lode-centered.

The petrographic study carried out in this study corrob-
orates this statement above, reporting a mineral paragenesis 
compatible with orogenic type deposits, formed by four dif-
ferent zones, as follows: 
i. a distal zone composed of chlorite-calcite-hornblende- 

epidote-albite; 
ii. an intermediate zone, which is marked by calcite-albite-chlo-

rite-albite-epidote-hornblende-muscovite-quartz; 
iii. a proximal zone consisted of biotite-quartz-calcite-chlo-

rite-pyrite-muscovite-actinolite-(gold); 
iv. a quartz vein-hosted ore zone showing quartz-pyrite-cal-

cite-chlorite-biotite-tourmaline-albite-actinolite-(gold).

The reflectance spectroscopy technique has been applied 
in the same intervals assayed in the petrographic study, 
showing a good correlation between the results obtained, as 
already well demonstrated in the literature. For example, chlo-
rite, calcite, and amphibole are present in all hydrothermal 

zones, from distal and intermediate zones to the mineral-
ized proximal and ore zones. Epidote is found in the inter-
mediate zone, while mica has been found in the intermedi-
ate, proximal, and ore zones. Tourmaline occurs in the ore 
zone. The technique has limitations in identifying quartz and 
gold minerals, due to its very low chemical reactivity, which 
directly affects the spectral signature of the mineralized zone. 
However, the spectral signatures in the zones around the ore 
were successfully obtained, and lend themselves perfectly as 
mineralization guides.

Analyzing more carefully, chlorite is Fe-Mg-rich and 
appears along all alteration zones, which is totally compati-
ble with the geochemistry of the host metamafic rocks of the 
deposit. Muscovite is in the intermediate do proximal zones, 
while biotite is typical of internal mineralized intervals (prox-
imal and ore zone) and reflects the potassic alteration devel-
oped. Calcite is well-established under all hydrothermal zon-
ing. However, the presence in the ore zone would indicate a 
basic CO2-rich fluid, favoring a decrease in both pH and Eh, 
leading to the deposition of gold in this environment (Gilbert 
et al., 1998). Amphibole has a hornblende composition in the 
distal to intermediate zones, which is replaced by actinolite 
in the proximal to ore zones, and this mineralogical variation 
reflects the decrease in temperature, which must have been 
higher in the distal hosted rocks (greenschist to amphibolite 
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facies temperature) than in the proximal center of the hydro-
thermal alteration (low greenschist facies temperature). 

The chlorite abundance calculated by reflectance spectros-
copy analysis shows a tendency, in general terms, to decrease 
from the edge to the center of the hydrothermal alteration 
(Fig. 8), ranging from 0.168–0.185 in the edge to 0.076–0.085 
in the core alteration of the M2 lode (Table 2) and from about 
0.200 in the edge to 0.066–0.078 in the core alteration of the 
Melechete lode (Table 1). Chlorite abundance curves, which 
are calculated from the edge to the center, obey a negative 
linear correlation with more than 90% accuracy (R2 = 0.91, 
R2 = 0.94, and R2 = 0.97; Fig. 8). These data are fully supported 
in accordance with previously performed petrography data 
(Fig. 5). However, in the Melechete orebody, specifically in the 
distal and intermediate zones (samples 9 and 10, respectively) 
of the MAF-64 drill hole, the calculated chlorite abundance 
was abruptly lower than normal, varying between 0.054 and 
0.085 (Table 1), performing a linear regression curve with 
R2 = 0.20. A probable cause for this below-average chlorite 
abundance can be explained by mineralogical heterogeneity 
produced by non-pervasive hydrothermal alteration, typical 
of distal zones, which can lead, locally, to a lower concentra-
tion of chlorite.

Thus, all the reflectance spectroscopy data here obtained 
are totally pertinent to the expected and prove that the reflec-
tance spectroscopy technique can give a fast and reliable result, 
tracing hydrothermally altered rocks to refine gold mineral 
exploration. Chlorite is an abundant mineral in the periph-
eral hydrothermal zones of metamafic-hosted rocks, however, 
being almost entirely replaced by other alteration styles in the 
internal part, mainly potassic alteration, silicification, and sul-
fidation, which are related to the presence of gold mineraliza-
tion in the deposit.

Unfortunately, in this study, it was not possible to deter-
mine the abundance of carbonates and micas, as well as other 
minerals from hydrothermal paragenesis, and thus further 
refine the RE technique, due to either the limitations of the 
software used or the low capacity to acquire reliable readings 
in very small and irregular surfaces. A more in-depth study 
of mineral chemistry in hydrothermal minerals can also help 
produce more robust and assertive results.

CONCLUSION
This study used reflectance spectroscopy to characterize the 

hydrothermal alteration in the Mamão gold deposit, which is an 
Archean orogenic-style gold deposit located in the Andorinhas 
greenstone belt, CMP, Brazil. The aim of the research was to iden-
tify vectors of gold mineralization in the area through mineral 
mapping, providing a new tool for the mineral industry oper-
ating in similar geological and metallogenetic terrains, widely 
distributed in Brazilian greenstone belts (Pará, Amapá, Goiás, 
Minas Gerais, Bahia state, etc.) and other countries (Canada, 
Australia, Guyana, and Venezuela, among others).

A petrographic study carried out in the Mamão gold deposit 
divided the hydrothermal alteration into four zones, from the 
edge to the center, as follows: distal (or chlorite zone), inter-
mediate (or carbonate zone), proximal (or potassic zone), and 
orebody (or silica-sulfide zone). Using reflectance spectros-
copy, despite the few samples analyzed in this study, which was 
carried out on an experimental basis, the mineralogy obtained 
was able to confirm the previous petrographic study, even with 
the operational limitations found in the use of the technique. 
The hydrothermal evolution could be traced using the spec-
tral analysis and the result confirms the four phases followed 
by diversified mineralogical dimensions and compositions, 
culminating with the deposition of gold in the ore zone dom-
inated by quartz-pyrite-calcite-biotite-chlorite-muscovite-ac-
tinolite-toumaline-(gold).  

Chlorite (Fe-Mg-rich) and carbonate were found in all zones, 
while hornblende, muscovite, and epidote were described in 
the outer zones (distal and intermediate) and tourmaline, actin-
olite, and biotite were described in the inner zones (proximal 
and orebody). The spectral abundance of the mineral chlorite 
was estimated and showed that its quantity decreases from the 
edge to the center of the hydrothermal alteration, in the order 
of average magnitude of 0.180–0.075, respectively, with lin-
ear correlation greater than 90% assertiveness in three of the 
four simulated situations. Consequently, the spectral behavior 
reflects exactly the same mineralogical behavior of chlorite, 
observed in petrography.

This study has shown a positive correlation between reflec-
tance spectroscopy and petrographic techniques. Is possible 
to carry out a very fast and low-cost characterization survey 
directly in the drill cores or even in chip/grab samples where 
hydrothermally altered rocks outcrop. Using spectral mapping 
of chlorite, we may estimate the decrease in its abundance vec-
torizing toward internal areas of the hydrothermal package, 
where there is the greatest possibility of developing proximal 
alterations (potassic) or even gold-rich quartz veins orebody. 

Figure 8. Chlorite abundance (Y-axes of spectra) calculated 
by reflectance spectroscopy algorithm, arranged according to 
their corresponding hydrothermal alteration zone. Samples are 
represented by internal numbers. (a) Chlorites from Melechete 
orebody. (b) Chlorites from M2 orebody. Internal numbers 
represent the number of analyzed samples. R2 represents the linear 
correlation between the data obtained.
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Thus, reflectance spectroscopy becomes an important and 
robust tool to assist field mapping in mineral exploration at 
Archean (Paleoproterozoic maybe) greenstone belts.
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