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ABSTRACT

Furnas is a small and not well-known copper sulfide deposit in the northern Carajas mineral
province (Para State, Brazil). Mineralogical and geochemical studies were performed on three
weathered samples in order to verify the presence of copper in the lateritic minerals. According to
these Cu-bearing minerals, the weathered ore can be exploited. X-ray diffraction (XRD), Scanning
Electron Microscopy (SEM) and Fourier Transformed Infrared (FTIR) spectroscopy analyses have
shown that the copper is mainly associated to cryptomelane and to clay minerals and, although
goethite composes from 40 to 50% of the samples (weight %), less than 0.1% of the total Cu is
associated to it. Based on the results, the weathering sequence could be established; the alteration
processes were responsible for the dissolution of the copper primary sulfides; the Cu released by
these sulfides is, afterwards, incorporated in biotites and vermiculites, following the gneiss
schistosity. Afterwards, the biotites altered to an interstratified 10-14 A and subsequently to an Al-
Fe-Cu smectite; finally, smectite was altered to kaolinite and the Cu was leached.
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1. INTRODUCTION

The mineral province of Carajas is considered one of the most important iron oxide copper gold ore
provinces (I0CG) in the world (Teixeira et al., 2010; Groves et al., 2010), often compared to the
Olympic Dam in Australia (Tallarico et al., 2005); it is located in the eastern part of the Amazon
craton in northwestern Brazil. The estimated Cu resource for all of the Carajas province is around 2
billion metric tons (Bt), with an average 1.4 wt % of Cu and 0.28 to 0.86 g/t of Au (Moreto et al.,
2015), for the sulfide ore.

The Carajas province is formed by two tectonic domains: Carajas and Rio Maria, limited by a
regional E-W discontinuity (Monteiro et al., 2014). The Rio Maria domain comprehends greenstone
belts of the metavolcanic sediments type and mesoarchean magmatism (granites and granodiorites).
In addition, the Carajas domain is formed by mesoarchean magmatism, especially granites, gneisses
and metavolcanic sediments, without greenstone belt evidences. The Archean basement is covered
by lgarapé Salobo-Pojuca and Gréo Para group sediments (amphibolites, quartzites and banded iron
formations - BIFs). Finally, marine and fluvial clastic sediments of the Aguas Claras Formation are
discordantly deposited above it (Schwarz and Frantz, 2013; Moreto et al., 2015). Lately, intrusions
of mafic, ultramafic rocks and granites followed by tectonic events reactivated old faults resulting
in low-grade metamorphism (greenschist facies) and metasomatism/hydrothermalism events. These
hydrothermal events led to the formation of the primary Cu-sulfide mineralizations. Weathering
and hydrothermal alterations of these sulfides lead to the Cu-bearing lateritic minerals formation.
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Based on the studies by Oliveira et al. (1995), Toledo-Groke et al. (1987) and Veiga et al. (1991),
which described malachite, cryptomelane, goethite and clay minerals as the main Cu-bearing
lateritic minerals in the Salobo deposit, a detailed mineralogical study was conducted on the lateritic
samples from the Furnas deposit. According to the results, the lateritic ore from Furnas could also
be exploited together with the sulfide ore in order to increase the Cu recoveries.

2. MATERIALS AND METHODS

Three samples of different Cu contents were provided by the Vale mining company from the Furnas
deposit, a small Cu target, located in the northern Carajas province (Pard, Brazil).

The sampling was performed by Vale and, according to the chemical compositions (table 1) they
refer to the different horizons in the weathered profile.

The chemical composition for the three samples was determined by X-ray fluorescence (XRF) on
powered bulk samples with Axios Advanced (PANalytical). Loss on ignition (LOI) values of the
bulk samples were obtained from 1g of bulk samples dried at 100°C and heated at 1020°C for two
hours; afterwards, the samples were left in a desiccator to cool and later weighed (Dean, 1974).
Three samples were separated according to their Cu grades: C1 - Low Cu content (<1% of CuO),
C2 - intermediate Cu amount (1-1.5% of CuO) and C3 - high Cu grade (>1.5% of CuQO).

The samples were treated with a solution of dithionite, tricitrate and sodium bicarbonate (DCB) at
80°C for 45 min. to solubilize the Fe oxi-hydroxides (Mehra and Jackson, 1960). The Cu in solution
was determined by ICP to estimate the Cu associated to the Fe oxi-hydroxides, such as goethite.

The mineralogical assemblage in the bulk samples was identified by randomly oriented X-ray
powder diffraction. X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance
diffractometer (Cu Ka radiation - 40 kV, 40 mA- Lynx eye detector) from 2 to 65° 26 with steps of
0.025° 20 and a counting time per step of 115s (converted from scanning mode).

The clay minerals of the samples were studied after the extraction of the <2um fractions. Initially,
the samples were dispersed into distilled water and wet sieved at 50um. The coarse material
(>50um) was discarded and the fine fractions (<50um) were saturated with NaCl 1 mol. L? to
deflocculate the particles (Moore and Reynolds, 1989). The clay fractions (<2um) were separated
by centrifugation and studied (Mano et al., 2015). Afterwards, the <2um fraction was separated into
five sub-fractions: <0.05um, 0.05 to 0.1uym, 0.1 to 0.2um, 0.2-1um and 1-2um; each size fraction
was studied in detail. The different sub-fractions were separated by successive centrifugation cycles
at different relative centrifugal forces (Laird et al., 1991). The bulk <2um and the sub-micrometric
fractions were flocculated, saturated with CaCl, 0.5 mol. L and washed with distilled water by
dialysis to remove the excess of salts. XRD patterns were obtained from oriented Ca-saturated clay
dried at room temperature (AD) and after ethylene glycol (EG) saturation, from 2 to 50° 26 with
steps of 0.025° 20 and a counting time per step of 192 s (converted from scanning mode).

Fourier transformed infrared (FTIR) spectroscopy was used to specify the crystal chemistry of the
Cu-bearing clay minerals. Mid infrared analyses (MIR) were performed in transmission mode using
a Nicolet Magna-IR 760 spectrometer in the 400-4000 cm™ range with a 2 cm™ resolution. The
spectra were obtained from pressed KBr pellets, prepared by mixing 1 mg of sample with 150 mg of
KBr and pressing at 10 t cm and drying overnight at 110°C. The infra-red spectra were analyzed
using the Omnic software.

The <2um sub-fractions were mounted in polished section slides, coated with metallic carbon to be
analyzed in a scanning electron microscopy (SEM) coupled to EDX (energy dispersive X-ray
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spectroscopy). The EDX microanalyses were performed both to distinguish the clay minerals
composition and to quantify the Cu contents associated to them. The microanalyses were performed
on an INCA Energy 300 device from Oxford Instruments, with a Si(Li) detector coupled to a SEM
LEO 440 - Leica installed at the Instituto de Geociéncias at the Universidade de Sdo Paulo - Brazil.

3. RESULTS

3.1 Samples composition

According to the XRD and XRF analyses (Table 1), all the three samples exhibited similar
mineralogy, essentially composed of quartz, clay minerals and Fe and Mn oxide/hydroxide (goethite
and cryptomelane). Sample C1 exhibited larger amounts of quartz than the other samples (30wt%)
whereas its contents of goethite and cryptomelane were the lowest (<45% and <3% respectively).
Sample C3, on the other hand, exhibited high contents of Fe and Mn oxides/hydroxides (<55% and
10%) and low amounts of quartz (<15%). Sample C2 exhibited an intermediate composition, with
nearly 20% of quartz, 50% of goethite and <5% of cryptomelane. For all the samples, the clay
mineral contents represented between 20 to 30% (wt%). In the Furnas deposit, the goethite contents
vary between 40 and 55% of the bulk samples. Manganese and copper contents showed the same
behavior, suggesting that part of the Cu was associated to Mn as cryptomelane.

Table 1 - Chemical composition of the samples (oxides weight %).

Samples Cl C2 C3

MgO 1.93 1.60 1.36
Al;,03 9.04 8.68 8.73
SiO; 37.0 28.6 24.0
K20 3.12 2.90 2.11
MnO 0.52 1.06 2.22
Fe:0s3 37.8 45.8 47.3
CuO 0.79 1.30 1.69
LOI 8.84 9.50 11.69
total 99.0 99.4 99.1

3.2 Clay minerals study

The XRD patterns of the <2um Ca-saturated fractions of the three samples (Figure 1), exhibited
peaks at dooiap= 7.1A and doozap= 3.6A which did not swell after EG treatment, being attributed to
kaolinite. Peaks at dooiap= 10.0A, doozap= 5.0A and doosan= 3.4A, which did not shift after EG
treatment indicated the presence of mica-illite. Finally, a peak at dooiap= 14.4A, which displaced to
dooiec= 15.6 to 16.5A after EG treatment, revealed the presence of swelling clay minerals such as
smectite. Figure 1B detailedly showed a low-angle shoulder at dooies= 11.6A, particularly for
sample C3, highlighted after the EG solvatation. This reflection is attributed to an interstratified
clay mineral containing mica and an expandable layer (10A-14A). A small amount of vermiculite
was also observed in sample C3, thanks to the reflection at 14.6A (Figure 1B), which did not shift
after EG treatment.

The finest fractions (<0.05 and 0.05-0.1um), which represent from 15 to 20% (wt%) of the samples,
concentrated smectite; while the coarsest fractions (0.1-2um), which vary from 5 to 10 wt% of the
samples, concentrated mica, kaolinite and mixed layers (Figure 2). Samples C1 and C2, in the
fractions between 1 and 2 um, exhibited a doox at 12.4 A that displaced to 12.9 A after EG
solvatation (Figure 2D), indicating an interstratification of mica and an expandable layer. This
mixed layer is almost absent in sample C3, as noticed in Figure 2D.



Sample C3 in detail
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Figure 1 - X-ray diffraction patterns for the blended samples saturated with Ca and after ethylene glycol
(EG) solvatation. Sample C3 is shown in detail — B

XRD - Sample C2
11.8A 10A

A XRD - Sample C1

16.9A 104 B 16.4A

1-0.2 ym EG

1-0.2 ym AD

0.2:01 ymEG |

0.2-0.1 ym AD

<0.05 uym EG
<0.05 pm AD
4 6 8 10 12 14 8
"2 B(Cu-Ku) 2 B(Cu-Ka)
XRD - Sample C3 XRD - Sample C1, C2 and C3
D 2-1 um fractions
10A
12.9A
q 1A

C32-1um EG
€321 um AD

14.4A  124A 7|
I
I
I
|
I
I
|
I

€221 ym EG
C2 2-1 ym AD

C12-1umEG

C12-1 pm AD

) 6 8 10 12 14 T T r r T 3
92 0(Cu-Ka) 4 6 8 10 12 14
92 0(Cu-Kar)

Figure 2 - X-ray diffraction patterns for the three samples C1, C2 and C3 (A, B and C) in air-dried (AD) and
after ethylene glycol solvatation (EG). Figure D compares the coarse fraction of the three samples




3.2.1 Scanning electron microscopy and X-ray dispersion energy analyses

EDX microanalyses for the <2 um size fractions of samples C1, C2 and C3 confirmed the presence
of clay minerals with a composition varying between biotite and smectite, as shown in the ternary
diagram Al>03/K20/Fe203+CuO+MgO (Figure 3). The microanalyses data plotted in a ternary
diagram of MgO/Al,Os/Fe;O3 confirmed that smectites in the <0.05um size fractions have a
composition close to nontronite (Figure 3B).
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Figure 3 - Ternary diagram for clay mineral particles <2 um for all samples (A). The theoretical
compositions for biotite, nontronite, kaolinite and vermiculite have also been plotted. B - Ternary diagram of
<0.05 um size fraction for all samples. Their composition is close to a Fe-rich dioctahedral smectite (Petit et

al., 1992)

3.2.2 Mid infrared results

Kaolinite was easily identified in the MIR spectra of all size fractions (Figure 4), especially for the
0.1 - 2 um size fractions through its characteristic AIAIOH stretching bands (vAIAIOH) at 3695 cm”
13669 cm?, 3653 cm™ and 3620 cm™ (Farmer, 1974; Madejova et al., 2011). Moreover, the band
at 3596 cm 1, attributed to vAIFe**OH in kaolinite (Petit and Decarreau, 1990; Iriarte et al., 2005),
showed that kaolinite contains structural iron.

The broad absorption band centered at 3420 cm™, due to water, revealed the presence of smectites.
This band is more intense for the <0.05 um fractions. The observed band at about 3570 cm™ in the
OH stretching region at 820 and 876 cm™ in the OH bending region allowed characterizing iron
rich-smectite and, more precisely, Al-nontronite (Petit et al., 2015). There are three possibilities for
copper occupation in smectites: i) in vacant sites of octahedral sheets; ii) in hexagonal cavities of
the tetrahedral sheets; iii) as exchangeable Cu?* ion in interlayer sheets. Madejova et al. (1999) and
Seiffarth and Kaps (2009) described some changes in Si-O vibrations in the MIR region induced by
Cu migration in smectites structures. Seiffarth and Kaps (2009) observed a shift from 1050 to 1058
cm* of Si-OH stretching band resulting from the Cu migration from the interlayer to the hexagonal
cavities of the tetrahedral sheet or to octahedral sites.

Petit et al. (1995) demonstrated that the presence of copper induced changes in absorption bands,
such as broadening and loss of resolution of the 3668 cm™, for synthetic kaolinites, containing from
0.1 to 7% of Cu. In these synthetic samples, copper was suspected to be in the trioctahedral
distribution.



The FTIR spectra of the three samples did not show any evidence of the presence of Cu in either the
smectite or the kaolinite structure. These features might be due to the too low Cu amounts in the
clay minerals to be detected.
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Figure 4 — MIR spectra for all samples

Chemical analyses by ICP-OES allowed determining the Cu associations in the <2um sub-fractions.
The results revealed that Cu contents are higher in the coarsest size fractions (Table 2), composed
mainly of biotite as compared to the finest fractions composed especially of smectite.
Unfortunately, the amounts of 0.05 to 1um fractions for samples C2 and C3 were not sufficient to
perform the ICP analysis.



Table 2 - Chemical analyses by ICP for sample C1 (weight %). ns - no sample

Sample Cu (wt%) Sample Cu (wt%) Sample Cu (wt%)
Cl <2 pum 0.623 C2 <2 um 0.78 C3 <2 um 1.09
C1l<1pm 0471 C2<1pum ns C3 <1 pum ns
C1<0.2 um 0.447 C2<0.2 um ns C3<0.2 um ns
C1<0.1pum 0.265 C2<0.1 pm ns C3<0.1 um ns
C1 <0.05 pm 0.129 C2 <0.05 pm 0.71 C3 <0.05 pm 0.81

4. DISCUSSION

In oxidized ores, Cu is frequently associated to goethite (Oliveira et al., 1995; Veiga et al., 1991;
Gerth, 1990; Toledo-Groke et al., 1987; Ildefonse et al., 1986); however, in the Furnas deposit, this
element is preferentially associated to cryptomelane, as observed by Mosser and Zeegers (1988) in
Burkina Faso (Africa) and Traina and Doner (1985). The chemical analyses (Table 1) performed in
this study also confirmed this assumption. Even though Fe-oxides/hydroxides represented from 40
to 55% (mass) of the samples, less than 0.1% of Cu is associated to them, according to the ICP
analyses of the solutions from the DCB treatment. In fact, in the Furnas deposit, Cu is
approximately partitioned as 50% in cryptomelane and 50% in the clay minerals. Concerning the
clay minerals, biotite followed by mixed layers biotite/vermiculite or biotite/smectite exhibited the
highest contents of Cu. Smectite (mainly nontronite) revealed the lowest Cu content (Table 2).
FTIR from the clay fraction showed that copper is not associated to smectite as structural cation or
as interlayer cation, since only 0.01 wt% of Cu is exchangeable, as also registered by Toledo-Groke
et al., (1987).

Petit et al. (1992) showed that smectites from the Salobo deposit exhibited a nontronite
composition. Furnas profile is a typical weathering profile found in the Carajas Province, similar to
the Salobo deposit (Ildefonse et al., 1986; Toledo-Groke at al., 1987 and Veiga et al., 1991) and
also resembling the Burkina Faso deposit (Africa) described by Mosser and Zeegers, (1988). The
alteration processes were responsible for the dissolution of primary sulphides. The Cu released by
sulfide dissolution is afterwards incorporated by biotites and vermiculites from the gneisses,
according their schistosity (Toledo-Groke et al.,, 1987). The Cu-rich biotites altered to an
interlayered clay mineral of 10-14 A (biotite-smectite-vermiculite) and subsequently to an Al-Fe-Cu
smectite (nontronite); finally, smectite was transformed into a kaolinite depleted in Cu.

5. CONCLUSIONS

In the Furnas deposit, as well as in the Burkina Faso deposit, Cu is mainly assigned to cryptomelane
instead of goethite, as observed at the Salobo deposit. Expressive Cu amounts were determined in
interlayered clay minerals, possibly a biotite-vermiculite type. Unfortunately, the copper associated
to clay minerals is not easy to recover, even in an acid leaching route; therefore, copper behavior in
the weathering environment demands more studies in order to completely understand the
geochemical fixing process in the lateritic minerals.
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