minerals

Article

Geochemical and Isotopic Fractionation in the Hypogene Ore,
Gossan, and Saprolite of the Alvo 118 Deposit: Implications
for Copper Exploration in the Regolith of the Carajas

Mineral Province

Pabllo Henrique Costa dos Santos 1'*, Marcondes Lima da Costa !

check for
updates

Citation: Santos, PH.C.d.; Costa,
M.L.d.; Roerdink, D.L. Geochemical
and Isotopic Fractionation in the
Hypogene Ore, Gossan, and Saprolite
of the Alvo 118 Deposit: Implications
for Copper Exploration in the
Regolith of the Carajas Mineral
Province. Minerals 2023, 13, 1441.
https://doi.org/10.3390/
minl13111441

Academic Editors: Maria Boni, Wei
Tan, Xiaodong Deng, Lulu Zhao and
Martin Yan Hei Li

Received: 25 September 2023
Revised: 18 October 2023
Accepted: 24 October 2023
Published: 15 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Desiree Lisette Roerdink 2

1
2

Geosciences Institute, Federal University of Para, Belém 66075-110, Brazil; mlc@ufpa.br
Department of Earth Science, University of Bergen, 5007 Bergen, Norway; desiree.roerdink@uib.no
*  Correspondence: phsantos@ufpa.br

Abstract: In the Carajas Mineral Province, gossan formation and lateritization have produced nu-
merous supergene orebodies at the expense of IOCG deposits and host rocks. The Alvo 118 deposit
comprises massive and disseminated hypogene copper sulfides associated with gossan and min-
eralized saprolites. The hypogene reserves are 170 Mt, with 1% Cu and 0.3 ppm Au, while the
supergenes are 55 Mt, comprised of 30% gossan and 70% saprolite, with 0.92% Cu and 0.03 ppm
Au. The gossan includes goethite, malachite, cuprite, and libethenite zones. The saprolite comprises
kaolinite, vermiculite, smectite, and relics of chlorite. In the hypogene mineralization, Ag, Te, Pb,
Se, Bi, Au, In, Y, Sn, and U are mainly hosted by chalcopyrite and petzite, altaite, galena, uraninite,
stannite, and cassiterite. In the gossan, Ag, Te, Pb, Se, and Bi are hosted by Cu minerals, while Au,
In, Y, Sn, and U are associated with iron oxyhydroxides, in addition to Zn, As, Be, Ga, Ga, Mo, Ni,
and Sc. As supporting information, §%Cu values indicate that the gossan is immature and, at least
partly, not affected by leaching. In the saprolite, Ga, Sc, Sn, V, Mn, Co, and Cr are associated with
the iron oxyhydroxides, partially derived from the host rock weathering. The 5°°Fe values indicate
that hypogene low contribution of the hypogene mineralization to the saprolite iron content. The
association of Al,O3, Hf, Zr, Th, TiO,, Ce, La, Ba, and Sr represents the geochemical signature of the
host rocks, with dominant contributions from chlorites, while In, Y, Te, Pb, Bi, and Se are the main
pathfinders of Cu mineralization.

Keywords: chalcopyrite; petzite; chlorite; stable isotopes

1. Introduction

Gossan generation involves sulfide dissolution and release of sulfate and metal ions,
which can be lost or retained by the supergene system [1-3]. This retention comprises
the generation of newly formed minerals, establishing a mineralogical zoning, which can
include secondary sulfides, sulfates, arsenates, phosphates, carbonates, and oxyhydroxides,
carrying copper or other metals [4]. These zones represent exploratory guides for the
generally much larger hypogene deposits [5-7].

In tropical regions like the Amazon, gossan and their host rocks have been modified by
weathering, producing thick saprolite blankets that include lateritic profiles and soils [8-10].
In this context, ions or ionic compounds not incorporated by gossan are partially retained by
the weathering products of the host rocks, forming a geochemical dispersion halo [10-12].
This incorporation typically involves clay minerals and iron oxyhydroxides [11,13].

Thus, tropical weathering makes mineral exploitation particularly complex because
it modifies the gossans’ classical mineralogical and textural aspects, which are preserved
in arid regions [5,14,15]. However, the weathering products of the host rocks can form
economically attractive mineralizations, increasing the profitability of the deposit and
reducing mining waste [16].
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The Carajas Mineral Province (CMP) has been subjected to tropical weathering and
lateritization over the past 70 Ma, modifying the pre-existing gossans, especially those
located at the top of the Carajas Mountains, which are bounded by the South Ameri-
can/Carajas geomorphic surface [9,17]. Additionally, denudation of the surrounding areas,
which commenced at 10 Ma and is now represented by the Velhas/Itacaitinas geomorphic
surface, exposed immature and truncated mature gossans. These secondary orebodies
are generally capped by saprolite horizons and colluvial deposits [9,10,12,13]. Thus, min-
eral exploration in these terrains should consider the evolutionary degree of the gossans
(mature or immature), lateritic profiles (complete or truncated), and their metal-retention
capacity [11,13].

The Alvo 118 deposit consists of Cu-Au mineralization, typical of the denuded areas
of the CMP. It comprises three ore types formed during distinct evolutionary stages: (1) hy-
drothermal massive and disseminated copper sulfide orebodies, (2) immature gossan, and
(3) saprolite [18,19]. The hypogene reserves reach 170 Mt at 1% Cu and 0.3 ppm Au, while
those of supergene ores are approximately 55 Mt, of which 30% correspond to the gossan
orebody and 70% to the saprolite, with 0.92% Cu and 0.03 ppm Au [20].

This research investigated the Alvo 118 deposit to understand the patterns of fixation
and dispersion of copper and other chemical components in the secondary mineralizations
(gossan and saprolite) typical of the Itacaitinas denuded areas. Additionally, mineralogical,
textural, and isotopic data were used to evaluate the response of the hypogene miner-
alization and host rocks to oxidoreduction and hydrolysis reactions, respectively. Both
approaches produced implications for mineral exploration.

2. Geological Setting

The Carajas Mineral Province is located in the southeastern Amazon Craton and is
home to one of the world’s largest and oldest iron oxide copper gold (IOCG) belts [21,22].
Most deposits are located in the Carajas tectonic domain, in the northern portion of the
province (Figure 1A), affected by two mineralizing hydrothermal events. The first (2.57 Ga)
produced the Salobo, Sossego, Cristalino, and Alemao deposits; the second (1.88 Ga) formed
the Gameleira, Estrela, Breves, Igarapé Cinzento, and Serra Verde deposits [18]. Alvo 118 is
the only hybrid orebody, recording the overlapping of both events [19].

The Alvo 118 is a Cu and Au deposit related to shear zone hydrothermal alteration. The
hypogene IOCG mineralization comprises NW-SE subvertical tabular orebodies aligned
with the neighboring Sossego and Cristalino deposits [18]. The first mineralization type
includes hydrothermal breccias comprising chalcopyrite and bornite matrix (with minor
magnetite and pyrite), surrounding granite, gabbro, and schist clasts [23]. Stockwork
veins formed of quartz, calcite, and chalcopyrite represent the second mineralization type.
Hydrothermal xenotime has been dated to 1869 & 9 Ma in the breccia zone matrix and to
1868 + 7 Ma in the stockwork veins [18].

The deposit area houses mafic to intermediate volcanic sequences, with mylonitic
foliation and intense chloritic alteration correlated with the Grao Para Group. Then, these
rocks are intruded by granodioritic, tonalitic, and gabbroic bodies, and finally, crosscut by
dacitic-rhyolitic and diabasic dykes [19]. Toward the sulfide ore, the host rocks have been
progressively subjected to sodic (albite and scapolite), potassic (biotite and alkali feldspar),
chloritic, and quartz-sericitic hydrothermal alterations [19].
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Figure 1. (A) Location of the Carajas tectonic domain in northern CMP; (B) geology of the Carajas
domain, with the location of the main copper deposits, modified from [18,24]; (C) geological section
of the Alvo 118 deposit, with hypogene mineralization, gossans, and saprolite locations (source, Vale).

The gossan overlying the sulfide mineralization presents a mineralogical zonation,
with progressive replacement of primary sulfides by secondary sulfides, and then by car-
bonates, phosphates, and copper oxides [25]. In the overlying saprolite, copper is supposed
to be carried by the alteration products of the primary silicates, that is, clay minerals
and iron oxyhydroxides, such as in Salobo and Furnas deposits [13,26,27], Figure 1C. The
Alvo 118 deposit was initially explored in the 1990s, by Docegeo, and investigations were
resumed in 2017 by Vale.

3. Materials and Methods
3.1. Sampling

Petrographic descriptions were performed on drill cores and outcrops in the Alvo
118 pilot mine, followed by the collection of 112 samples, including host rock, hypogene
mineralization, gossan, and saprolite. Vale collected four hundred samples from two
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additional drill holes for whole-rock chemical analyses and made the results available for
this research.

3.2. Optical and Electron Microscopy

The microtextural aspects were investigated through polished sections analyzed in
a LEICA DM 2700 P petrographic microscope with a LEICA MC 170 HD camera (Leica,
Wetzlar, Germany). These data were enhanced with scanning electron microscopy (SEM)
images (backscattered electrons) taken using Hitachi TM3000 equipment (Tokyo, Japan).
The target minerals were analyzed with an Oxford SwiftED3000 (Oxford Instruments,
Abingdon, UK) energy dispersive system (EDS). The voltage acceleration was from 5 to
15 kV, using an SDD detector (161 eV Cu-K«). The microtextural analyses were carried out
in the Mineralogy, Geochemistry, and Applications Laboratory (Federal University of Para).

3.3. X-ray Diffraction (XRD)

Mineral identification was enhanced with powder XRD in a Bruker D2 PHASER
(Bruker, Billerica, MA, USA), with a Cu anode, Lynxeye detector (1D mode); the settings
were an increment of 0.02°20, 0.2 s step time, and 0.1 mm slit, operating at 300 W (30 kV
and 10 mA), in the angular range 5-75°26. For identification of clay minerals, 150 g aliquots
from 20 samples were previously deflocculated in an ultrasonic vat and wet sieved at
63 um. The passing fraction was centrifuged for 2 min at 1000 rpm. The suspension was
centrifuged again at 1800 rpm for 10 min. Then, the suspension was decanted in another
recipient and dried at 40 °C. Finally, the isolated clay particles were mounted in oriented
sections; ethylene glycol solvated for 48 h; and heated at 540 °C for 2 h. The respective
mineralogical response to each treatment was followed by DRX analyses in the angular
range 4-75°20. These procedures were carried out in the Mineralogy, Geochemistry, and
Applications Laboratory (Federal University of Para).

3.4. Whole-Rock Chemical Analysis

Four hundred 10 Kg samples were analyzed to determine the whole-rock chemical
composition. The analyzed elements were Ag, Al, As, Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Fe,
Ga, Ge, Hf, In, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta, Te,
Th, Ti, TL U, V, W, Y, Zn, and Zr. Aliquots of 0.25 g were digested with perchloric, nitric,
hydrofluoric, and hydrochloric acids. The residue was diluted with hydrochloric acid and
analyzed in an atomic emission spectrometer with inductively coupled plasma (ICP-AES).
Following this analysis, the results were reviewed for high concentrations of Bi, Hg, Mo,
Ag, and W and diluted accordingly. Then, samples meeting this criterion were analyzed in
a mass spectrometer with inductively coupled plasma (ICP-MS). Au was determined by
fire essay with ICP-AES finish, and Cu was analyzed by Niton X-ray Fluorescence (Thermo
Fisher Scientific, Waltham, MA, USA). The results were kindly provided by Vale.

Additionally, 12 samples collected in specific mineralogical contexts were analyzed
to clarify the association between mineralogy and chemical composition. The analyzed
elements were Si0O,, Al,O3, Fe,O3, CaO, Na,O, K,O, Cr,03, TiO,, MnO, P,0s, SrO, and
BaO. Aliquots of 0.1 g were added to lithium borate and fused at 1025 °C. Then, the resulting
melt was cooled and dissolved in a mixture of nitric, hydrochloric, and hydrofluoric acids,
and then this solution was analyzed by ICP-AES. Barium, Ce, Cr, Cs, Dy, Er, Eu, Ga, Gd,
Ge, Hf, Ho, La, Ku, Nb, Pr, Rb, Sm, Sn, Sr, Ta, Tb, Th, Tm, U, V, W, Y, Yb, and Zr were
digested by the same method, but with an additional lithium borate fusion and analyzed
by ICP-MS. Loss on ignition was determined by the gravimetric method, using a thermal
decomposition furnace. Total S and C were analyzed by LECO infrared spectroscopy.

For Ag, Cd, Co, Cu, Li, Mo, Ni, Pb, Sc, and Zn, 0.25 g aliquots were digested with
perchloric, nitric, hydrofluoric, and hydrochloric acids. The final volume of residue was
reached by adding dilute hydrochloric acid, and the resulting solution was analyzed by
ICP-AES. For Cu, 0.4 g samples were digested in aqua regia and analyzed by ICP-MS.
For As, Bi, Hg, In, Re, Sb, Se, Te, and TI, 0.50 g aliquots were digested with aqua regia
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for 45 min. After cooling, the solution was diluted to 12.5 mL with deionized water and
analyzed by ICP-MS. Gold, Pt, and Pd were determined by fire essay and ICP-AES finish.
All the chemical data were acquired in the facilities of ALS laboratories.

Eu anomaly determination was carried out as follows: First, the geometric mean
between the normalized values of Sm and Gd was calculated (Eu* = Sm + Gd)/2. Next, the
ratio between the normalized Eu content (Eu) and the result of this interpolation (Eu/Eu*)
was determined. Results above 1 represent a positive anomaly and results below 1 represent
a negative anomaly.

The calculation of correlation coefficients with chemical data was performed using
Micosoft Excel 2022. The same software was used to make normalization diagrams. Addi-
tionally, Origin 6.0. was used to perform a clusters analysis.

3.5. Stable Isotopes

Powdered samples were heated, at 1000 °C for 90 min, to remove organic compounds,
and then dissolved in concentrated HF, HNOj3, and HCI in Teflon beakers at 130 °C.
Solutions were split into two aliquots, dried down, and redissolved in 1 mL of 6M HCI (for
Fe isotope analyses) and 1 mL of 10M HCI (for Cu isotope analyses). Only double-distilled
acids were used in the procedure, and labware was precleaned with 10% HCI to minimize
contamination. For technical reasons, it was possible to analyze a maximum of eight
samples comprised of hypogene mineralization (two samples), gossan (three samples), and
saprolite (three samples); all samples were analyzed in triplicate.

3.5.1. Iron Isotopes

Eight aliquots corresponding to 500-1000 ug Fe were loaded onto anion exchange
columns with approximately 1 mL of AG1-X8 resin (100-200 mesh) in a class A100 laminar
flow hood. Matrix elements were eluted using 5 mL of 6M HCl; Fe was eluted using 2 mL
ultrapure water and 4.5 mL of 5M HNOj [28]. The eluted sample was dried overnight and
taken up in 0.3M HNOj3. Samples were subsequently analyzed for Fe concentrations using a
Nu Plasma II multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS)
with an upgraded Plasma 3 interface at the University of Bergen. A blank acid sample run
over the same anion exchange columns yielded a blank of 4 ng Fe, corresponding to less
than 0.002% of the Fe in the samples.

Solutions were diluted to 2 ppm Fe in acid-cleaned Teflon vials and analyzed for Fe
isotopes in wet plasma mode at pseudo-medium resolution (R5-95% = 9899) with 54Fe
in Faraday cup L5, ®°Fe in H1, and *’Fe in H4. Zeros were measured by ESA deflection
for 30 s before each block, and samples were analyzed in 2 blocks of 20 measurements of
8 s. Each sample was run in duplicate, and an internal standard (Han Fe, §°°Fe = 0.29 +
0.07 %) [28] was regularly measured to confirm accurate Fe isotope ratios. Fe isotope ratios
were corrected for mass bias using standard-sample bracketing (SSB) with the bracketing
standard IRMM-014, following the equation: 656Fesp1, corr = {((?°Fe/ 54Fe)sp1, meas/ [0.5 X
(°®Fe/>*Fe)std1, meas + 0-5 X (°°Fe/>*Fe)std2, meas]) —1} x 1000 and similarly for 5 Fe.

A plot of 8% Fe versus 6°Fe confirmed that all samples and the standard fall (within
error) on the terrestrial mass-dependent fractionation line with a slope of 1.47. Based on
repeated analyses of Han Fe (n = 15), the external precision on °°Fe was 0.10 (2 s). Analyses
of the BCR-2 basalt standard yielded an average 5°°Fe of 0.07 & 0.05%o (1 = 3), which is in
excellent agreement with the published value of 0.09 £ 0.01%. [29].

3.5.2. Copper Isotopes

Eight aliquots corresponding to 1000 pug Cu were loaded onto custom-made Teflon
columns with 1 mL of AG-MP1 anion exchange resin (100-200 mesh) in a class A100 laminar
flow hood. For samples less than 100 g, Fe was loaded onto the column, matrix elements
were eluted using 4 mL of 10M HCI, and Cu was subsequently eluted using 6 mL of 5M
HCI [30]. Column calibration showed that higher Cu contents result in earlier elution of Cu.
For samples with more than 100 pug Cu, the matrix elements were eluted with only 3 mL of
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10M HCI. The eluted samples were dried overnight, refluxed with concentrated HNOj3 for
4 h, and taken up in 0.3M HNOs.

Samples were subsequently analyzed for Cu concentrations using a Nu Plasma II
MC-ICP-MS at the University of Bergen. A blank acid sample run over the same anion
exchange columns yielded a blank of 1 ng Cu, corresponding to less than 0.001% of the
Cu in the samples. Solutions were diluted to 100 ppb Cu in acid-cleaned Teflon vials and
analyzed for Cu isotopes in wet plasma mode at low resolution with *Cu in the axial
Faraday cup and ®Cu in H4. Zinc abundances were monitored in Faraday cups H6 (°®Zn)
and H9 (®8Zn), and total Zn signals were typically less than 1% of the total Cu signal. Zeros
were measured by ESA deflection for 30 s before each block, and samples were analyzed in
2 blocks of 20 measurements of 8 s.

Each sample was run in duplicate, and an internal standard (Bergen Cu, §°>Cu = —0.06
£ 0.06%o0, Moeller et al., 2012) was regularly measured to confirm accurate Cu isotope
ratios. Cu isotope ratios were corrected for mass bias using standard-sample bracketing
(5SB) with the bracketing standard ERM AE647, following the equation: 665Cusp1, corr
= {((65CU/63CU)spL meas/[o‘5 X (65cu/6gcu)stdl, meas T 0.5 x (65Fe/63cu)std2, meas]) _1} X
1000. Values were subsequently recalculated to the SRM976 standard as: 5%°Cugrpmore =
5%°Cugprm apeay + 0.21 [31]. Based on repeated analyses of Bergen Cu (1 = 8), the external
precision on 5%°Cu was 0.08 (2 s).

4. Results
4.1. Structure and Zonation of the Deposit

The investigated drill cores exhibit three distinct kinds of mineralization: hypogene,
gossan, and saprolite. The hypogene and gossan mineralizations are typically interspersed
with fresh host rocks (Figure 2A). The base of the profile is comprised of chlorites, consisting
of approximately 80 vol% chlorite, 15 vol% plagioclase, 5 vol% quartz, with accessory
magnetite, and occasional zones of potassic alteration, indicated by the presence of alkali
feldspar. Above that, the host rocks are granodiorites, comprised of quartz (40 vol%),
oligoclase (35 vol%), and orthoclase (15 vol%), in addition to biotite and hornblende that
together make up approximately 10 vol%. The main accessory minerals in the granodiorites
are apatite, zircon, and titanite.

Hypogene mineralization occurs approximately between 110 and 140 m deep, com-
prised of massive ore, interspersed disseminated ore, and chlorite zones. The disseminated-
type mineralization corresponds to stockwork veins formed of quartz with chalcopyrite,
alkali feldspar, and calcite, with traces of siderite and fluorite (Figure 2B). The massive
type is comprised of chalcopyrite (with traces of nukundamite) surrounding millimetric
fragments of chlorite (Figure 2C). Chalcopyrite exhibits numerous inclusions, like apatite,
magnetite, petzite, altaite, galena, uraninite, stannite, and cassiterite (Figure 3).

The gossan was divided into four zones according to the dominant minerals: goethite,
malachite, cuprite, and libethenite. Chlorites host the first two zones, and the last two are
hosted by granodiorites. The goethite zone is at the base of the gossan profile and presents
three main faciological variations: (1) cavity-filling, (2) fracture-filling, (3) and breccia facies.
The cavity-filling facies are comprised of quartz-rich stockwork veins with numerous
cavities formed by the dissolution of chalcopyrite. These cavities are invariably coated
with goethite (Figure 2D) and sometimes malachite. The fracture-filling facies consists
of goethite and chalcocite locally filling chlorite fractures. The breccia facies consist of a
goethite micromass surrounding quartz grains up to 4 cm in diameter (Figure 2E,F). Native
copper crystals and pseudomalachite are often identified within the goethite matrix.

The malachite zone is predominantly massive and up to 2 m thick. It consists of a
malachite micromass with subordinate chrysocolla and ramsbeckite, surrounding black
nodules of cuprite and tenorite (Figure 2G). Massive goethite is often associated with
this zone. The cuprite zone is predominantly massive, approximately 1 m thick, and is
characterized by the intercalation of (1) reddish portions formed of cuprite and goethite
surrounding millimetric quartz grains and (2) brownish sections, consisting of goethite,
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chalcocite, and quartz (Figure 2H). The libethenite zone is located approximately from 43 to
80 m deep and represents the gossan top. Its distribution is restricted to the granodiorite
fracture system, and the main Cu-bearing phase is libethenite, with minor pseudomalachite
and malachite (Figure 2I). The gossan mineralogical composition was determined by XRD
and electron microprobe microanalysis, both techniques published in previous research
that was carried out by the first two authors [32].
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Figure 2. Distribution of hypogene mineralization, gossan, and saprolite in the investigated drill
holes, modified from [32] (A). Disseminated hypogene mineralization, comprising quartz veins with
chalcopyrites crosscutting chlorite (B). Massive hypogene mineralization (C). Gossan: goethite (D-F),
malachite (G), cuprite (H), and libethenite (I) zones. Saprolite: coarse saprolite (J) and fine saprolite
(K-M).
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Figure 3. SEM images and respective EDS spectra of accessory minerals from hypogene mineraliza-
tion, identified as chalcopyrites inclusions: Apatite, Apt (A); magnetite, Mag (B); petzite, Ptz (C);
altaite, Alt (D); galena, Gal (E); uraninite, Urn (F); cassiterite, Cas (G); and stannite, Stn (H).

The saprolite extends from the surface to approximately 35 m deep, overlying fresh
chlorites. Its base is comprised of weakly weathered chlorites, partially preserving the
primary foliation, thus composing coarse saprolite (Figure 2]). From the bottom to the top,
the saprolite is progressively kaolinized, with the development of fine saprolite, displaying
clayey zones with alternating colors, ranging from red to light red with white stains and
yellow (Figure 2K-M). Numerous quartz veins crosscut all the saprolite zones.

Kaolinite is the predominant mineral all over the fine saprolite. It was identified from
its 001 peak at 7.12 A in the natural samples, which was not displaced after treatment with
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ethylene glycol but disappeared after heating at 550 °C. Across the profile, kaolinite may
be associated with chlorite, vermiculite, smectite, or both.

Chlorite was identified from its highest intensity peak at 14 A in the natural sample,
whose position remains unchanged after glycolation and heating at 550 °C. Vermiculite was
indicated by the 14.18 A and 14.25 A peaks in natural samples, which remain unchanged af-
ter glycolation and collapse to 12.46 and 12.28 A, respectively, after heating. Smectite peaks
appear at 14.49 A and 14.05 A in the natural samples, expanding to 16.5 and 17.12 A in the
glycolated samples; and collapsing to 9.91 and 9.89 A after heating. Quartz and goethite are
present throughout the thin saprolite as resistate and newly formed minerals, respectively.

4.2. Chemical Composition of the Hypogene Mineralization, Gossan, and Saprolite

Aluminum (Al,O3), SiO,, Fe, O3, CaO, MgO, K,0O, and LOI are the main components
of the hypogene mineralization, gossan, and saprolite, followed by CaO, MgO, K;O, TiO,,
MnO, and P,0Os (Table 1). Sodium (NayO) was detected only in the saprolite, averaging
0.038%. The CuO contents vary from 26.29 to 29.79% in the analyzed samples of the
massive hypogene mineralization. However, in the gossan, CuO oscillates according to the
mineralogical composition of each zone, goethite (0.9 to 0.91% CuO), malachite (from 46 to
>50% CuO), and cuprite (7.9% CuO). This oscillation is also present in the saprolite (from
1.15 to 4.79% CuO). The Au values are higher in the hypogene mineralization (average
2.19 ppm), reduced in the gossan (from 0.05 to 0.47 ppm), and strongly decreased in the
saprolite (from not detected to 0.55 ppm).

Table 1. Chemical compositions of selected samples from the hypogene mineralization, gossan, and
saprolite, expressed in wt.% (major elements) and ppm (trace elements) and average composition of
the upper continental crust, UCC [33].

Gossan Zone

Hypogene Ore Saprolite Ore
Goethite Malachite Cuprite UCC
Depth 129m 127 m 98 m 70 m 69 m 68 m 94 m 15m 12m ::I(I) 7m 5m
5\/18,2 13.4 10.35 36.8 7.11 3.78 14.2 43.5 55 48.8 55.3 52 412 66.6
Al,O3 4.08 3.25 3.41 5.89 2.56 10 5.19 21.1 222 1775 1775 209 154
Fe,O3 25.8 35.4 49.8 714 0.77 6.07 36.8 9.85 13.05 633 16.6 20.2 5.04
CaO 1.93 1.67 0.08 0.06 0.03 0.04 0.07 0.03 0.03 0.07 0.04 0.02 3.59
MgO 4.6 3.61 0.48 2.55 0.15 1.63 0.6 2.38 1.37 141 275 1.73 2.48
Na,O <0.01 <001 <0.01 <0.01 <001 <0.01 <0.01 0.03 0.07 019 0.02 0.04 3.27
K,O 2.51 1.85 0.27 0.07 0.05 0.15 0.21 1.33 0.76 225 0.28 1.11 2.80
TiO, 0.13 0.11 0.24 0.16 0.09 0.29 0.41 1.12 1.14 1.9 1.01 1.01 0.64
MnO 0.02 0.02 0.05 0.06 <0.01 0.03 0.03 0.02 0.08 0.08 0.02 0.12 0.1
P,0s5 1.28 1.1 1.48 1.28 <0.01 0.29 0.83 0.12 0.27 047 011 0.19 0.15
CuO 26.29 29.79 091 0.94 >50 46.32 7.90 1.51 1.65 479 295 1.15 0.0035
LOI 11.15 11.7 8.44 11.7 15.1 22.6 7.1 9.61 12.85 1035 9.86 11.5 -
Total 91.20 98.86 10196 101.22 >7254 101.62 102.65 10216 102.31 100.93 103.42 99.20 -
C 0.02 0.05 0.02 0.09 2.95 3.15 0.06 0.04 0.06 0.08 0.07 0.04 -
S 21.3 23.8 0.04 0.01 0.67 0.48 0.76 0.01 <0.01 <0.01 <0.01 <0.01 -
Auppm 272 3.32 0.047  0.432 0.083 0397 0277  0.016 0.012 0.004 0551 <0.001  0.0015
Ag 16.2 22.3 3.6 0.8 43.8 26.8 3 <0.5 <0.5 0.7 0.5 0.5 0.053
Ba 84.8 68.3 27.2 30.6 1235 40.4 64.5 495 253 372 89.1 206 628
Co 135 118 22 55 2 13 22 29 66 45 28 113 17.3
Cr <10 <10 <10 10 <10 10 20 70 70 10 100 80 92
Cs 2.35 191 1.27 0.42 0.02 0.06 2.59 1.1 0.77 058 1.82 1.11 49
Ga 18.6 14.3 12.2 37.2 8.8 30.2 22.4 32.6 33.1 15 33.9 37.6 17.5
Hf <0.1 <0.1 0.7 0.3 0.1 0.9 1.6 6.2 74 9.2 7 6.1 5.3
Li 30 20 10 10 <10 10 10 10 10 <10 10 10 24
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Table 1. Cont.
- o Gossan Zone S lite O
ypogene e Goethite Malachite Cuprite aprolite Ore uccC
Depth 129m 127 m 98 m 70 m 69 m 68 m 94 m 15m 12 m 1:1) 7m 5m
Mo <1 <1 60 57 8 5 9 <1 2 <1 <1 <1 1.1
Nb 13.8 9.9 4.8 6.5 1.9 7.7 6.4 8.6 11.3 16.8 13.8 12.8 12
Ni 127 139 187 905 26 133 398 182 102 121 281 65 47
Pb 16 10 <2 185 20 113 <2 6 <2 14 5 <2 17
Pd 0.002  <0.001 0.001 <0.001 0.018 0.026  <0.001  0.007 0.012  0.002 0.006 0.013 0.000522
Pt 0.005 <0.005 <0.0056 <0.005 0.021 0.015 <0.005  0.009 0.007  <0.005 0.005 <0.005 0.0005
Sn 198 278 21 13 7 21 29 42 24 6 31 28 2.1
Sr 5.9 8.8 4.8 1.5 0.9 3.7 4.2 24.1 10.9 29.8 10.1 49 320
Ta 1.3 1.1 0.2 0.5 0.3 0.5 0.2 0.7 0.9 1.3 0.9 0.6 0.9
Th 7.11 3.04 1.53 2.09 0.73 2.76 4.46 12.9 9.17 16.1 17.9 12.95 10.5
U 7.55 4.9 5.42 28 2.13 8.24 6.81 3.24 5.77 3.86 442 5.17 2.7
Vv 52 46 122 229 20 94 190 255 171 60 229 256 97
\V 2 4 7 5 22 3 3 5 5 10 4 5 1.9
Y 1120 623 99.2 253 173.5 1065 163.5 39.7 104 175 41.6 142.5 21
Zr 2 2 38 24 14 50 70 213 280 344 276 244 193
As 4.3 2.2 1.8 1.2 0.7 41 0.6 0.2 0.7 0.5 0.3 0.6 4.8
Bi 0.84 0.3 1.35 10.7 2.49 6.78 2.21 0.24 0.03 0.07  0.01 0.01 0.16
Hg 0.024 0.01 0.016 0.017 0.19 1.31 0.023 <0.005 0.017 0.008 0.014 0.01 0.05
In 4.42 5.29 0.133 0.462 0.131 0.38 0.127 0.04 0.024 0.022 0.036 0.03 0.056
Rb 300 234 37.9 6.3 1.8 6.2 44.5 104 84.7 115 66.6 77.1 84
Re 0.007 0.004 <0.001 0.001 0.002 0.008 0.001 0.001 <0.001 0.001 <0.001 0.001 0.198
Sc 9 8 16 17 16 84 27 41 32 17 44 36 14.0
Se 34.7 259 1.3 3.9 101.5 30.3 15.9 0.2 0.3 2.3 1.2 2.7 0.09
Te 18.8 18.9 0.65 1.2 2.79 0.73 2.41 0.05 0.05 0.05 0.05 0.07 n. a.
Tl 0.42 0.31 0.05 0.02 <0.02 <0.02 0.1 0.12 0.15 0.07 0.14 0.16 0.9
/n 42 36 117 793 34 120 231 103 59 89 108 51 67
La 8.5 7.2 4 13 11.1 150.5 7 74.9 16.4 382 154 40.6 31
Ce 38.6 27.7 10.2 28.4 25.1 318 14.6 151 28.4 81.8 188 76.8 63
Pr 8.7 5.82 1.18 3.48 3.18 39.6 1.72 16.7 3.29 9.68 3.14 12.25 7.1
Nd 67.5 429 6.2 17.1 15.6 179 7.7 60.6 13.9 421 133 53.7 27
Sm 47.3 28.1 2.54 7.31 5.27 48.4 3.23 9.25 3.5 8.7 2.61 11.45 4.7
Eu 12.65 7.66 1.07 3.03 211 16.25 1.36 2.7 1.55 3 1.01 3.85 1.0
Gd 122 69.7 6.53 18.75 12.5 85.9 9.4 8.07 8.25 13.3  4.08 17.05 4
Tb 25 14.7 1.32 4.01 2.6 16.7 2 1.18 1.57 234 0.68 2.8 0.7
Dy 176 100.5 9.79 28.7 19.35 123 15.65 6.54 11.35 1635 4.42 17.8 3.9
Ho 38 21.5 2.54 7.24 4.88 31.7 4.05 1.31 2.82 422 1.05 3.9 0.83
Er 111.5 62.4 8.41 23.7 16.15 109 13.35 3.71 8.98 1255 3.35 11.45 2.3
Tm 18.35 10.05 1.66 4.59 3.35 21.5 2.49 0.67 1.52 2.07  0.59 1.95 0.30
Yb 101.5 56.7 11.75 32.3 25.2 164.5 15.85 3.81 9.82 115 3.64 10.95 1.96
Lu 14.45 8.05 2.21 5.96 492 32.6 2.7 0.65 1.77 193 0.65 1.81 0.31
Y REE 790.05 462.98 69.4 197.57 151.31 1336.65 101.1 341.09 113.12 247.74 72.72 266.36 125
(La/Lu)y  0.06 0.09 0.19 0.23 0.23 0.48 0.27 11.96 0.96 2.05 246 2.33 -
Eu/Eu* 0.48 0.50 0.76 0.75 0.76 0.76 0.70 0.94 0.85 0.85 0.94 0.84 -

In the hypogene mineralization, the high Fe;O3, CuO, and S contents reflect the

predominance of chalcopyrite, while SiO,, Al,O3, MgO, and part of the Fe;O3 correspond
mostly to chlorite. The gossan exhibits a substantial variation in Fe;O3 contents (from 0.77
to 71.4%), in which the lowest values correspond to the malachite and cuprite zones, and
the highest values naturally delimit the goethite zone. Intermediate Fe,O3 values are found
in the interspersed chlorites, exhibiting the highest SiO,, Al;O3, and MgO contents. In
the saprolite, the Fe,O3 contents (6.35 to 20.2%) are controlled by the distribution of iron
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oxyhydroxides and exhibit very similar behavior to MgO, reflecting relic chlorites and iron
release during chlorite weathering.

Among the trace elements, Sn, Pb, U, Te, and Ag concentrations are much higher
than those of the upper continental crust (UCC) in the hypogene mineralization because of
the inclusions of stannite, cassiterite, galena, uraninite, altaite, and petzite in chalcopyrite.
These elements generally show substantially lower values in gossan and saprolite than in
hypogene mineralization but are still above UCC.

The proportions of SiO,, Al,O3, and Fe;O3 in selected samples from the hypogene
mineralization, gossan, and saprolite demonstrate the compositional heterogeneity of the
gossan compared with the saprolite, which forms a more homogeneous group (Figure 4).
The assemblage formed by the three types of mineralization shows a trend of increasing
Fe;O3 + MgO content. In hypogene mineralization, this reflects the predominance of chal-
copyrite; in gossan and saprolite, it is related to iron oxyhydroxides and chlorite contents.

SiO2

O Saprolite ore
@ Gossan ore
50 [ Hypogene ore

7 7

Al203 25 50 75 Fe203 + MgO

Figure 4. Triangular distribution of SiO,—Al;O3-Fe,O3+MgO (wt.%) for selected samples from the
hypogene mineralization, gossan, and saprolite (recalculated to 100%).

The CuO and Au contents oscillate strongly and similarly along the investigated
boreholes (Figure 5). In the hypogene mineralization, this oscillation reflects the alternation
between massive and disseminated sulfide domains. In the gossan, the highest contents
correspond to the malachite and cuprite zones, which are massive, while the lowest contents
are in the libethenite zone, restricted to the fracture system, with a disseminated distribution.
The CuO and Au contents in the saprolite are higher than those in the libethenite zone
located in the upper portion of the gossan but lower than those of the goethite, malachite,
and cuprite zones. In addition to the disseminated phosphate mineral distribution, the
lower Cu grades in the libethenite zone could indicate that Cu was mobilized downward
from it.

4.3. Copper and Fe Isotopes

The isotopic composition of the analyzed samples initially reflects chalcopyrite dis-
solution (the main Cu and Fe carrier in the hypogene ore) and the newly formation of
Cu/Fe-bearing minerals in the gossan zones. Additionally, the overlying saprolite repre-
sents a new Cu and Fe isotopic fractionation stage.

The hypogene mineralization is enriched in the heavy copper isotope (6%°Cu = +0.13
and +0.06%o), as well as the iron oxyhydroxide zone of the gossan, where the §°°Cu value is
even heavier (§°°Cu = +0.73%o ). However, the malachite zone of the gossan is isotopically
lighter (5%°Cu = —0.69 and —0.70%o). The saprolite overlying the gossan is also enriched in
heavy isotopes, showing values similar to those observed in the hypogene mineralization
(8%5Cu = +0.07, 0.08, and +0.09%o). Therefore, there is no apparent isotopic fractionation
between the hypogene mineralization and saprolite, while the zones that make up the
gossan show significant positive and negative values (Table 2).
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Figure 5. Vertical distribution of CuO (A) and Au (B) along the A118-505 drill hole, crosscutting the
hypogene mineralization, gossan, and saprolite.

Table 2. ®*Cu and §°°Fe values for samples from hypogene mineralization, gossan, and saprolite.

Sample Cu Wt.% 8%5Cu SE * Fe Wt.% 5%Fe SE *
Hypogene
ore
505-07 21.00 0.13 0.123 18.04 0.36 0.10
505-08 23.80 0.06 0.013 24.76 0.45 0.05
Gossan ore
505-15 0.73 0.51 0.034 34.83 -0.56 0.05
484-34 50.00 —0.69 0.001 0.54 1.00 0.11
484-35 37.00 —0.70 0.005 4.25 0.57 0.06
Saprolite
ore
505-39 1.32 0.08 0.002 9.13 0.22 0.02
505-40 3.83 0.09 0.026 4.43 0.14 0.06
505-42 0.92 0.07 0.05 14.13 0.02 0.020

* Standard error.

The heavy Fe isotope is enriched in the hypogene mineralization (§°°Fe = +0, 36, and
+0.45%0) and further increased in the malachite zone of the gossan (§°°Fe = +0, 57, and
+1.00%0). However, the iron oxyhydroxide zone of the gossan is depleted (5°°Fe = —0.56 %o).
The saprolite overlying the gossan is enriched in the heavy isotope, as in the hypogene
mineralization and malachite zone (5°°Fe = +0.02, +0.14, and +0.22%o) (Table 2).

5. Discussion
This section is mainly dedicated to the geochemical behavior of the elements that

exhibit high affinity with CuO in the hypogene mineralization, seeking to understand
their fractionation along the gossan and the overlying saprolite. The remaining elements
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will be approached based on their linkage with the accessory minerals of the hypogene

mineralization and host rocks.

5.1. Bivariate Geochemical Correlations

The mineralogical distribution of main trace elements was determined using bivariate
analysis (Pearson correlation coefficient). Thus, in the hypogene mineralization, the strong
correlations between CuO and Au (0.87), Ag (0.93), Te (0.97), and Pb (0.83) reflect petzite,
altaite, and galena inclusions in the chalcopyrite mass (Figure 6A-C). There is also a strong
correlation between CuO and In (0.88) and Se (0.94), in which the latter reflects possible S
substitution, which is common in hydrothermal chalcopyrites [14,34].
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Figure 6. Scatter diagrams for selected elements from hypogene mineralization, CuO x U (A), CuO
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Sn (ppm)

The strong Bi x Pb correlation (0.90) may indicate Bi incorporation by galena, typically
reported in hydrothermal deposits [35]. Additionally, galena inclusions in chalcopyrite
results in an intermediate Bi x CuO correlation (0.56) (Figure 6D). The high As x U (0.90)
and Mo x U (0.70) correlations suggest As and Mo are at least partially carried by uraninite,
as reported by [36].

The correlations between CuO and Ag (0.73), Te (0.55), Pb (0.57), Se (0.79), and Bi (0.56)
are maintained in the gossan, although weaker, suggesting that after the dissolution of
petzite, altaite, and galena, these elements have been at least partially incorporated by the
newly formed copper minerals [5]. Conversely, Au and In show no correlation with CuO
nor Ag but are correlated with Fe;O3 (0.50 and 0.66, respectively). This fact suggests petzite
(the only identified gold-bearing mineral) was solubilized, and then gold was complexed
and precipitated preferentially with iron oxyhydroxides [37,38].

In the gossan, the most significant correlations are between Fe;O3 and Mo (0.88),
Sc (0.65), Sn (0.72), Y (0.78), U (0.49), Zn (0.65), As (0.79), Be (0.88), Ga (0.64), and Ni
(0.67), partially illustrated in Figure 6E-H. They suggest iron oxyhydroxides are the main
carriers of metals released by hypogene mineralization. These incorporations are possible
by coprecipitation or adsorption [39—41]. The Fe;O3 x Sn correlation may also indicate the
presence of relic cassiterite included in the iron oxyhydroxide micromass.

In the saprolite, Fe;O3 correlates with Ga (0.81), Sc (0.70), Sn (0.78), V (0.73), Mn
(0.57), Co (0.65), and Cr (0.57), as partially illustrated in Figure 7A-D, again suggesting
their incorporation by iron oxyhydroxides [42]. In weathering profiles, goethite usually
presents low crystallinity and is comprised of nanometric particles with high surface area,
thus representing an important cation immobilizer [43,44]. The geochemical correlations
identified in the hypogene mineralization and gossan are generally absent in the overlying
saprolite, except for Fe,O3 with Ga, Sc, and Sn. In addition, V, Mn, Co, and Cr present a
good correlation with Fe,O3 only in the saprolite, suggesting they were derived from host
rock weathering.
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Figure 7. Scatter diagrams for selected elements of the saprolite: (A) Fe,O3 x Ga; (B) Fe,O3 x Sc;

(C) Fe;O3 x Sn; (D) Fe; O3 x V.
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Zircon exhibits a strong correlation with Ti in hypogene mineralization (0.99), in
addition to the typical Zr x Hf (0.90) correlation. This behavior is maintained in the gossan
(0.90) and saprolite (0.77) because their possible carriers (e.g., zircon and rutile) are stable

in the supergene environment [45-48].

5.2. Multivariate Geochemical Correlations

The chemical composition of the hypogene mineralization is fundamentally controlled
by the alternation between disseminated and massive sulfide zones, that is, zones with the
greater or lesser influence of the host rock, respectively. Thus, the two identified clusters
(Euclidean distance of 0.8) reflect chlorites and hypogene mineralization contribution
(Figure 8A). This is supported by the strong correlation between CuO x Se, Cd, Bi, Sb, Te,
Au, In, Y, and Pb previously presented, in addition to the identification of petzite, altaite,

and galena inclusions.
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Figure 8. Cluster diagram of whole-rock chemical composition data from drill hole A118-505, based

on hypogene ore (A), gossan (B), and saprolite samples (C).
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Four clusters were recognized in the gossan (Euclidean distance of 0.8). Two of them
correspond to the composition of the host rocks. The other two represent the chemical
composition of the gossan, in which one group can be distinguished by its similarity
with Fe,O3 and the other with CuO (Figure 8B). This association suggests that Cu and
Fe minerals incorporated the same trace elements initially contained in the hypogene
mineralization, with a few exceptions (Cs, U, Ta, Cd, Ge, Ni, and W) that also show affinity
with the host rocks.

The four clusters identified in the saprolite are very distinct from those highlighted
in the hypogene mineralization and gossan (Euclidean distance of 0.85). Two of them are
related to the weathering products of the host chlorites; the third (Fe;O3, As, Ga, V, Sn, Cr,
Sc, Nb, Ta, Co, and Mn) suggests incorporation or adsorption by iron oxyhydroxides; the
fourth (SOs, Au, In, Y, Te, Pb, Bi, and Se) broadly is the only connection of the saprolite
with the hypogene mineralization and gossan (Figure 8C).

The two groups of elements exhibit high similarity in the three mineralization types
(hypogene, gossan, and saprolite). The first (Au, In, Y, Te, Pb, Bi, and Se) corresponds to the
components of hypogene mineralization, which continue to be associated with each other
in the gossan and saprolite. The second group (Al,Os, Hf, Zr, Th, TiO,, Ce, La, Ba, and Sr)
is equivalent to the geochemical signature of the host rocks, which is preserved in the form
of resistate or newly formed minerals.

5.3. Geochemical Fractionation

In the hypogene mineralization, the CuO, Se, Y, Ag, In, Sn, Pt, and Au concentrations
reach values more than ten times higher than that of the UCC, reflecting the composition of
chalcopyrite and its inclusions (Figure 9A). In the gossan, the same elements remain above
the UCC with the addition of P,Os, Fe;O3, Mo, Pd, and Ag (Figure 9B). This is following
the binary and cluster diagrams previously presented, which indicated similarity between
the trace elements contained in the hypogene and gossan mineralizations. Se, Ag, Sn, Pt,
Au, and Pd concentrations in the saprolite are more than ten times higher than in the UCC
(Figure 9C), following the hypogene mineralization and gossan. However, the general
pattern for most elements differs from them due to the lower values, near or below the
UCC contents. This contrast reflects the predominant influence of the chlorites on saprolite
generation rather than hypogene mineralization and gossan.

>

Figure 9. Major and trace element distribution in hypogene ore (A), gossan (B), and saprolite (C),
normalized to the chemical composition of the upper continental crust, UCC [33].
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5.4. REE Fractionation

The distribution patterns of REE normalized to the chondrites [49] demonstrate that
they were fractionated during the supergene evolution of the deposit. In the hypogene
mineralization, the HREE are enriched relative to the LREE, with an average (La/Lu)y of
0.08. This contrast is attenuated in the gossan, where the average value of (La/Lu)y is 0.28,
and it is reversed in the saprolite, where the HREE becomes enriched compared to the LREE
and the average (La/Lu)y ratio is 3.95. Additionally, the negative Eu anomaly is stronger
in the hypogene mineralization than in gossan and saprolite (Table 1 and Figure 10).
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Figure 10. Distribution pattern of REE in hypogene ore (A), gossan (B), and saprolite (C), normalized
to the chondrites from [49].
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Several REE-bearing accessory minerals have been reported in the hypogene min-
eralization of the Alvo 118 deposit, including xenotime, monazite, britholite, gadolinite
group mineral, and Be-Ba-HREE silicate [19,50]. Their dissolution must have been respon-
sible for the strong fractionation identified along the supergene evolution. Additionally,
malachite and goethite have been reported as possible REE-bearing phases in supergene
environments [51-53].

5.5. Isotopic Fractionation

The initial objective of using isotopic data was to compare copper and iron isotopic
fractionation across hypogene, gossan, and saprolite mineralizations. For this, only two
gossan zones, i.e., malachite and cuprite zone, were selected. It was later found that,
in addition to the fractionation between different mineralization types, there was also
significant fractionation between gossan zones, as discussed below.

The §%Cu values in the hypogene mineralization from Alvo 118 (§°°Cu = +0.06 and
+0.13%o) are consistent with massive and disseminated chalcopyrites from hydrothermal de-
posits, which are generally 0 &= 1%o [54-56]. In the gossan, the goethite and malachite zones
show slight positive and negative fractionations, respectively, relative to the hypogene
mineralization (Figure 11A). This fractionation is initially due to electron-exchange-driven
redox reactions (Cu*/Cu?*) at the surface of the sulfides, which usually occur during the
air and aqueous chemical reactions [57].
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The higher §%°Cu values in the goethite zone compared with that of the hypogene
mineralization are consistent with experimental and field studies, which indicate that
redox reactions on hypogene sulfides produce isotopically heavier solutions [58,59] and
that goethite can adsorb or coprecipitate Cu from such solutions, acquiring a heavier
isotopic composition than that of the parent sulfide [58]. However, in many gossans, the
development of a leaching zone overlying the oxidation zone results in successive cycles
of alteration of the Cu-bearing neoformed minerals, including Fe oxyhydroxides, which
are gradually depleted at ®*Cu, reaching lower §°°Cu values compared with the hypogene
sulfides [58,60]. That is not the case for the studied goethite zone, which was not affected
by the leaching zone, resulting in the preservation of the heavier isotopic composition.
The overlying libethenite zone, which is closer to the surface, may have been affected by
leaching, but this research did not provide data from this zone, due to technical limitations.

The depletion in §%°Cu in the two samples from the malachite zone is consistent with
the results obtained in several gossans worldwide, which are usually between —0.1 and
+0.1%o in oxidation zones [55,57,61,62]. Indeed, experimental studies have reported isotopic
fractionation between the solution and malachite, in which malachite isotopic composition
is lighter than the precursor solution and parent sulfide [63-65].

In the saprolite, the main carrier of Cu released after chalcopyrite dissolution might
be goethite, typically by sorption or coprecipitation from isotopically heavier solutions
compared with hypogene mineralization [58]. Thus, during adsorption, Fe oxyhydroxides
typically accumulate the heavy isotope similar to the gossan goethite zone discussed above.
However, the exposure of goethite to leaching close to the surface [66] leads to preferential
loss of the heavy isotope, causing a reduction of §°°Cu values. Thus, goethites from the
saprolite are isotopically lighter than those from the gossan goethite zone, showing an
isotopic composition similar to the hypogene mineralization [67,68].

The 5°°Fe values from Alvo 118 chalcopyrites are in the range of hydrothermal chal-
copyrites from Lucky Strike, USA (from —0.47 %o to 0.34%0) and Iryan Jaya, Indonesia, from
—2.01%o to 1.08%o [54,69]. Iron isotopic fractionation is also related to electron-exchange-
driven (Fe?* /Fe®") redox reactions initially at the surface of the hypogene sulfides [57]. Tt
reflects the different degrees of Fe oxidation in chalcopyrite and goethite (Figure 11B).

Considering that goethite is the only iron-bearing mineral in the malachite zone, the
increase in the 5°°Fe values compared with the hypogene sulfides is consistent with the Fe
isotopic fractionation described in supergene environments dominated by redox, in which
the oxide zone (e.g., malachite zone) shows higher 5°°Fe values than those of the hypogene
sulfides and lower 5°°Fe than the those of the overlying leaching zone when present [70].
This is also supported by experimental studies, which have indicated that Fe**-bearing
phases are usually enriched in heavy isotopes compared with those carrying Fe?* [71-73].
However, the goethite zone sample is depleted in heavy isotopes compared to hypogene
mineralization, which was not expected. This may suggest some variation in the isotopic
content of the precursor sulfide or that chalcopyrite is not the only Fe source, and chlorite
is a possible additional provenance.

The slightly negative fractionation of the saprolite compared with the hypogene
mineralization indicates a low affinity because the sorption of Fe3* onto goethite arising
from the oxidation of aqueous Fe?* into Fe** would typically favor heavy isotopes, causing
a considerable increase in §°°Fe [74-76]. This behavior reveals the low influence of the
hypogene mineralization and gossan on saprolite Fe contents, which are more influenced
by chlorite. Thus, chlorite influence must be responsible for isotopic values below the
expected, as in the gossan goethite zone.

The interpretations presented must be considered with caution, as the restricted
number of samples analyzed prevents a more accurate statistical treatment. Still, in general,
the data obtained show equivalence between samples from the same gossan zone or
the same mineralization type. Additionally, the data are compatible with the available
literature on isotopic fractionation in supergene environments. In this way, copper and
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iron isotopic fractionation works as supporting information to the major geochemical and
mineralogical interpretations.

5.6. Geochemical Evolution and Exploratory Implications

Statistical analyses showed that chalcopyrite is the main carrier of trace elements in
the hypogene mineralization, either as a solid solution or in mineral inclusions. This is
indicated by the correlation of Cu with Au, Ag, In, Y, Bi, Pb, Se, and U, which is consistent
with previous studies on sulfide deposits [77-81].

The oxidation of S, with consequent chalcopyrite dissolution, represents the initial
stage of the supergene evolution of the Alvo 118 deposit. This process culminates in the
dissolution of petzite, altaite, uraninite, and stannite inclusions and the conversion of
magnetite to hematite, while the cassiterite inclusions remain stable.

Metals released by the decomposition of the hypogene minerals were mainly incorpo-
rated into the gossan by the newly formed minerals from the goethite, malachite, cuprite,
and libethenite zones. Conversely, these elements are at much lower concentrations in
the gossan, as they have been predominantly lost from the system, as suggested by the
multi-elemental diagrams. In this new environment, Ag, Te, Pb, Se, and Bi still show a high
correlation with Cu minerals (represented by CuO). At the same time, U, Au, In, and Y are
correlated with iron oxyhydroxides.

Iron oxyhydroxides have also incorporated other metals not correlated with CuO in
hypogene mineralization, such as Sn, Zn, As, Be, Ga, Mo, Ni, and Sc. This process may
occur via coprecipitation and/or adsorption, with ferrihydrite as the precursor [44,82-85].

The relatively good preservation of the gossan-hosting chlorites can be attributed to
the slightly acidic to neutral conditions of the oxidation zone due to the low S/Cu ratio of
chalcopyrite and the presence of carbonate-rich gangue minerals [15,39,86]. This supports
the restricted influence of the water table, as demonstrated by the 5%5Cu values, so that the
chlorite minerals are mostly preserved from hydrolysis reactions. The granodiorites were
more reactive with acidic solutions formed during chalcopyrite dissolution. Thus, kaolinite
micromasses formed by feldspar hydrolysis are locally distributed in the libethenite zone.
However, granodiorite distribution is more restricted than chlorites.

The deepening of the water table led to the development of a new evolutionary stage,
with chemical remobilization dominated by hydrolysis reactions and saprolite formation.
The vertical zoning of clay minerals in the saprolite suggests that chlorite, in the coarse
saprolite, was progressively converted to vermiculite [87,88]. Conversely, in fine saprolite,
vermiculite is converted into smectite and kaolinite [82].

Thus, most of the iron required for goethite formation was released during chlorite
and vermiculite weathering [89]. This is supported by the fact that the 5°° Fe values are
incompatible with the isotopic evolution derived only from the chalcopyrite-rich hypogene
mineralization (Figure 11B). Trace elements from the host rocks were then incorporated by
goethite, which was demonstrated by the strong correlations of Fe,O3 with Ga, Sc, Sn, V,
Mn, Co, and Cr, which was negligible in the hypogene mineralization and gossan.

In, Y, Te, Pb, Bi, and Se comprise the main Cu and Au pathfinder elements since they
exhibit as strongly associated in the hypogene mineralization and remain associated in the
gossan and saprolite. In contrast, Al,Os3, Hf, Zr, Th, TiO,, Ce, La, Ba, and Sr are associated
all over the deposit as a geochemical pattern of the host rocks, which are the saprolite’s
parent rocks.

6. Conclusions

This research described the geochemical and isotopic fractionation in the two evolu-
tionary stages superimposed on the hypogene mineralization of the Alvo 118 deposit and
host rocks, in which gossan and saprolite were formed.

In the hypogene mineralization, the most important trace elements are Ag, Te, Pb, Se,
Bi, Au, In, Y, Sn, and U, mainly hosted by chalcopyrite and numerous inclusions of petzite,
altaite, galena, uraninite, stannite, and cassiterite.
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In the gossan, Ag, Te, Pb, Se, and Bi are associated with the newly formed Cu minerals,
while Au, In, Y, Sn, and U show a more significant association with the iron oxyhydroxides,
in addition to Zn, As, Be, Ga, Ga, Mo, Ni, and Sc.

The §%Cu values reveal that the Alvo 118 gossan is immature and was preserved
from intense leaching. Conversely, near the surface, the host rocks were converted into
a typical saprolite horizon, compatible with lower §°°Cu values. Additionally, the §>°Fe
values indicate a restricted contribution of the hypogene mineralization to the Fe content of
the saprolite, more related to chlorite weathering. A greater number of analyses would be
necessary to reinforce such interpretations with a more accurate statistical treatment.

In the saprolite, Ga, Sc, Sn, V, Mn, Co, and Cr are associated with the iron oxyhydrox-
ides, and the last four are derived from the weathering of the host rocks as they do not
correlate with FepOj3 in the hypogene mineralization and gossan.

The association between Al,Os, Hf, Zr, Th, TiO,, Ce, La, Ba, and Sr corresponds
predominantly to the geochemical signature of the host rocks, with primary contribution
from the chlorites. Conversely, the association formed of In, Y, Te, Pb, Bi, and Se represents
the geochemical signature of the three mineralization types, representing the main Cu and
Au pathfinders.
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