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Abstract: From the colonial era to modern times, gold mining has played a crucial role in shaping
Brazil’s economy, culture, and landscape, particularly in the Iron Quadrangle region. Therefore,
resulting waste has accumulated in tailings structures, either from deactivated circuits or plants still
in production. The present study reveals the potential assessed based on a set of metallurgical tests,
assuming specific scenarios depending on the occurrence modes of interesting economic elements.
For Au, calcination, leaching, and flotation are promising techniques to recover this element. Tests
indicated that toxic elements such as Sb and As could be effectively reused in the form of glass. The
generation of other products from dry cleaning techniques was not effective but promising since
there was an enrichment of elements with Au, Fe, Al, and K in specific fractions.

Keywords: tailings properties; circular economy; metallurgical tests; Au recovery; As recovery;
Sb recovery

1. Introduction

Socio-political changes and population growth are crucial factors for the exploration
of new mineral assets [1,2]. The United Nations (UN) projects a continuous increase in
global population, reaching 9 billion by 2030 and 10 billion by 2050, with a corresponding
rise in urban areas [3]. Urbanization and population density are strongly linked to the
consumption of metals and minerals, and this sector influences others by supplying raw
materials to several industries [4]. As a result, the mineral industry has become the world’s
largest waste producer, generating ca. 65 billion tons/year, of which 14 billion consist
mostly of fine (<150 µm) particles [5].

An important noble metal is gold (Au), widely used in jewelry manufacturing and
as a monetary reserve. South Africa holds 40% of the world’s gold reserves, while Brazil
contributes approximately 2% [6,7]. Brazil’s minable Au reserves amount to nearly two
thousand tons. During the extraction and processing of gold-bearing rocks, various pro-
cesses such as crushing, grinding, gravimetry, flotation, and cyanidation are employed [6].
However, due to the low ore concentration in host rocks, mining operations generate signif-
icant amounts of tailings [8]. In Brazil, the Au mining industry produces approximately
600 million tons of tailings annually, and this figure is projected to reach almost 1 billion
tons by 2030 [9].
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There are other problems associated with current mining methods. Metals are often
linked to contamination, which poses risks to ecosystems and human health. It is crucial
to understand toxicities, percolation processes, and human absorption mechanisms to
enhance research on their environmental impacts and ecological risks [10]. For instance,
elements like arsenic (As) and metals such as zinc (Zn), lead (Pb), nickel (Ni), and antimony
(Sb) are commonly found in association with Au waste, presenting a high potential for
contamination [11–14]. Moreover, the geopolitical context and the monopoly of strategic
commodities in specific countries, along with events such as Russia–Ukraine conflict and
the COVID-19 pandemic, directly affect raw materials supply chains. Recent assessments
have identified 87 individual raw materials, most found in mining waste, as critical due to
these factors [15,16]. Finally, environmental disasters related to waste and tailing, including
recent ones in Brazil, further highlight the significance of these issues [13].

With market and technological advances, tailings can serve as an alternative to primary
exploitation. Thus, in line with sustainable development objectives and other circular
economy goals, it is crucial to investigate the reuse of mining tailing worldwide [6,16]. This
can be achieved through the application of innovative new technologies to extract value
from low-grade “ores” or by repurposing tailings for various uses [1,12,17–19]. However,
each situation is unique, and ongoing research and analysis are necessary to explore these
opportunities further.

The potential for Au recovery from various types of tailings has been extensively in-
vestigated. Flotation and cyanidation tests are the primary methods employed to reprocess
such material, sometimes involving additional stages such as regrinding, roasting, and
cyanidation of flotation concentrates. In certain studies [20], Au dissolution and recovery
rates ranged from 87.8% to 98.4% in sulfide-containing Au tailings. Advances in process-
ing technology, coupled with the residual Au content found in aged cyanidation tailings,
offer opportunities for developing recovery routes for Au present in these wastes [21].
Reprocessing gold mine tailings has proven to be economically viable and beneficial, par-
ticularly when integrated into existing facilities to compensate for raw ore shortages and
operational losses [22]. Some plants currently incorporate Au tailings reprocessing into
their production chains, such as the Elikhulu tailings re-treatment plant (Southern Africa),
which processes 1.2 Mt of historic tailings per year from three existing slime dams [23] and
Paracatu mine (Brazil) in which 10 million tons of hydrometallurgy tailings containing 1 mg
Au/kg are reprocessed [24]. Furthermore, health-hazard elements, which occur alongside
Au, can also possess industrial value [11–14]. Moreover, state-of-the-art research indicates
that gangue minerals found in tailings have significant potential for application in civil
construction and even as fertilizers, depending on properties such as granulometry and
chemical composition [25–29].

Hence, the vast volumes of waste generated by mining and mineral processing, com-
bined with geopolitical contexts, significant environmental impacts, and risks to human
health, justify the importance of adding value to tailings. In light of these challenges,
this study was conducted in the region of Santa Barbara and Nova Lima cities (Brazil),
encompassing four active and inactive Au tailings dams, as well as three piles and tailings
from depleted mines. The objective of this article is to evaluate the potential for value
addition to the waste in this area and explore options for its reuse, not solely limited to the
recovery of valuable elements such as Au, Sb, and As. For recoveries of these elements,
this paper will go through steps of characterization, extraction of elements by flotation,
leaching, calcination, and even the use of vitrification techniques. In addition, a study
attempting to reuse other elements was performed using dry concentration (recovery using
triboelectrostatic stages). The applications of the generated products can be directly used
in the metallurgical industries, such as the production of gold bars, in the textile industry,
in the production of plastics, and in sectors such as fertilizers and building materials. In
addition, reuse can be an important tool for the resolution of environmental liabilities and
pollution control, such as the neutralization of toxic elements like As.
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2. Study Area

The seven tailing structures investigated in this study are located in the main Brazilian
mineral province known as Iron Quadrangle (IQ; Figure 1). Among these structures, five
are situated in Nova Lima, while the remaining two are found in Santa Barbara, in Minas
Gerais, Brazil. Both cities have a long-standing history of Au mining, dating back to the 19th
century, and continue to be significant Au production regions in Brazil. These metallogenic
Au deposits are hosted within the Rio das Velhas Greenstone Belt, which is recognized as
the biggest Au district in Brazil [30,31].
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Figure 1. (a) Location of the studied sites within the IQ, as shown in the modified schematic map
from [32]. Dams and tailing piles in (b) Nova Lima (MV, ISO, and BIC) and (c) Santa Barbara (CDS1,
CDS2), along with the sampling locations (black dots).

Santa Bárbara dam and tailing piles are situated in the northern part of the IQ, in
Santa Bárbara city, ca. 110 km away from Belo Horizonte, the capital of Minas Gerais state.
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These waste deposits have been accumulating since 1986, receiving the tailings generated
from Au underground mines and processed at metallurgical plants. The tailings at this site
originated from different sources and exhibited distinct characteristics: (a) oxidized tailing
piles resulting from the heap leach plant that receives ore extracted from open pit mines
(CDS1; Figure 2a); and (b) tailing dams from flotation and leaching plant, fed by fresh ores
from underground mining operations (CDS2; Figure 2b).
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The Nova Lima mines encompass both inactive and active operations, with a signifi-
cant presence of tailings from deposits that have been exploited since the previous century.
Waste from local mines has been accumulating since 1834, and the estimated Au reserves
in the area currently amount to ca. 107 tons [35]. The main structures are the (1) Isolamento
tailings deposit (ISO); (2) Bicalho inactive mine dam (BIC); (3) deposits at the Mina Velha
(MV) plant; and (4) active and inactive dams at Queiroz metallurgical plant (CA and CO)
(Figure 2).

These dams and tailing deposits are in the northern part of the IQ, from near the
cities of Nova Lima and Raposos, ca. 25 km away from Belo Horizonte (Figure 1). Within
ISO, BIC, and MV, a wide variety of waste materials from historical Au plants have been
deposited. The presence of waste from the previous century suggests that these tailings
may originate from Au extraction processes that predate the use of cyanide. Unfortunately,
due to the lack of historical archives, accurately describing the extraction processes becomes
challenging; however, it is believed that wastes predominantly result from gravimetric
processes [35].
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In contrast, the Queiroz plant has been processing Fe sulfide with Au ores for over
thirty years. The materials treated at the factory are divided into two distinct circuits.
The Raposos circuit (Figure 2c) primarily treats non-refractory sulfide ore from Raposos
mines. This circuit achieves an Au recovery rate of 90% through various treatment stages,
including milling, gravity separation, conventional leaching, CIP (carbon leaching) process,
elution, and electro-recovery. The resulting tailings from this circuit are deposited in the
Cocoruto (CO) tailings basin. However, the Raposos circuit and the associated metallurgical
process stage were deactivated in 1998, along with the Raposos mine [13,33,35]. Currently,
the Queiroz plant circuit treats refractory Au, which requires an additional calcination step
after milling and flotation (Figure 2d). Following calcination, Au is recovered through
leaching, CIP (leaching carbon), elution, and electro-recovery [13,33,35,36]. The resulting
tailings are then deposited in the calcined dam (CA).

3. Methodology
3.1. Characterization of Tailing Samples
3.1.1. Sampling

The sampling stage was conducted during late winter and early spring in south-
eastern Brazil (Figure 1). Samples were obtained through drilling at varying depths,
depending on the specific structure being assessed. Subsequently, individual samples were
combined to create composite samples, which represented each tailings structure for the
recovery/reuse tests.

3.1.2. Sample Composition

Multielement analysis to assess the reuse of the composite samples and metallurgical
test products was conducted using inductively coupled plasma mass spectrometry (ICP-
MS, PerkinElmer SCIEX, Waltham, MA, USA). Prior to analysis, acid digestion (nitric acid,
hydrogen peroxide, and hydrochloric acid) was performed at the laboratory of AngloGold
Ashanti and SGS Geosol in Brazil. Sulfur (S) and carbon (C) concentrations were evaluated
using infrared (IR) analysis (LECO, St Joseph, MI, USA, with a detection limit of 0.01%).
Au analysis was carried out using atomic absorption spectroscopy with the fire test method
(AAS, Varian, Palo Alto, CA, USA, with a detection limit of 0.05 mg/kg). To ensure the
quality and accuracy of the analyses, duplicates, blanks, and standard reference materials
(Si81 from Rocklabs) were included.

3.1.3. Particle Size Distribution

The particle size distribution (PSD) was obtained using the MasterSizer 3000 equip-
ment (Malvern Instruments Ltd., Worcestershire, UK). Laser diffraction was employed
for this analysis, and composite samples were used. The PSD results were categorized
as follows: <2 µm for mud fraction, 2–20 µm for fine silt, 20–63 µm for coarse silt, and
63–2000 µm for the sand fraction.

3.1.4. Mineralogy

Composite samples were submitted to a mineralogical study employing various
techniques, including optical microscopy, X-ray diffraction (XRD), and scanning electron
microscopy (SEM—Field Electron and Ion Company—FEI), conducted at the Universidade
Federal de Minas Gerais (Belo Horizonte, Brazil) and University of Minho (Braga, Portugal).

The mineralogical composition was determined using XRD analysis with an X’pert
Pro-MPD diffractometer (Philips PW 1710, APD), using CuKα radiation, and equipped
with an automatic divergence slit and graphite monochromator. The diffractograms were
obtained from <2 mm powders fraction, covering a range of 3 to 65◦ 2θ with a 2θ step size of
0.02◦ and a counting time of 1.25 s [36]. In addition, fifty thin polished sections by structure
were analyzed using a Leica optical microscope and a FEI electron microscope, Quanta
600 FEG, high vacuum mode, coupled to the automated analyzer software (MLA–GXMAP
and SPL-DZ mode), and the EDS Espirit Bruker microanalysis system (20 Kve).
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3.2. Assessment of Potential Recovery/Reuse

In the initial stage, a multivariate statistical analysis utilizing the clustering method
was conducted, combining complete linkage and Euclidean distance [37]. Physical-chemical
parameters of the samples were employed for this analysis. A dendrogram was gener-
ated, which revealed distinct groupings based on specific characteristics and established
a potential reuse matrix for these wastes. Four main parameters were identified for the
analysis of the observed groups: (1) Evaluation of the main mineralogy and its grouping
based on potential reuse; (2) identification of contaminants with a high level of critical risk
and contamination; (3) analysis of particles size; and (4) assessment of Au content. This
analysis allowed for a more targeted approach in selecting samples for laboratory tests
based on their potential for reuse.

Composite samples were then created to represent each group aiming to encompass
the maximum variation range for each element with reuse potential. The tables below
present the variations observed in the tested samples, ensuring that all values fall within
the range identified for each composite group.

3.2.1. Gold Extraction

Various laboratory-scale scenarios were carried out to evaluate the potential recovery
of Au [34,38], considering the specific characteristics of each structure. Therefore, three
different setups were conducted, involving grinding, leaching, calcination, and, in the case
of CDS2, flotation (refer to Figure S1). In addition, these setups were designed to be easily
adaptable and applicable to metallurgical plants in the region should a viable and efficient
reuse scenario arise.

In the first scenario, samples were ground to a particle size of 74 µm, with 80% of the
particles falling within this range, after a liberation-by-size analysis for sulfides and gold
particles. The calcination step was disregarded, and the samples were directly subjected
to leaching. For Au extraction, bottle roll tests were performed using a leaching solution
containing 2000 mg/kg of cyanide (NaCN) and 4000 mg/kg of lime (CaO), with a solid-to-
liquid ratio of 50%.

In the second test, specifically designed for the waste characteristics in the CDS2 area,
the sample underwent grinding to the particle size of 74 µm using a ball mill, followed
by pre-concentration via flotation. This flotation step involved two phases (rougher and
cleaner), with the addition of 150 mg/kg of CuSO4 for particle activation, 30 mg/kg of
collectors (xanthate and Sodium Diphosphate—INT214), and 60 mg/kg of mibcol foaming
agent. The latter was also added during the milling step. The resulting concentrate was
calcined in a muffle at 700 ◦C to facilitate access to the gold included in the sulfide particles
and subsequently leached in a bottle with a solid-to-liquid ratio of 50%, using a leaching
solution containing 2000 mg/kg of NaCN and 4000 mg/kg of CaO. The rougher and
cleaner tailings were combined and subjected to leaching under the same conditions as
the concentrate.

The third setup involved grinding the material to a particle size of 74 µm using ball
mills, followed by calcination in a muffle at 700 ◦C. For Au extraction, the calcinated mate-
rial was placed in bottles containing a solution with 40% solids, comprising 2000 mg/kg of
NaCN and 6000 mg/kg of CaO. The extraction process occurred over 24 h, divided into
two stages with a pre-airing period of 2 h. The residues from this stage will be submitted to
tests for recovery of As and Sb and new products.

3.2.2. Recovery and Stabilization of Arsenic and Antimony

A protocol based on the methodology described by [12] was employed for samples
with potential Sb extraction due to defined similarities in characteristics. The objective of
the test was to recover Sb and As thermally by volatilizing and collecting them downstream
as oxide by-products. Waste samples underwent two tests in a quartz rotary and horizontal
klin, with a final temperature of 850 ◦C, lasting for 6 h, and with a gas mixture of 20% CO
and 80% N2 (Procedure 4). The second test (Procedure 5) was conducted in two phases,
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reaching a final temperature of 930 ◦C, and lasting for 16 h, with 3% O2 and 97% N2
(Figure S2a).

Regarding the sample with potential As stabilization and reuse, the protocol outlined
in the DST-s GlassLockTM patent process [11] was followed. This process involved mixing
the tailing samples with silica, hematite, and sodium carbonate, followed by subjecting
them to an oven at temperatures ranging from 1000 ◦C to 1200 ◦C and atmospheric pressure
for two hours. This treatment resulted in a glass product containing stable forms of oxides,
including As and Sb (Procedure 6—Figure S2b).

3.2.3. Recovery of Gangue Minerals

The utilization of triboelectrostatic separation has demonstrated promising results in
producing by-products from Au tailings [39]. Additionally, selective grinding and pneu-
matic concentration techniques are also considered favorable for this type of material, as
they are dry-cleaning processes with minimal environmental impacts [40]. The objective
of selective grinding and pneumatic separation is to pulverize minerals with a hardness
of less than five on the Mohs scale and separate the fraction smaller than 8 µm for con-
centration. Thus, these methods enable the generation of multiple products from a single
source [41–43].

Therefore, after prioritizing samples, the chosen method for assessing the potential
generation of alternative products involved: (1) grinding in a pendular mill with hot
gas at 450 ◦C; (2) pneumatic separation into three granulometric fractions (fine, less than
8 µm; intermediate, 30–8 µm; and coarse, greater than 30 µm); and (3) triboelectrostatic
concentration of the fine fraction (Figure S3).

Consequently, three potential products were generated and analyzed to investigate
their potential use in civil industries and as fertilizer, among other applications.

4. Results and Discussion
4.1. Main Properties of Tailing Materials
4.1.1. Chemical Composition

Table 1 provides a summary of the chemical results for potential valuable elements
in each structure. Au is present in all the characterized samples, with the highest concen-
trations observed in CA samples and the lowest in the MV Group. Anomalous values
for other elements are also observed when comparing the sample groups. This detailed
information is crucial for subsequent stages, such as the study of reuse potential and the
assessment of the environmental impacts associated with waste disposal [34]. The major
and trace elements are presented in Tables S1 and S2.

4.1.2. Grain Size Distribution

Granulometric distribution is a crucial parameter for determining the reuse potential
and appropriate destination for these materials. As they have already undergone previous
grinding and size reduction stages, their particle size distribution presents challenges and
complexities for reuse studies [44,45].

Figure 3 illustrates the particle size distribution (PSD) of the samples. In general,
80% of the particles fall within the range of 2–63 µm, classifying them as silty. The samples
from the CDS2 structure are coarser, while CA samples contain a higher proportion of
clay particles.
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Table 1. Statistical summary of potential value elements for the structures’ tailings samples.

Structure N 1 Element Mean SD 2 Min 3 Max 4 N 1 Element Mean SD 2 Min 3 Max 4 N 1 Element Mean SD 2 Min 3 Max 4

BIC 162

Ag
(mg/Kg)

0.441 0.211 0.07 0.79 162

Au
(mg/Kg)

0.59 1.17 0.025 7.26 111

Cr
(mg/kg)

337 156 144 628
CDS1 175 1.54 0.449 1.5 7 175 0.363 0.235 0.025 2.17 150 283 58.1 166 490
CDS2 293 1.52 0.237 1.5 4 293 0.742 0.937 0.24 12.7 293 198 38.8 118 323

CO 282 1.51 0.134 1.5 3 282 0.911 0.715 0.003 8.71 282 142 50.3 40 423
MV 615 0.515 1.66 0.25 13.8 615 0.126 0.353 0.001 5.17 615 137 126 13.3 650
ISO 266 1.37 0.42 0.05 1.5 266 0.649 0.793 0.001 5.99 251 102 79.3 0.1 311
CA 230 8.49 2.29 0.05 15 230 2.39 1.08 0.001 9.45 230 98.3 36.9 0.1 308

BIC 111

Mo
(mg/kg)

0.914 0.351 0.49 1.85 111

As (%)

0.179 0.338 0.001 2.18 70

Pb
(mg/kg)

163 148 7 429
CDS1 150 1.68 0.733 1.5 7 150 0.122 0.403 0.001 5.00 150 51.6 18.1 4 100
CDS2 291 1.5 0.0 1.5 1.5 291 0.093 0.095 0.001 0.657 111 69.6 28.2 16 171

CO 282 2.12 2.55 1.5 23 282 0.223 6.01 0.001 58.8 248 46 22.4 4 124
MV 321 2.17 3.06 0.5 11.6 321 0.595 5.97 0.001 87.5 293 30.9 71.9 2.03 564
ISO 266 1.37 0.42 0.05 1.5 266 0.717 0.945 0.001 5.7 133 30 89.1 0.1 749
CA 230 7.2 1.78 0.05 10 230 0.725 0.466 0.001 4.80 218 241 64.4 0.1 383

BIC 162

Co
(mg/kg)

54.5 35 19.3 137 162

Sb (%)

0 0 0 0.002 111

Cu (%)

0.005 0.009 0.001 0.06
CDS1 175 93.4 39.2 18 273 175 0.013 0.01 0.001 0.056 150 0.007 0.001 0.001 0.012
CDS2 293 21.4 6.22 4 42 293 0.104 0.184 0.001 0.988 293 0.01 0.008 0.001 0.04

CO 282 19.6 11.7 4 76 282 0.003 0 0.003 0.003 282 0.019 0.018 0.001 0.266
MV 615 34.6 46.2 5.53 361 615 0.001 0 0.001 0.001 615 0.001 0 0.001 0.001
ISO 266 33.1 34.1 0.10 214 266 0.002 0 0.002 0.002 251 0.04 0.046 0.001 0.17
CA 230 132 35.8 0.10 195 230 0.004 0.008 0.001 0.059 230 0.086 0.029 0.001 0.16

BIC 163

Cd
(mg/kg)

0.148 0.056 0.03 0.24
CDS1 51.6 1.5 0 1.5 1.5
CDS2 69.6 1.5 0 1.5 1.5

CO 46 1.52 0.277 1.5 5
MV 30.9 0.285 0.259 0.05 0.95
ISO 30 1.34 0.461 0.05 1.5
CA 241 1 0.866 0.05 1.5

1 N = number of samples; 2 SD = standard deviation; 3 Min—minimum; and 4 Max—maximum.
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This information is valuable for guiding and designing reuse tests, such as civil
construction aggregates, which requires larger particle sizes. Typically, products within the
sand fraction, e.g., [45], are discarded at this stage of characterization. However, alternative
possibilities will be explored, considering other characterization parameters outlined in
Section 4.2.

4.1.3. Mineralogical Composition

Tables 2 and S3 present the mineralogy of Au tailing samples from the IQ.
With the exception of CA samples, the quartz content in the tailings is generally greater

than 30%, with CO samples having the highest levels (>50%). Silicates belonging to the
Muscovite Group are also present, particularly in samples from the ISO, CDS1, and MV
structures. Additionally, well-preserved carbonates such as Ankerite and Siderite were
identified in CO and BIC samples.

Relic sulfides are observed in all structures, indicating the potential for acid mine
drainage. Therefore, the recovery and reuse of metals from these sulfides can also serve as
an environmentally sound alternative [13,46]. The main sources of S, particularly in CO,
ISO, and BIC structures, are Pyrite, Arsenopyrite, and Pyrrhotite. In CDS2, the presence of
Berthierite also contributes to the presence of Sb.
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Table 2. Mineralogy of Au tailing samples from the IQ. Analyses are a result of the combination of SEM, optical microscopy, and XRD.

Mineral Chemical Composition
(Ideal Formula) BIC (Wt%) CDS1 (Wt%) CDS2 (Wt%) CO (Wt%) MV (Wt%) ISO (Wt%) CA (Wt%)

Quartz SiO2 31.57 34.18 35.6 55.8 37.83 36.65 15.6
Feldspar Group

Albite NaAlSi3O8 5.33 0.07 1.11 0.37 7.56 2.81 1.5
Anorthite CaAl2Si2O8 - 0.07 0.053 0.01 0.03 0.01 0.053
K feldspar KAlSi3O8 0.12 1.18 1.27 0.39 0.73 1.22 -

Phyllosilicates
Biotite KMg2.5Fe2+0.5AlSi3O10(OH)1.75F0.25 0.11 1.74 1.26 0.16 2.55 0.52 1

Muscovite KAl3Si3O10(OH)1.9F0.1 6.53 38.46 29 5.69 28.85 20.58 12.8
Chlorite (Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6 2.44 3.34 5.01 6.12 1.28 5.83 3.3

Oxides
Hematite Fe2O3 - 17.09 0.378 8.86 9.06 8.95 56.8

Fe antimoniate FeSb(As)O - 0.07 0.806 - - - -
Rutile/Anathase TiO2 0.19 0.29 0.599 0.49 0.60 0.56 0.599

Carbonates
Ankerite Ca(Fe, Mg, Mn)(CO3)O2 16.84 0.02 9 11.2 1.49 0.85 1
Siderite FeCO3 2.92 0.17 7.2 7.25 0.01 8.94 -
Calcite CaCO3 0.02 0.05 5.4 2.25 0.23 - 0.2

Sulfates
Jarosite (Sb) KFe(SO4)2(OH)6 and (H3O)Fe(SO4)2(OH)6 - - 1.00 - - - -

Gypsum CaSO4 2H2O - - 2.00 0.03 - - 7.00

Sulfides Total 9.92 0.03 0.36 1.61 0.23 6.85 0.17
Pyrite Fe2+S2 5.31 0.03 0.08 0.5 0.06 0.22 0.002

Pyrrhotite Fe2+0.95S 2.06 - 0.041 0.79 0.148 4.7 0.004
Arsenopyrite Fe3+AsS 2.52 - 0.056 0.24 0.022 1.71 0.056

Berthierite FeSb2S4 - - 0.141 - - - -
Chalcopyrite CuFeS2 0.01 - 0.028 - - 0.21 -
Gesdorffite NiAsS 0.02 - - - - - 0.01
Covellite CuS - - - 0.07 - 0.01 0.1
Sphalerite ZnS - - 0.009 0.01 - - -

Au Minerals *
Au Content

(mg/kg) 0.59 0.363 0.742 0.911 0.126 0.649 2.39
Native Au Au > 80%, Ag, Cu, Hg, Fe, Ni 45 20 158 364 2 60 526
Electrum Au = 80%, Ag = 20% 8 5 6 10 1 5 42

* Au number particles.
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XRD and SEM analyses reveal that Hematite is the main mineral composition of
CA and CDS1 samples. This occurrence is attributed to both metallurgical processes and
natural oxidation, as the material fed into the CDS1 metallurgical treatment plant consists
of oxidized Au ores (Figure 2a).

Sulfates such as Gypsum were also in CA and CDS2 samples, mainly due to treatment
steps where lime was used for pH neutralization. Another noteworthy finding in CDS2
samples is the presence of Jarosite, which contains Sb and serves as an indicator of sulfides
oxidation, including Berthierite, during the pressure oxidation step (Figure 4b).
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Figure 4. Electronic microscopy images of two phases of CA samples. (a) Hematite with As, Pb, S,
Cu, and Zn, and (b) Jarosite with Sb.

The geochemical study indicates that CA samples have higher concentrations of metals
and metalloids, such as As, Cu, Pb, Zn, and Fe. Table 2 shows the dominance of Hematite,
but SEM-EDS analysis suggests that these elements were somehow adsorbed in Hematite
itself during the metallurgical oxidation process (Figure 4a). S is also present in Hematite,
and Fe oxides with As concentration above 40% were rarely detected by EDS.

For this study, the distribution of main minerals according to sample grain size was
also assessed. If there is a predominance of a mineral carrying an element of interest for
reuse or decontamination within a specific preferred granulometric range, it can guide
selective separations or pre-merger possibilities [40,47–50].

Table 3 presents the key mineralogical differences between particle sizes above and
below 6 µm.
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Table 3. Mineralogy (in two size fractions) by tailing structures. Mineral abbreviations after [51].

Sample Size
Fraction

Mass
(%)

Minerals (wt%) *

Py Fe
hox/ox Po Apy Qz Ank Cal Ab Sd Ms

Group
Chl

Group Kfs Rt Gp Ap Jrs
(Sb)

Fe
Ant

BIC >6 µm 88.5 0.001 - 11.2 5.30 66.4 - - 5.90 0.0 - 7.50 2.57 1.18 - - - -
<6 µm 15.0 5.94 - - - 0.023 2.45 - 0.012 25.8 59.3 6.53 - - - - - -

CDS1
>6 µm 93.3 0.013 21.5 0.033 0.013 43.0 0.023 0.063 0.089 0.213 25.8 7.33 1.48 0.360 - - - 0.078
<6 µm 6.67 0.027 8.77 1.25 0.019 25.5 0.016 0.068 0.164 0.750 50.4 0.387 2.72 0.973 - - - 8.97

CDS2
>6 µm 94 0.094 - 0.183 0.128 81.4 - - 2.53 - 10.2 - 2.83 1.32 - 0.459 0.432 0.432
<6 µm 6 - - - - 0.274 18.8 - 0.013 15.0 51.1 10.4 0.080 0.050 4.17 0 0.061 0.049

CO
>6 µm 87.6 - - 0.822 0.402 93.1 - - 0.613 - 0.602 2.68 0.637 0.805 - 0.335 - -
<6 µm 12.4 2.69 - 0.031 - 0.695 38.2 - 0.014 24.7 18.2 15.4 0.033 0.032 - - - -

MV
>6 µm 90.1 0.170 10.3 0.063 0.025 43.4 1.70 - 8.64 0.013 32.8 1.47 0.787 0.680 - - - -
>6 µm 90.1 0.170 10.3 0.063 0.025 43.4 1.70 - 8.64 0.013 32.8 1.47 0.787 0.680 - - - -

ISO
>6 µm 89.5 0.00 16.5 - 3.20 68.7 - - 5.19 0.0 - 3.20 2.27 1.03 - - - -
<6 µm 10.5 11.8 0.488 0.552 0.016 0.295 2.13 - 0.121 22.5 51.7 10.4 0.034 0.036 - - - -

CA
>6 µm 84.4 - 76.1 - - 20.4 - - 1.78 - 0.905 - - 0.768 - - - -
<6 µm 15.0 - 8.37 - - 3.59 3.68 0.736 0.833 - 44.7 12.1 - 0.180 25.8 - - -

* Py = Pyrite; Fe hox/ox = Fe Hydroxide/Oxide; Po = Pyrrhotite; Apy = Arsenopyrite; Qz = Quartz; Ank = Ankerite; Cal = Calcite; Ab = Albite; Sd = Siderite; Ms = Muscovite;
Chl = Chlorite; Kfs = K-Feldspar; Rt = Rutile; Gp = Gypsum; Ap = Apatite; Jrs = Jarosite; and Fe ant = Fe Antimoniate.
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In support of the reuse tests, the main observations were as follows:

• There is a predominance of 24 common minerals among the structures, with Quartz,
Iron Oxides, Muscovite, Ankerite, Chlorite, Siderite, and Albite being the main ones;

• Depending on the structure, Quartz is commonly found in fractions above 6 µm
and can be a potential product for applications in, e.g., civil construction. Previous
research [52] suggests that tailings should have a SiO2 concentration above 15% and
a maximum size of less than 1 mm to be used as an aggregate. The inclusion of tailings
as fine aggregate in concrete has been shown to increase compressive strength. It is
generally recommended to substitute no more than 30% of the fine aggregates with
tailings to maintain durability. Additionally, the solidification of metals within the
tailings can be beneficial, and the clinker can be produced using the tailings;

• Minerals from the Muscovite and Chlorite Groups are the most commonly found
in fractions below 6 µm and can be utilized in products such as fertilizers and rock
meal. Research [52] identified important specifications for these types of products,
including the presence of Ca and Mg as carbonates, high alkalinity, good availability
of P, average availability of K, and the presence of micronutrients such as Zn, B, Cu,
Fe, and Mn;

• The distribution of sulfides, if present, varies depending on each structure. Gen-
erally, they are found in finer fractions at BIC, CDS1, MV, and ISO, while coarser
fractions contain sulfides in other structures. These sulfides may indicate the presence
of noble metals such as Au, particularly because they are derived from this metal
treatment process;

• CDS2 samples contain minerals and Sb compounds in finer fractions;
• CA samples are rich in Fe Oxides in fractions coarser than 6 µm.
• Consequently, this analysis allows for the identification of different potential products

that can be derived from a single source.

In addition to the previously described potentials identified through granulometry
and mineralogy, it is noteworthy that Au particles are present in all samples from different
structures. SEM analysis reveals that Au is present in its native form, with low associations
of Fe, Ni, Pb, and Hg, as well as in the form of an electrum. In the CO, BIC, ISO, and CDS2
structures, Au is associated and enclosed within sulfides (Figures 5a–d and S4) alongside
Quartz. Furthermore, in the CDS2 sample, Au is also observed in association with Jarosite
(Figure 5d). In the MV and CDS1 structures (Figures 5e,f and S4), fine Au particles are
found to be associated with Quartz and Muscovite, while in the CA structure, the main
association is identified as fine Au particles within Hematite pores (Figures 5g and S4).

4.2. Tests for Potential Recovery/Reuse

Physical-chemical data, including mineralogy, chemistry, and PSD, from each tailing
structure were used for multivariate analysis to cluster observations. The objective was
to assess similarities among characteristics and determine the potential for grouping to
facilitate and guide the reuse tests.

The dendrogram (Figure 6) reveals the presence of five groups, as CDS2, CA, and ISO
samples exhibit distinctive characteristics with similarities to the remaining samples below
66%. The key variables influencing these groupings were the concentrations of Au, S, Sb,
Fe, As, and types of sulfides. Table S4 provides the parameter values obtained from the
centroid of each group, thus showcasing their unique identities.
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Figure 5. False color electron images and microphotographs (reflected light and parallel Nicols)
illustrate the presence of Au-bearing particles (indicated by yellow and black/white arrows) and
Fe Hydroxide. Mineral abbreviations follow [51]. (a) BIC—enclosed Au particles in Quartz (gray)
and Arsenopyrite. (b) CDS1—Au particles enclosed in rock minerals (Quartz and Muscovite) and
Fe Hydroxide. (c) CDS2—Free Au particles and Muscovite (dark green) along with Arsenopyrite.
(d) CO—Au particles enclosed in Pyrite (orange) and Arsenopyrite (blue). (e) MV—fine Au particles
enclosed in Fe Hydroxide (red). (f) ISO—Au particles enclosed in Arsenopyrite and rock minerals
(Chlorite—light green). (g) CA—free Au particles and Au particles within porous Hematite (brown).

Based on this multivariate analysis, a matrix was constructed to identify the potential
for reuse (Table 4). The matrix is divided into three categories: high (H), medium (M), and
low (L), determined by the composition and occurrence modes of elements such as Sb, Fe,
As, and, of course, Au.

Considering the relevant potential of Au across all Groups, an assessment was con-
ducted to evaluate its overall recovery potential. For the recovery tests targeting Sb, samples
from Group 2 (CDS2) were used, with additional attempts to recover As. To explore the
utilization of Fe and potentially generate other products, samples representing Group 5
were selected. Lastly, to determine the potential for generating alternative products (as
indicated in Table 4), samples representing Groups 1 and 4 were chosen.
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Table 4. Potential recovery of metals, metalloids, and other products based on chemical, textural, and
mineralogical characteristics.

Group Samples Au
Recovery

As
Recovery

Sb
Recovery

Fe
Recovery Others *

Group 1 BIC + CDS1 H L L L H
Group 2 CDS2 H M H L H
Group 3 CO + MV H L L L H
Group 4 ISO H H L M H
Group 5 CA H H L H L

* K and Si enrichment.

4.2.1. Au Recovery

Table 5 presents the recovery results obtained from the tests conducted in three dif-
ferent scenarios for each Group. Samples from Group 5 were exclusively tested using
Procedures 1 and 3, as they did not exhibit characteristics that warranted concentration
through the flotation stage.

The aggressiveness of the procedures increases from Procedure 1 to Procedure 3.
In the roasting step, the aim was to open up the sulfide minerals to gain access to the
encapsulated gold.

The obtained results demonstrate a promising potential for Au recovery. Procedure 1
yields better recoveries for Group 3 due to the presence of Au grains attached to sulfides
and Quartz (Table 5 and Figure S4). Procedure 2 was more suitable for Group 2 as it contains
both sulfide and oxidized sources of Au. In the oxidized samples, Au is attached, while
in the sulfide samples, it is enclosed. Therefore, concentrating the sulfides and subjecting
them to calcination is crucial for achieving higher recovery rates. However, for the other
groups, there are losses in flotation recovery due to sulfide losses during the flotation stage
and their limited oxidation. Procedure 3 results in higher recoveries for Groups 1 and 4
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because calcination provides access to locked gold in sulfides, in addition to the pre-existing
Au oxide.

Table 5. Summary of metallurgical test results for Au reuse in each group of tailing samples. Modified
from [38].

Group Calculated Feed
Grade (mg/kg)

Au Mineralogical
Association

Procedure 1 *1 Procedure 2 *2 Procedure 3 *3

Structures (% Au Recovery)

1 BIC + CDS1 *4 0.740

sulfides and Quartz

29.5 30.9 77.7
2 CDS2 0.742 49.9 70.7 34.9
3 CO + MV *4 0.735 71.8 59.4 66.4
4 ISO 1.16 64.0 48.2 78.5
5 CA 2.39 Fe Oxides 32.2 - 0.60

*1 Leach in 74 µm, *2 Flotation + Calcine + Leach in 74 µm, *3 Calcine + Leach in 74 µm, *4 CDS1 and MV presented
the amount of gold particles in oxide, as well.

Despite having the highest Au content among all procedures, samples from Group 5
exhibit poor recoveries. This can be attributed to the presence of very fine Au inclusions
associated with Hematite (Figure 4a). This association poses a challenge for the treatment
and reuse of Au in this cluster.

In general, Table 5 highlights that good levels of recovery are achieved through the
same procedures for Groups 1 and 4. This information is significant as it would facilitate the
industrial re-treatment of these structures with minimal investment, considering their prox-
imity to metallurgical units that already have the necessary stages in Au production [13,33].
Although the calcination step is not covered, samples from Groups 2 and 3 can also be
considered in this potential reuse setup. However, for Group 5, further viability studies are
required, as additional stages and technological advancements are necessary.

The residues from this stage will be submitted to tests for recovery of As and Sb and
new products. The next items, the residues produced in this item, will be submitted to the
recovery of As and Sb (4.2.2) and total reuse (4.2.3).

4.2.2. Arsenic and Antimony Recovery

For the assessment of Sb and As recovery potential in composite samples, Groups 2
and 5 were selected (Table 4). In the case of Group 2, the same procedure described by [12]
was employed due to the presence of Sb and As in sulfides and sulfates. For samples
in Group 5, the vitrification procedure was followed, mainly due to the high Fe content
required for this type of test. The results are summarized in Table 6.

Table 6. Summary of metallurgical test results for Sb and As recovery for Groups 2 and 5.

Group
Sb Feed
Grade

(%)

As Feed
Grade

(%)

Procedure 4
(One Stage of Klin

Roasting)

Procedure 4
(Two Stages of Klin

Roasting)

Procedure 5
(As e Sb Vitrification)

Samples
Sb

Recovery
(%)

As
Recovery

(%)

Sb
Recovery

(%)

As
Recovery

(%)

Sb
Recovery

(%)

As
Recovery

(%)

2 CDS2 0.104 0.010 2.00 1.00 18.7 3.97
5 CA 0.080 0.776 75.0 93.7

In the tested scenario for Group 2, a low recovery is achieved, consistent with the
observations made by [12]. The best setup would involve two stages of calcination, which
would result in higher volatilization rates and, consequently, better recovery.

On the other hand, the tests conducted for Group 5 successfully recovered these
elements. Most of them are neutralized in the form of glass (Figure 7), making them
potential inputs for various applications such as civil construction.
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Figure 7. Glass formed from GlassRockTM methodology demonstrates the possibility of As and Sb
recovery and its use as an industrial product.

These tests provide an opportunity for exploring new paths, not only for the reuse
of Group 5 but also for other structures and operational facilities facing challenges in the
treatment of waste containing hazardous metals and metalloids such as As and Sb.

4.2.3. Selective Grinding, Pneumatic and Triboelectrostatic Separation—Other Products
and Opportunities

For the tests aimed at identifying the potential for generating other products, samples
were chosen based on their mineralogical size distribution. Two Groups were chosen:
Group 3, which exhibited similarities with Groups 1, 2, and 4, and Group 5, which was the
most distinct. The objective of these tests was to assess the possibility of pre-concentration
and evaluate the potential for generating multiple products from the same source.

In this stage, the samples underwent selective grinding and pneumatic separation,
resulting in two products from each feed: a fine fraction below 6 µm and a coarse fraction
above 30 µm (Groups 3 and 5—Figure S5). The intermediate product is further subjected to
triboelectrostatic separation, resulting in the generation of two additional products. Table 7
provides an overview of the mass distribution and the chemical quality of these products.

Table 7. Summary of size separation results of Groups 4 and 5.

Group Samples Size
(µm)

S1 * S2 ** Products Chemical Quality

w
(%) w (%) Al

(%)
As
(%)

Au
(mg/kg)

Ca
(%)

Fe
(%) K (%) Mg

(%)
Na
(%) S (%) Si

(%)

3 CO +
MV

>30 69.8 - - 3.04 0.036 0.690 3.68 6.95 0.856 1.44 0.190 1.13 30.4

30–6 23.1
E1 14.6 26.2 0.100 0.260 2.10 9.30 4.00 1.0 0.400 0.900 44.4
E2 8.56 6.50 0.400 1.19 8.00 17.9 1.00 2.10 0.700 4.10 44.4

<6 7.04 - - 11.4 0.100 0.890 1.97 9.88 3.70 1.62 0.264 1.73 20.6

5 CA

>30 71.5 - - 1.19 0.062 3.16 0.339 53.0 0.307 0.436 0.107 0.063 7.99

30–6 21.9
E1 7.67 8.50 2.00 1.36 3.40 49.3 1.70 1.70 0.800 0.30 24.8
E2 14.3 6.50 2.00 2.46 3.40 58.4 0.900 1.00 0.500 0.40 19.8

<6 6.62 - - 3.64 0.169 1.13 0.286 47.5 0.763 1.43 0.175 0.073 8.41

* S1: Selective grinding and pneumatic separation and ** S2: triboeletrostatic separation.

The results presented in Table 7 indicate that there are similar mass distributions in
terms of granulometric separations for both Groups. However, chemical enrichment of
certain elements is observed in fractions of Group 3. The triboeletrostatic separation process
proves to be relatively efficient in concentrating Al and K (probably Muscovite) for fertilizer
production (63%), as well as sulfides, Fe, Au, and As (37%). Nevertheless, when evaluating
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other size fractions (>30 µm and <6 µm), it can be observed that the previous steps are not
as effective as expected.

Regarding Group 5, the triboelectrostatic separation process does not yield satisfactory
results. However, enrichment of Fe and Au in coarse fractions (>30 µm) and relative
depletion of Si can be observed. However, there are also limitations in achieving good
separation rates in the preceding steps.

These observations can be explained by the mineralogical complexity of the samples,
which compromised the efficiency of the tests. Further reassessment and identification
of improvements are needed, as some elements show enrichment in specific fractions.
However, in these initial tests, no generation of by-products from a single source has
yet been identified. This does not invalidate the potential of these samples but rather
highlights the challenges involved in transforming them into multiple products solely
through physical separations. For the use of this technique and the production of new
products, further studies are needed.

5. Conclusions

This study explores various possibilities to add value to different Au mining tailings
in the Iron Quadrangle region. The waste materials were characterized and distinguished
for concentration tests targeting different elements, with Au being the most promising
element for recovery. Calcination, leaching, and flotation techniques showed promise for
recovering Au, particularly in samples from the CDS mine. The results obtained from these
techniques were comparable to successful Au mines in Brazil and South Africa.

On the other hand, the tests demonstrated that toxic elements such as Sb and As could
be effectively reused in the form of glass, thereby adding value and offering a solution
for the disposal of hazardous waste. Although the generation of other products using dry
cleaning techniques was not highly effective, it showed promise due to the enrichment of
elements such as Au, Fe, Al, and K in specific fractions.

The information obtained from this study can be further optimized, and economic
analyzes need to be conducted for each value-adding technique. Future research should
explore different methods and equipment to identify further opportunities for improvement
and value addition through modifications or additional setups.
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